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Victor Valentinovich Eremenko  (On His 70th Birthday )

This issue olLow Temperature Physid®nors a remark-
able event—the 70th birthday of Victor Valentinovich
Eremenko, a Full Member of the National Academy of Sci-
ences of Ukraine, an outstanding scientist and a gifted orge
nizer.

He was born on August 26, 1932 in Kharkov to a family
of well-known physicists. In his childhood and later on he
absorbed the special atmosphere of scientific creative pow:
that was characteristic of the physics community known as
the Kharkov school of physics. After graduating from
Kharkov State University in 1955, Eremenko continued his
education as a post-graduate and worked at the Institute «
Physics in Kiev. In this period his scientific interest was con-
centrated on the optical properties of semiconductors an
molecular crystals. Eremenko defended his PhD thesis i
1959. In 1961 he was invited to Kharkov to head a depart
ment at the newly established Institute for Low Temperature
Physics and Engineering. He was among those who contrik
uted greatly to the advancement of the Institute and dis
played to a full degree his natural endowments as a re
searcher and an organizer of the scientific process. <3 .

During his first years at the Institute he initiated a new =& __ 5 . e .
scientific field—optical spectroscopy of antiferromagnets.” Ao =
For many years this field of research has been progressing
successfully owing to the efforts of V. V. Eremenko and his
disciples. His scientific achievements in this field, as well aznces of Ukraine, V. V. Eremenko has been doing a lot to
in magnetism, magnetooptics, high-temperature supercorsupport and keep up the scientific potential of the Institute in
ductivity, and the physics of strongly correlated systemsthese hard times for Ukrainian science.
have won world recognition. The best known results include  Professor Eremenko applies a great deal of effort and
the detection of the intermediate and mixed states in antiferenergy to the Journdtizika Nizkikh TemperatufLow Tem-
romagnets, the discovery of new magnetooptical effects iperature Physics To a considerable extent, it is due to his
antiferromagnetic crystals, the detection of photoinduceceffort that this journal can boast of the highest impact factor
phenomena in magnetic insulators and highsupercon- among the scientific journals in Ukraine.
ductors, and the observation of quantum oscillations of the  The charm, democratic spirit, and good will inherent in
magnetostriction in mixed-state superconductors. The resulthe personality of V. V. Eremenko invariably attract the true
obtained by V. V. Eremenko have been the subject of nearlyespect and love of his colleagues, friends, followers, and the
400 publications and summarized in monographs, such as tlemployees of the Institute and the Journal.
Introduction to Spectroscopy of Magneisd Magnetooptics Professor Eremenko comes to his 70th birthday full of
and Spectroscopy of Antiferromagnets creative power and energy to accomplish his extensive plans.
Professor Eremenko is a winner of the State Prizes of The Editorial Board ofFizika Nizkikh Temperatugive
Ukraine and Azerbaijan and prizes awarded by the Academtheir Editor-in-Chief Victor Valentinovich Eremenko best
of Sciences of Ukraine, USSR, and Polish Academies of Sciwishes for strong health and new achievements in his versa-
ences. He has been elected a fellow member of the Americdile creative activity as a scientist and an organizer.
Physical Society and a foreign member of the Russian Acad- This special issue presents the works of the colleagues,
emy of Natural Sciences. friends, and followers of Victor Valentinovich Eremenko.
Professor Eremenko shares generously his profoun@he response of physicists, eager to acknowledge their re-
knowledge and ample scientific experience with young scigard for this event, was so immense that we were unable to
entists. He has formed a remarkable scientific school includinclude here all the manuscripts that arrived from all over the
ing three Associate Members of the National Academy ofworld. The Editorial Board sincerely apologizes for our in-
Sciences of Ukraine, and fourteen Doctors and over fiftyability to publish all of the numerous papers in this issue.
Candidates of Physics and Mathematics. His disciples andihey will appear in the next issues abw Temperature
followers work successfully in many scientific institutions PhysicsAll of the contributions are concerned with scientific
and universities in Ukraine and abroad. fields strongly influenced by the activity of V. V. Eremenko
As the Director of the Institute for Low Temperature and demonstrate the latest achievements in these fields.
Physics and Engineering of the National Academy of Sci- Editorial Board
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Various kinds of magneto-optical properties are investigated in rare earth orthochromites. From
an analysis of G exciton absorption in RCrQ(R=Tb, Dy, and H9, it is unferred that

these compounds exhibit an anomalous spin-reorientation in a magnetic field aldngutise

where the weak ferromagnetic moment of theCspins rotates in thec plane

perpendicular to thé axis. In these compounds, when th&"Rspin configuration is disordered,

an anomalous satellite band appears on the lower-energy side ofthexiton absorption,

which is associated with the breakdown of the 0 selection rule due to the disorder of thé'R
spin configuration. In YbCr@, various kinds of cooperative excitations, such as & Cr

exciton coupled with an Yb magnon and a Gf — Yb®* exciton molecule, which are induced

by the antisymmetric exchange interaction between tié¢ @nd YI** spins, appear in

the visible region. The propagation of these cooperative excitations depends strongly on the spin
structure and the external magnetic field. In Ergr@ photo-induced spin-reorientation

takes place within 5Qus after the photo-irradiation corresponding to M%HZEQ transition of
Cr*, and it returns to the initial spin configuration in about 400 ms. This phenomenon is
detected in the time-resolved ¥rabsorption spectra corresponding to fig;,,— 4, transition.
Finally, we briefly review the recent frontier research on applications developed mainly in
Japan. ©2002 American Institute of Physic§DOI: 10.1063/1.1496656

1. INTRODUCTION The magnetic interaction between elementary excitations
such as excitons and magnons enables them to combine with
It is our very great honor and a great pleasure to submibne another, forming new and more complex excitations
our special review paper to this issue dedicated to Prof. V. Vsuch as exciton—magnon transitions, which are observed in
Eremenko on his 70th birthday. One of the auth®(g.) has  the visible region. Moreover, both the magnetic interaction
known him since the 1960s, and soon after, we had an opand spin structure have effects on the propagation, the energy
portunity to meet and talk, for instance, at the time of theposition and the shape of elementary excitations. Therefore,
First and Second International Symposiums on Magnetoanalysis of the magneto-optical properties is one of the most
Optics, each as an organizer: in Kyoto, 198and in powerful tools for investigating the spin configurations and
Kharkov, 19912 We had also frequent communications over magnetic phase transitions.
the years, including his visit to Japan with his son. Every  In this paper, we describe various kinds of magneto-
communication we have had with each other is an unforgeteptical properties of rare earth orthochromites and review the
table remembrance. recent frontier research on application. In Sec. 2, we report
More than 150 years ago, M. Faraday discovered thaan anomalous field-induced spin-reorientation in RC(R
when linearly polarized light propagates through flint glass=Tb, Dy, and Ho by the analysis of " exciton absorp-
under an applied magnetic field, its plane of polarization istion. Moreover, we describe the breakdown of #e0 se-
rotated. Since Faraday’s original discovery, magneto-optictection rule for the Ct" exciton absorption in RCr9(R
has become a highly fascinating field of research, which is of= Dy and H9 induced by the disorder of the®R spin con-
great importance from the standpoints of basic science anfiguration. In Sec. 3, we describe various types of coopera-
application. Especially, the magneto-optics and spectroscopijve excitations in YbCr@ induced by the CGr —Yb®*
of magnetically ordered materials have been actively develexchange interaction. Moreover, we describe how the
oping since the 1960s. Recently, Erememkal,® Zvezdin  Cr" —Yb®* antisymmetric exchange interaction depends on
and Kotov* and Sugano and Kojiméhave edited books in the dynamics of their cooperative excitations. In Sec. 4, after
which recent fascinating topics of magneto-optical properties survey of the recent progress of photo-induced magnetism,
are described. we describe our pioneering work of the photo-induced spin-
In magnetically ordered materials, various kinds ofreorientation in ErCr@. In Sec. 5, we survey the recent
magneto-optical properties appear as a result of a synergistfoontier research on applications especially those developed
effect between optical properties and magnetic propertiesn Japan.
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FIG. 2. Spin configuration of RCrOat Ty, <T<Ty;.

reorientations of(,,I'y)—15, and "1,I"',)—T4 have been
b reported for various RCrpand FeCrQ. In the case of
Hollb, on the other hand, no spin reorientation is expected,
because any spin configuration with a weak ferromagnetic
moment of the G¥" spins along thé axis cannot be allowed
‘/a in the absence of an external magnetic field. However,

Courths et al. and we have observed an abrupt spectral
O:R* @:cr3, O .02

change in HoCr@ at 1.8 K in a magnetic fieldH,

~20 kOe along thé axis, and they have suggested that this
FIG. 1. Unit cell of RCrQ. The C#* and R positions are indicated with ~ SPectral change at 20 kOe be interpreted as a spin reorienta-
numbersl-4 and5-8, respectively. tion wherein the weak ferromagnetic moment of thé'Cr
spins rotates in thac plane perpendicular to the axis®®°

In HoCrQ;, the CP' spins are antiferromagnetically or-
dered belowTy;=140 K, with a weak ferromagnetic mo-
ment, as",(FyC,G,;F;CY) [Ref. 10. No additional transi-

It is well known that electronic excitations of several tion has been observed down to 1.5 K. As shown in Fig. 2, in
electron-volts in magnetic insulators can be regarded as tratthe case of, spin configuration, the &f sublattice mag-
sitions within an incomplete or f shell of a single magnetic netic moments and the €r net magnetic moment lie along
ion. Such a localized excitation cannot, however, be arthec axis and the axis, respectively. The anisotropy axes of
eigenstate of the crystal, and the excitation migrates on maghe HG*" ions lie in theab plane at about-65° from thea
netic ions as an excitation wave called a Frenkel excitonaxis® and theg values along the, b, andc axes are 7.3,
This property is reflected in the energy dispersion and thd5.7, and 0, respectivefywhere the magnitude of the effec-
Davydov splitting. In magnetically ordered state, analysis oftive spin of HG* is 1/2. Therefore, the HJ spins are
the Frenkel exciton is one of the most powerful methods ofstrictly confined in theab plane.
elucidating the spin configuration and magnetic phase tran- Figure 3 shows the behavior of the energies of the ab-
sitions, because the magnetic symmetry change associatedrption spectra around 13700 chfor HoCrQ; in a mag-
with phase transition is directly reflected in the selection rulenetic fieldHgllb at 1.5 K. In this energy region, four sharp
for the polarized exciton lines. lines(R;, R,, R3, andR,) of magnetic dipole character are

In this Section, we elucidate an anomalous type of spinobserved. The four magnetic dipole lines are assigned to the
reorientation in rare earth orthochromites, Rgr®=Ho, Davydov-split components of the €r exciton correspond-
Dy, and T, by the analysis of Gt exciton lines. ing to the transition from the lowest substate’8b, to the

RCrO; has an orthorhombically distorted perovskite lowest substate o?Eg. As shown in Fig. 3, when the mag-
structure belonging to the space graRp,, (Dat) [Ref. 6.  netic field is applied along theaxis, theR; _, lines split into
The unit cell contains four molecules as shown in Fig. 1. Theéwo pairs,R;, R, andR3, Ry, in the range of 10 to 20 kOe,
Cr** spins order spontaneously at theeNemperaturd y;, and an abrupt spectral change occurs at about 20 kOe. As the
and these compounds generally exhibit a weak ferromagnetiwagnetic field increases from 19.5 to 20.5 kOe, Fhknes
moment. At the second Netemperaturd y,, the B* spins  for the lower-magnetic-field phase vanish, while those for
begin to reorder antiferromagnetically. The allowed spinthe higher-magnetic-field phase grow. The discontinuous
configurations for the Gf and R* sites atTy;<T<Ty, Vvariation of the energies of the lines and the existence of
are shown in Fig. 2. The allowed spin configurations are deboth phases in a small field regidr-1 kOe¢ around the
noted as Fl(AXGyCZ;CE{), I',(F,.C GZ;FEC;Q), and critical field H. (~20 kOg indicate that this phase transition
FA(GXAyFZ;FE‘) in the Bertaut notatioﬁy, is of first order. The energies, polarizations, and intensities of
the R lines show notable changes at this phase transition,
which suggest the occurrence of a spin reorientation f Cr

It is well known that RCrQ and RFeQ exhibit various  Above 20 kOe, the energies of tRdines remain unchanged,
types of field induced spin reorientation wherein the weakindicating that the antiferromagnetic axis in the higher-
ferromagnetic moment becomes parallel to the direction ofmagnetic-field phase is perpendicular to thexis. There-
the applied magnetic field. In the cadégla andc, the spin  fore, it is obvious that the spin configurations of the*Cr

2. OPTICAL INVESTIGATION OF VARIOUS MAGNETIC
PHASE TRANSITIONS

2.1. Field induced spin reorientation in HoCrO ;5
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FIG. 3. Magnetic field dependence of the lowest energy region of the r ..“"-‘M
*A,q—2E, transition of C?* in HoCrO;. E andH denote the electric and
magnetic vectors of the incident light, respectively. Solid and open circles:
experimental points. Dashed lines: calculated energy shifts oRtlires 18380
corresponding to the transition from the lowest substal‘eA@g to the low- : ; ! :
+ D T — ~1 =R 0 5 10 15 20 25 30
est substate ofEg of Cr** by settingD,=D,=1.2cm* and D,=D,,
=1.2 cm’ll Ho, kOe

FIG. 4. Magnetic field dependence of thig—5S, transition of HG* in
) HoCrG;.
spins below and aboveH. are I',(F,C,G,) and

I'4(GLAF,), respectively.

The remarkable splitting of th® lines in the external of the ground multipletlg) to the five singlet states 68,,
magnetiC field region between 10 kOe and 20 kOe are €Xabeled aga, lb! |C, Idv and|e in order of increasing en-
plained as follows. The molecular fieldg (lic) induced by  ergy, can be observed. As shown in Fig. 4, when an external
the CP*—Ho®" exchange interaction at th8~; spin is  magnetic field is applied up td., thel ,— I lines split, and

expressed as the splitting increases with increasing magnetic field. How-
o Hovy o ever, the splitting vanishes Hit. . If the spin configuration of
0c'BHa=4(Dy(S50 +D (S~ 4(D(S5)) ~ DSy > Cr** is I'y(F,C,G,), the effective field on the HY site
o with §°=S is different from that withS/'°= —S when the
and that at th&5Z; spin as external field is applied along theaxis, and this causes the
so-called sublattice splitting. Then, the splitting lgf—1
GF 8Ha= 4,85+ By(SH) + 4B -BUS). piting Piting 1f 1o

lines in the magnetic field regioH,<H, is interpreted as
o the sublattice splitting of theél ;—°S, transition.

whereD,, D, Dy, andD denote the antisymmetric ex- In the caseH>H,, from the analysis of Gf exciton
change mteractlon constants betweed’Cand HG™". Inthe lines, the spin configuration is considered tolh¢G, A yF2),
absence of external magnetic field, the molecular fielgs  where the molecular field at the Fio spin becomes paraIIeI
due to the Ct" —Ho®" interaction at the four inequivalent to thec axis and its value should be nearly zero becae
Cr** spins are equal becau$6 (j=5,6))= (SHO(J—7 8))  is negligibly small. Therefore, in the higher-magnetic-field
and (S)}(j=5,6))=— <SH0(j—7 8)). However, when the phase Hy>H,.), the HG' spins are arrayed only by the
magnetlc field is applled along thie axis the values of external magnetic fieldH,llb), and the Zeeman energies on
<SHO(j =7,8)) change, and then the molecular fields due tothe four HG* sites are equal. Thus, the sublattice splitting of
the CP* — Ho®* interation at theS, , spins become differ- 1,—1, lines corresponding to thél8—>582 transition of
ent from those at th&" 1 3.45pins, and this causes the remark- Ho3+ vanish aboveH. (=20 kOe. Thus, we can determine
able splitting of theR lines in the magnetic field region be- the spin conﬂguratlons of HoCgOn various magnetic fields
tween 10 and 20 kOe. The broken lines in Fig. 3 show theHllb, which are shown schematically in Fig. 5.
energy shifts of theR lines for Hyllb, calculated by setting
Dy=D,=1.2cm ! andD,=D;=1.2 cnT %, In this calcula-
tion we assumed that the moIecuIar field for Pr% state is
equal to that for the ground state. As can be seen in Fig. 3, The CP" spins in TbCrQ are antiferromagnetically or-
the behavior of theR lines in the magnetic field regioH,  dered belowTy;=167 K, with a weak ferromagnetic mo-
<H_, is well reproduced by the calculation. ment, asl',(F,CyG,;FXCY) [Ref. 11]. The TB* spins are

In order to confirm the above-mentioned result, we haveantiferromagnetically ordered below,,=3.1 K, and the
investigated the behavior of tiég— °S, transition of HG* spin  configuration below Ty, is denoted as
in a magnetic fieldHolb at T=1.5K (see Fig. 4 At T T,F,C,G,:F{Cy;GAY) [Ref. 11. The easy axes of the
=1.5K, only the transitions from the lowest energy level Tb®* splns lie in theab plane at about-45° from thea axis.

2.2. Field-induced spin reorientation in ThCrO 5
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FIG. 7. Spin configurations of ThCgOn various magnetic fields at 1.5 K.
FIG. 5. Spin configurations of HoCgOn various magnetic fields at 1.5 K. The magnetic fieldHlb.

The magnetic fieldHllb.

in the ab plane at about-60° from thea axis. Theg values
along thea, b, andc axes are 6.0, 17.0, and 0, respectivély,
where the magnitude of the effective spin of Dyis 1/2.
Therefore, the DY spins are strictly confined to thab
plane.

Figure 8 shows the behavior of the Davydov-split com-
ponents of the Gf" exciton line corresponding to tH’e!\zg
—>2Eg transition in DyCrQ. When the magnetic field is
applied along thé axis, the energies, polarizations, and in-
tensities of theR lines change dramatically at about 2 kOe.
Above 3 kOe, these properties of tikelines remain un-
changed. From the analogy of the behavior of fhnes in
HoCrO; and ThCrQ, we conclude that DyCrexhibits a
field-induced spin reorientation froml',(F,C,G,) to
I'4(GA/F,) atHg(llb) =2 kOe.

Theg values along the, b, andc axes are 12.6, 12.6, and 0,
respectively> where the magnitude of the effective spin of
Th®* is 1/2. Therefore, the T9 spins are strictly confined
to theab plane.

Figure 6 shows the behavior of the Davydov-split com-
ponents of the G exciton line corresponding to trfe,‘\zg
HZEg transition in ThCrQ. As is seen in Fig. 6, when the
magnetic field is applied along tleaxis, theR,_, lines split
into two pairs,R;, R, and Rz, R4, in the magnetic field
region between 8 and 15 kOe. At about 15 kOe, the energie
polarizations, and intensities of the lines show notable
changes, which resemble closely the behavior ofRHimes
in HoCrO; at the spin reorientation fror, to I'y. There-
fore, it is obvious that the spin configurations of the’ Cr
spins in TbCrQ below and aboveH (=15 kOe) arel’,
(FxCyG,) andl'y (G,A(F,), respectively. o4 B _ _ _

In the magnetic field region below, with increasing .4. Breakdown of the k =0 selection rule of Frenkel exciton
external field, the energy gravity of thelines drops around In the optical absorption corresponding to the pure Fren-
8 kOe and then it remains unchanged. The drop in the enerdyel exciton, only the zone-center exciton is observable, be-
of the R lines at about 8 kOe is attributed to the spin flip of cause the magnitude of the propagation vector of visible light
the TE" and T" sites. Thus, we can determine the spinis of the order of 102 reciprocal lattice vectors, which is
configurations of TbCr@ in various magnetic fields of usually called th&k=0 selection rule. However, in the cases

Hollb, which are shown schematically in Fig. 7. of mixed crystals or amorphous materials, it is predicted that
the deviation from a periodic structure causes a breakdown
2.3. Field induced spin reorientation in DyCrO 4 of the k=0 selection rule for the exciton transition. Impuri-

The CP* spins in DyCrQ are antiferromagnetically or-
dered belowTy;=146 K, with a weak ferromagnetic mo-

ment, as,(FyC,G,; FXCY) [Ref. 13. The Dy’* spins are DyCrOg
antiferromagnetically ordered beloWy,=2.0 K, and the Ella, H|lb
spin_configuration belowTy, is denoted ad’,5(F«C,G;: Hollb. T=17K
FRCR:GRAR) [Ref. 13. The easy axes of the BY spins i of= o
«Cy i GAy .13, y pins lie
13690 |
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FIG. 6. Magnetic field dependence of tRelines of TbCrQ. The dashed FIG. 8. Magnetic field dependence of tRdines of DyCrGQ,. The dashed
lines are a guide for the eye. lines are a guide for the eye.
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. . , . ) FIG. 10. Behavior of theR lines and theR’ band of DyCrQ in magnetic
FIG. 9. Behavior of theR lines and theR” band of HoCrQ in magnetic  fie|gs along theb axis at 1.8 K. The inset shows the magnetization curve.
fields along theb axis.

the transition responsible for thi& satellite band in HOCr®

ties, alloy nonuniformities, and interface roughness occuris allowed when the spin configuration of the Hosites is
ring on a unit-cell length scale of are the best-known ex-disordered.
amples which provide an appropriate momentum of elastic  Figure 10 shows the field dependence of the optical ab-
scattering. Thus, the deviation from the virtual crystal leadssorption spectra corresponding to the lowest-energy region
to ak#0 (nonvertica) transition through the medium of the of the*A,,—?E transition of C#* in DyCrO;. TheR; line
momentum of elastic scattering. In fact, the disorder-induceds the Davydov-split component of the pure®Crexciton.
optical transitions for mixed crystals such as AgGBr,  When an external magnetic field is applied along Ibhexis
[Ref. 19, GaAs _,P, [Ref. 16 and ALGa,_,As [Ref. 17  at 1.7 K, the intensity of theR’' satellite band increases
have characteristics which can be associated with the breakbruptly at 1.5 kOe and then decreases rapidly. As can be
down of thek selection rule for a periodic structure. seen in the inset of Fig. 10, when the external magnetic field
However, the breakdown of the=0 selection rule in- is applied along thd axis at 1.8 K, the metamagnetic tran-
duced by the spin-configuration disorder has not yet beesition takes place at 1.5 kOe, where the magnetic moments
elucidated. In this Section, we report the breakdown of thedue to theSYY and S>” spins reverse their directions, from
k=0 selection rule for the & exciton absorption in RCrQ  antiparallel to the external magnetic field to parallel. There-
(R=Ho and Dy induced by the disorder of the®R spin  fore, it is obvious that the transition responsible for fRie
configuration. satellite band in DyCr@is allowed when the spin configu-
Figure 9 shows the field dependence of the optical abration of the Dy sites is disordered.
sorption spectra corresponding to the lowest-energy region The characteristic properties of iR satellite band in
of the 4A29—>2Eg transition of C¥* in HoCrO;, [Ref. 18. RCrO; (R=Ho and Dy may be summarized as follows. 1.
The R, and R; lines are the Davydov-split components of The energy of th&k’ band is lower by about 16 crl than
the pure Ct* exciton. When an external magnetic field is the average energy of the pure®Crexciton lines. 2. The
applied along thd axis at 1.5 K, an anomalous satellite band dipole nature of theR’ band is poorly characterized, while
R’ appears on the lower-energy side of fRéines at about that of the pure Gr' exciton lines is explicitly magnetic. 3.
7.5 kOe, and its intensity passes through a maximum at 1&he field-induced energy shift of tHe’ band disagrees with
kOe and then disappears dt=20 kOe. As we have said, the sum of the energy shift of the €rexciton and the &
when the external magnetic field is increased alondtagis  spin flip, which implies that th&’ band does not correspond
of HoCrQ;, the sublattice magnetic momenm;'O andMg0 to the CF* exciton coupled with R™ spin flip. 4. The tran-
due to theS7® andS;° spins decrease and vanish at about 16sition responsible for th& band is allowed when the®R
kOe, and above 16 kOe they grow gradually toward the dispin configuration is disordered by temperature or external
rection of the applied magnetic field. On the other heMQ? magnetic field. 5. As the magnetic moment of th&" Rpins
and MQO are saturated in the whole field range. From theapproach saturation, tHe’ band disappears.
behavior of theR’ band and the spin configuration of Let us now discuss the transition mechanism responsible
HoCrQ; in magnetic field along thb axis, it is obvious that for the R’ band in RCrQ (R=Ho and Dy. The CF" exci-
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k=0 selection rule of the &F exciton absorption, and this
FIG. 11. (8 Rlines andR’ band of DyCrQ, (b) G+ exciton dispersionin 'S reflected in the appearance of tRé satellite band in the

YbCrO,. The origin of the energy is fixed at the average energy of the fredOWer energy side of the free €r exciton.
Cr* exciton lines.

3. VARIOUS COOPERATIVE EXCITATIONS

ton dispersion due to the spin allowed transfer is expressed In magnet_lca_lly ordered materl_als, various types of eI_-
as ementary excitations such as excitons and magnons exist.

The magnetic interaction between these elementary excita-
E(k)=Eq+2V3, cogak,) + 2V}, cogbk,) tions enables them to combine with one another, forming
cooperative  excitations such as exciton—magnon
*8Vy3coqak,/2)cogbky/2)cogck,/2), ) transitions>* which are observed in the visible region. In this
where E, is the relevant excitation energy for the single Section, we describe two kinds of cooperative excitations
Cr** ion, V&, andV®, represent the intra-sublattice transfersinduced by 8—4f exchange interaction in YbCrO Figure
along thea and b axes, respectively, an¥,3 the spin- 12 shows the optical absorption spectra of Ybgi@® the
allowed intersublattice transfer. From an analysis of the abenergy region from visible to near-infrared at 1.5 K. The
sorption spectra corresponding to the* Ciexciton coupled absorption spectra of YbCrQn the energy region between
with the B* magnon in RCr@ (R=Tm and YB, the CF* 10000 cnm* and 25000 cm' are assigned as shown in Fig.
exciton due to théA29—>2Eg transition has a large negative 12. In this energy region, besides the elementary excitations
dispersion whose values for TmCy@nd YbCrQ are esti- due tod—d andf—f transition and the cooperative excitations
mated at—14 cm ! and —16 cmi ! [Refs. 19 and 2D re-  induced by the 8—3d and 4f—4f exchange interactions,
spectively. Therefore, it is plausible that the sign and thevarious kinds of cooperative excitations induced by the
magnitude of the Gf exciton dispersion in HoCrQand 3d—4f exchange interaction are observed. The3Yb
DyCrO; are almost the same as those of théCexciton  exciton—CP* magnon excitation is observed in tR€,
dispersion in TmCr@ and YbCrQ. Figure 11b shows the —2F, transition of YB* [Ref. 22, and the C" exciton —
energy dispersion of the &F exciton due to the'A,;  Yb®" magnon excitation is observed in th&,,—2E, tran-
—2E, transition in YbCrQ, whereV};=3.0cm * andVj,  sition of CP* [Ref. 20. Moreover, the CI* exciton-YB*
=1.0cm L. Asis seen in Fig. 11, the energy position of the exciton excitation is observed on the higher energy side of
R’ band in RCrQ (R=Ho and Dy agrees very closely with the *A,,—*T, transition of C?* [Ref. 23.
that of the Cf" exciton at the Brillouin zone boundary, Let us briefly summarize the magnetic properties of
which implies that theR’ band is assigned to the excitation YbCrO;. In YbCrQO;, there are three types of magnetic in-
of the pure C¥" exciton at the zone boundary, which is teractions, Gt" —Cr**, CP*—Yb®", and YB"—Yb3*,
caused by the disorder of the*Rspin configuration. How- each of which generally consists of the isotropic and the
ever, in general, the optical excitation of the puré Cex- ~ symmetric and antisymmetric anisotropic exchange interac-
citon at the zone boundary cannot be observed without théons. Among various RCrQcompounds, YbCrQis an in-
breakdown of th&k=0 selection rule. teresting one with a strong anisotropic exchange interaction
Thus, we arrive at the following conclusion. The between the Gr and YB'" ions2* In the case of the Yb
magneto-elastic effect due to thé R(R=Ho and Dy ionis  ion, which has only one # hole, the 4 orbital is widely
extraordinarily large because of the strong spin—orbit interspread, leading to a strongd34f exchange interaction in
action. When the R spins fluctuate on account of tempera- YbCrO;. The strong anisotropic exchange interaction be-
ture or external magnetic field, the disorder of th&" Rpin  tween the Ct" and YB'* spins in YbCrQ is able to induce
configuration deforms the periodic lattice potential. Throughvarious kinds of cooperative excitations. The’*Cispins in
the medium of the strong magneto-elastic effect, the disordeYbCrO; are antiferromagnetically ordered belowy,
of the R spin configuration causes the breakdown of the=118 K, with a weak ferromagnetic moment, as
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T=2 0K Yboro creases significantly. At abo_ut 68 kOe, a dramatic spectral
E||b. Hlla s change occurs. The _dlscontlnuous spectral Ch_ange between

’ 59 kOe and 68 kOe is due to the metamagnetic phase tran-
Holla sition (H;) where the weak ferromagnetic moment of the
Cr’* spins reverses its direction from being antiparallel to
parallel to the net magnetic moment of the®Ybspins. At
this metamagnetic transitioff the profile of theR’ band
changes drastically and its bound state disappears com-
pletely.

From the appearance of the bound state on the lower-
energy side of th&k’ band, we arrive at the following con-
cept. The Ct* exciton coupled with the Y™ magnon at the
Brillouin zone edge is localized in an external magnetic field
Holla, while the CF* exciton coupled with an Y™ magnon
at any point of the Brillouin zone except the zone edge is
delocalized. At 25 kOe, the &F exciton coupled with the
Yb3* magnon at the Brillouin zone edge is most strongly
localized, which is reflected in the field-dependent energy
shift of the R’ band. Since thd?’ band is assigned to the
cooperative excitation between aS3Crexciton and YB*
magnon, the magnetic field-dependent shift of the energy
separatiomE(H,) between theR’ band and the G exci-
ton lines should be expressed as

AE(Hg)=AEg/(Hq) —AER(Hg) =AEyp(Hy), (4)

Optical density, arb.units

1|
R ! ;!

! with
R'barf:i ' ;0
i 31 1 1 1 1

13700 13720 13740 AEr/(Ho)=Er/(Ho) —Er/(Ho=0),
Wave number, cm ! AE(Ho)=Er(Ho) ~ Er(Ho=0),

FIG. 13. Behavior of theR lines and theR’ band of YbCrQ under mag- AEyp(Hg)=Evp(Hg) —Eyp(Hg=0), (5)
netic fields along tha axis at 2.0 K. The arrows show the bound state of the .
R’ band. where Er/(Hy) and Eg(H,) denote the energy position of

the lower-energy side of the’ band and that of the average
energy of theR lines in an external magnetic fieldlla,

I',(FxC,G,;FRCY).?* The spontaneous magnetic momentrespectively, anEy,(Ho) denotes the energy of the b
of YbCrO; crosses zero at 16.5 K, which reveals that themagnon in an external magnetic fielthlla, which is esti-
induced magnetic moment of the ¥b spins is antiparallel Mated from an analysis of the Yb exciton-Y* magnon
to the weak ferromagnetic moment of the*Crspins® ﬁ;(Ciftagg]” appearing in théF7,—2F g, transition of Y5
ef. 24.
_ o ) Figure 14 shows the magnetic field dependence of
S.bls.+Cooperat|ve excitation between the Cr exciton and AEq (Ho)— AER(Ho) and AEy,(Ho). The negative devia-
Yb™" magnon tion of AEg: (Ho) — AER(H,) from AEy,(H,) is caused by
Figure 13 shows the absorption spectra corresponding tthe attractive force between the®Crexciton and the Yb"
the lowest energy region of té,,— °E transition of CF*  magnon. As can be seen in Fig. 14, the attractive force be-
in YbCrO;. TheR; andR; lines with magnetic dipole char- comes strongest at 25 kOe, where thé Cexciton-YG*
acter are assigned to the Davydov-split components of thenagnon at the Brillouin zone boundary is most strongly lo-
pure CF* exciton. In the neighborhood of the Crexciton  calized. Therefore, the bound state of tRé band grows
lines, an electric dipole ban@R’ band appears, which has most strongly at 25 kOe.
an anomalous band shape with a sharp cutoff on the lower- In the case that the bound state begins to migrate, the
energy side and fine structure. TRé band corresponds to bound state distinguishes four Cr sites in the unit cell.
the cooperative excitation of a €t exciton and YB™ mag-  Therefore, in the process of delocalization of the bound state,
non. The bandwidth and the cutoff profile on the lower- en-the bound state exhibits Davydov splitting. In fact, as is seen
ergy side of theR’ band could be reproduced quantitatively in Fig. 13, the bound state of tHR’ band splits above 30
by taking into account a negative exciton dispersion-d6 ~ kOe. Therefore, we arrived at the following conclusion. In
cm ! [Ref. 20. the magnetic field region above 30 kOe, the zone—eddé Cr
As is seen in Fig. 13, when the external magnetic field isexciton coupled with the Y magnon begins to migrate,
applied along thea axis of YbCrG, at 2.0 K, a sharp and which reflects upon the splitting of the bound state and the
strong peakarrow in Fig. 13 typical of a bound state ap- significant decrease in its intensity.
pears on the lower-energy side of tRé band. At about 25 At the metamagnetic transitionH(=67 kOe), the weak
kOe, the bound state grows most strongly. Above 30 kOe, théerromagnetic moment of the &r spins reverses its direc-
bound state splits into several peaks and their intensity deion, where the antisymmetric exchange interaction between

3+
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FIG. 14. Comparison between the experimentally obtained values of A A 2 B4
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the CP" and YB'* spins,D(S°"x S™), changes discontinu- FIG. 16. Magnetic field dependence of theand B bands of YbCrQ@
ously in its sign and intensity. The change of the antisym-at4.2 K.

metric exchange interaction between the*Crand YbB'*
spins atH. should cause a drastic change of fRe band.
Above H., the shape of th&®’ band resembles closely the
density of states of the €F exciton coupled with the Y&
magnon, which implies that the cooperative excitation be
haves as a two-particle continuous state abldye There-
fore, it is concluded that the &F—Yb®* antisymmetric ex-
change interaction between the®*Crexciton and the Y&"
magnon is attractive below .. On the contrary, its attractive
force vanishes abovd,. .

of Yb®" in YbCrO;. The average energy of tHe lines is
13695.6 cm™. Since this Ct" exciton has a negative energy
dispersion of—16 cmi !, the energy of the Gf exciton at
the Brillouin zone boundary is estimated at 13679.6 tm
On the other hand, the lowest energy of tHe,,—2Fs,
transition of YB* is 10164.6 cm* [Ref. 24). The sum of the
energies of the Cf exciton and the YB' exciton at the
Brillouin zone boundary is estimated at 23844.2 ¢nwhich
is almost equal to the energy of tig line (23836.0 cm?)
_ - ) in Fig. 15. TheA andB bands are assigned as shown in the
3.2. Cooperative excitation between Cr 3% exciton and Yb 3* inset of Fig. 15.
exciton Figure 16 shows the behavior of tlheandB bands in a
Figure 15 shows the absorption spectra in the energthe magnetic field along theeaxis. As is shown in Fig. 16, at
region between 23800 cm and 24000 cm'. These spectra the metamagnetic transitidi (=67 kOe) the profile of the
correspond to the cooperative transition consisting of theA band changes drastically. In particular, abélig, a sharp
*A,q—2Eg transition of C#* and the’F,—2F 5, transition  and strong peak typical of a bound state appears on the low-
frequency edge of thA band. Since the energy dispersion of
the CP* exciton corresponding to tt,,—2E, transition

YbCrO, is —16 cm 1, the low-frequency edge of th& band corre-
P A band T=15K sponds to the G —Yb®* exciton molecule at the Brillouin
g A, % i zone boundary. From the appearance of the b_OL_Jnd state on
e the low-frequency edge of th& band aboveH., it is con-
8 B band 1= sidered that the GF —Yb3* exciton molecule at the Bril-
% —83“54—'“ ‘Az :]2’:7/2 louin zone boundary is strongly localized abdvg.
§ ¥X'g, oW As we have said, the €f—Yb®" antisymmetric ex-
=5 : ¥"  Elc.Hlatb change interactior(S°"x S®), in YbCrO, creates various
'§_ B Ellatb, Hilc cooperative excitations between théCand YB'* elemen-
o) » Ellb. Hila tary excitations. In the case of €r exciton—YB* exciton
2 B system, the G —Yb®" antisymmetric exchange interaction
: , ) | - | IlElla, Hlllb acts as a strong attractive force abdie. Contrary to this, it
23800 23900 24000 24100 acts on the Gr" exciton—YB" magnon system as a strong
ave number , cm=1 attractive force belowH.. From this result, the sign of the

. . : . e .
FIG. 15. Optical absorption spectra of YoGré 1.5 K.E andH denote the ~ @ntiSymmetric exchange |nt.eract|on be_tween th&* Gaxci-
electric and magnetic vectors of the incident light, respectively. ton (zEg) and the YB* exciton @Fs,) is presumed to be
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different from that between the €t exciton @Ey) and the b I3 v Lo
Yb3* magnon €F,). 4 (b) ' AE(b)
b b"

4. PHOTOINDUCED MAGNETISM

One of the recent topics of solid state physics is the
photoinduced transformation of the electronic and magnetic
state of matter. The magnetic states of several compounds E.c| |Ellc
such as [Fe(ptzy](BF,), (ptz=1-propyl-tetrazolg®’ "
Ko.4C0o, { Fe(CN)X]-5H,0 (Ref. 28, (In, Mn)As/GaSh(Ref.

29), have been revealed to be transformed to another state by a
photoirradiation. In the case ofFe(ptz)](BF,),, the 4 "
ground state of H#l) is converted between the low-spin state
(t5,5=0) and the high-spin statetje? S=2) by photo-
irradiation corresponding to thd—d transition?”*° In the
case of K ,Co, { Fe(CN)]-5H,0 [Ref. 2§, this compound
can be switched reversibly back and forth between ferrimag-
netism and paramagnetism by photoirradiation correspond-
ing to the charge transfer transition between the Co and Fe
sites. In a novel lll-V-based magnetic semiconductor hetero-
structurep-(In, Mn)As/GaSbh grown by molecular beam epi-
taxy, the ferromagnetic order is induced by photogenerated
carriers?®

These studies on photoinduced magnetism are creating a
new field of solid state physics. In connection with pho-
toinduced magnetism, pioneering works have been done by
Tsushimaet al.**2 Kovalenkoet al,**34 and Golovenchitz
et al*® For instance, Kovalenket al. have found that the
linearly polarized illumination of yttrium iron garnet,
YsFe SiyO,,, results in a spin-reorientation transition as
a result of the photoinduced change of the crystalline
magnetic anisotropy?>* On the other hand, Tsushine al.
have observed a photoinduced spin-reorientation transition
from the antiferromagnetic to the weak-ferromagnetic spin
structure of ErCr@ by using a time-resolved spectro-
scopic method>3? In this Section, we describe the photo- FIG. 17. (a) Schematic energy level diagram for theeA1)—*los (b)
induced spin reorientation fromI";(A,G szC ) to transitions of ErCrQ. Also shown are optical transitions and their polariza-

I'4(GA Fz F ) for ErCro,. tion. (b) Time-resolvedb absorption spectra after initial laser excitation.

Let us briefly summarize the magnetic properties of
ErCrO;. ErCrO; is magnetically ordered belowTy;

—133 K with a weak-ferromagnetic structure denoted as
[ 4(GxAF,;FF).%® At 9.8 K, ErCrO; exhibits the tempera- AE(1)~AE(b)~10 K. The four lines, however, are well re-
ture |nduced sp|n reorientation froi,(G,A/F, F; R) to  solved in thel ,(G,A yF2iF7 R) spin configuration. For the

I'1(AG,C,;C; R), where the ferromagnetic moment disap- case ofEL c, the absorptlon linek'b’ and1”b” observed at
pears. Below 9.8 K, th&, phase can be recovered by ap- 8049 A are associated with tﬂél(A G,C,.;C; %) spin con-
plying a small external magnetic fieldHo<<1.5 kOe) along figuration. In thel s(G,A/F,;F; Ry spin conﬂguratlon these
the c axis3"38 absorption lines are observed at 8045 and 8054 A. Figure

In order to generate the photoinduced spin reorientation] 7b shows the time-resolvdd absorption spectra after ini-
we used aQ-switched ruby lasef6943 A, 25 ns in half- tial laser excitation at 7 K. It can be seen that Ergunder—
width, and with an output power of a few nds a photo goes a phase transition  froml';(A,G,C,;C; R to
irradiation source. The absorption spectrum of'Erin  T',(G,A yF2iFZ R) within 50 us after the phot0|rrad|at|on and
ErCrO; was observed at 1.8 K to detect the photomducedhat it returns to thd™1(AG,C,;C; R) phase in about 400 ms
spin-reorientation transition fromI';(A,G,C,;C] Ry to after the irradiation.

[4(GAF, F; R). Figure 17a shows the energy levels and  The idea of a photoinduced spin-reorientation transition
the selectlon rule for the electric dipole transitions betweerns based on the following argument. In many RGgré»m-
the %l 15/, (denoted’ andl”) ground state and thtlo, (de-  pounds and RFe) the direction of the easy axis of magne-
notedb’ andb”) excited state of Ef" in ErCrO;. As can be tization changes easily as the temperature changes or an ex-
seen in the figure, the absorption spectrum for this transitiomernal magnetic field is applied. It is expected that the critical
is composed of four lines, which we lab€lb’, |'b”, I"b’ temperature of spin reorientation is changed when some of
and I”b”. In the Fl(AxGyCZ;CZR) spin configuration, the the magnetic ions are substituted by magnetic impurities. For
I'b” and 1”b"” absorption lines are superimposed becausexample, YFe_,Co,,Ti,»03 (x=0.003) undergoes the spin

LGt
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reorientation fromI',(F,CyG,) to I'y(G,A/F,) at 247 K, T‘\Lcamera
while YFeQ; does not show any spin reorientatiohThe polarize
magnetic anisotropy of YFe{Qnfluenced by a small amount

L ; . . laser
of Co?* is responsible for the appearance of spin reorienta- A=790nm
tion in YFe _,Ca,Ti,,05; (x=0.003)%° Therefore, the
photoirradiation is regarded as a transient substitution of the GaP prismf

magnetic ions by magnetic impurities, which presumably in-
duces the phase transition when the sample is kept near the
critical temperature. However, in general, both of ther-gig, 18. Magneto-optical waveguide of CdMn,Te on GaAs substrate.
momagnetic effect and transient impurity effect are inducedhe TE mode of light scattered from the surface of the waveguide is ob-
by laser irradiation. The transient impurity effect is justified served by illuminating with a TM-mode laser wit=790 nm(Ref. 48.
if the phase transition is induced before any nonradiative and
radiative decay of the photoexcited state occurs. Since the
lifetime of the °E, state of C?* is quite long(several mj 6. CONCLUSION
photoirradiation corresponding to tﬁé\29—>2Eg transition We have investigated various kinds of magneto-optical
of CP™" in ErCr0Q; is the most effective way to bring about properties for rare earth orthochromites. In Rgi®=Tb,
the photoinduced spin-reorientation transition. In order toDy and Hg, from the analysis of G exciton absorption,
further prove the transient impurity effect, the time-resolvedwe have inferred that these compounds exhibit an anomalous
spectroscopic measurement by using an ultragfemitosec-  spin reorientation in a magnetic field along thexis, where
ond) laser will be indispensable. the weak ferromagnetic moment of the*Crspins rotates in
Finally, in connection with photoinduced magnetism, it theac plane perpendicular to theaxis. It is quite difficult to
should be noted that in some crystals of the family of anti-elucidate the microscopic mechanism of this phase transition
ferromagnetic garnets @lin,Ge;Oy,, etc., photoinduced by means of magnetization measurements.
phenomena have been discovered by Eremenko, Gnatch- In RCrO; (R=Dy and HQ, we have elucidated the
enko, et al**~**Photoirradiation with visible light gives rise breakdown of thek=0 selection rule for the GF exciton
to long-lived changes: linear birefringence, magnetic mo-absorption induced by the disorder of th&"Rspin configu-
ment in the antiferromagnetic state, and augmentation of opration. The magneto-elastic effect due to th&' RR=Dy
tical absorption coefficient. The observed photoinducedhnd Hq ion is extraordinarily large because of the strong
changes of the optical and magnetic properties in antiferrospin—orbit interaction. Through the medium of this strong
magnetic garnets persist for a long time after the illuminatiormagneto-elastic effect, the disorder of th&"Rspin configu-
is switched off. The discovery of sufficiently great photoin- ration causes the breakdown of the 0 selection rule of the
duced changes of the refractive index and absorption coeffEer®* exciton absorption, which is reflected in the appearance
cient in antiferromagnetic garnets will create a new field ofof the anomalous satellite bafl on the lower-energy side
optical and magneto-optical recording. of the free Ct* exciton absorption.
In YbCrO;, we have observed various kinds of coopera-
tive excitations such as a €r exciton coupled with an Y&
magnon, and a € —Yb®* exciton molecule in the visible
region, which are induced by the antisymmetric exchange
5. RECENT FRONTIER RESEARCH ON APPLICATION interaction between the &F and YB'* spins. In these coop-
, _ erative excitations, the €F—Yb®*" antisymmetric exchange
We shall describe briefly the recent research on the apgeraction acts as a strong attractive force, which is respon-

plication of magneto-optical materials using their uniquegjp|e for the appearance of the bound state at the lower fre-
magneto-optical nonreciprocity. The most advantageous P&juency edge in the cooperative excitations.

culiarity of magneto-optical materials lies in the fact that the In ErCroO;, a photoinduced spin reorientation frdg to
propagation of light in those magnetic materials is antisymT4 takes place within 5Qus after photoirradiation corre-
metric(nonreciprocaj_l wiFh re_spect to time invgrsion. _ sponding to théAngZEg transition of C#*, and it returns
One such application is the use of highly bismuth-y, the initial spin configuration in about 400 ms. This phe-
substituted rare-earth iron garnets for optical isolators angl;menon was detected by the time-resolvedl Eabsorption
circulators in a near-infrared wavelength regféri® Another spectra corresponding to th eyl o, transition. The pho-
is the use of diluted magnetic semiconductors such agradiation is regarded as a transient substitution of the
CdMnTe for integrated magneto-optical waveguides in gynagnetic ions by magnetic impurities, which presumably in-
shorter-wavelength regidf.A schematic figure of an inte- ,ces the phase transition. In order to further prove the tran-
grated magneto-optical guide on a GaAs substrate, achieve§ent impurity effect, time-resolved spectroscopic measure-
by Ze}ets a”?' Ando_, S shown in Fig. 18. ments by using an ultrashort laser will be indispensable.
Finally, in addition to the above so-called magneto-  fing|ly, in connection with the recent topics of magneto-
optical recording has been implemented in a real device for 8ics such as optical isolator, integrated magneto-optical
rewritable high-density nonvolatile memory. It shows morewaveguide, and magneto-optical recording, we briefly re-

development year by year. The most recent progress ijiewed the recent frontier research on application mainly de-

higher-density magneto-optical recording, including SUPeTyeloped in Japan.

resolution limiting recording densities smaller than a domain
size, has been reviewed in a recent book by Karfdko. The authors would like to thank the many scientists over

GaAs substrate
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1. INTRODUCTION a result of the combined continuous efforts of a large number
of cryogenic laboratories throughout the world. At the
present time solid oxygen is a playground for the most so-
phisticated modern solid-state experimental methods, includ-
Solid oxygen belongs to a small group of atontide, ing studies in diamond anvil cell®AC) and high magnetic
Ne, Ar, Kr, Xe) or simple molecular solids fie|dsin combination with Raman, infrar¢BIR, FTIR), syn-
(Hz2,Nz,0;,F,,C0O,CQ,N,0,CHy), which are often  chrotron x-ray, and Brillouin and other optical technics.
lumped together as solidified gases or cryocrystals. Under equilibrium vapor pressure oxygen exists in three
The oxygen molecule, owing to unique combination of crystallographic modifications.

the molecular parameters forms a substance which in all  Neutron diffractiod=° and x-ray studieés®’ have shown
phases—solid, liquid, and gaseous—is a physical object ohat the low-temperature phase of oxygen is orientationally
considerable fundamental interest. and magnetically ordered and has a monoclinic base-

In the ground electronic state the oxygen molecule poscentered structure of symmet@2/m. It was established that
sesses nonzero electronic sgB1, which makes the ©  4-0, has the simplest orientational structure, in which the
molecule a magnetic system. As a result, solid oxygen commolecular axes are collinear and perpendicular to the close-
bines properties of a molecular crystal and of a magnet.  packed(001) layers(Fig. 1).

The low-temperature phase of solid oxygen is the only  The structure of the intermediaj@ phase of solid oxy-
electron-spin antiferromagnetic insulator consisting of agen was established by Han an electron-diffraction study
single element. Why the combination of a simple molecularand confirmed in neutron-diffractiér® and x-ray studied.
crystal and a magnet is so interesting? The answer is thg was shown thaj8-O, has a rhombohedral lattice of sym-

following: the binding energy in molecular cryocrystals is metry R3m with the same extremely simple orientational
determined by weak van der Waals forces and, unlike conggrycture asx-O, (Fig. 2a. This lattice can be seen as a

ventional magnets, the magnetic interaction is a significangjistorted fcc structure obtained by packing not spherical but
part of the total lattice energy. Namely, the binding energy in
the case of solid oxygen is of the order 1000 K and the
magnetic energy is of the order of 100 K, that is, makes up
around 10% of the binding energy. In the case of conven-
tional magnets, the magnetic energy is of the same order, but
the binding energy is an order of magnitude higher; that is,
the magnetic energy is at most about 1% of the lattice en-
ergy. Therefore the magnetic and lattice properties in solid
oxygen are very closely related, a fact which manifests itself =~ Keacc--/----@-----=

Solid oxygen, a unique combination of a molecular
cryocrystal and a magnet

°

1.207 A

2d=

€.=3.754

in numerous anomalies of virtually all its properties— =155,
thermal, magnetic, acoustic, optical, etc.

Studies of solid oxygen commenced at the very begin-
ning of the twentieth century. The modern state of the art is FIG. 1. Structure ofx-0,.

) B p=117.76°
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FIG. 4. Phase diagram of solid oxygen.

phases. The resultinrg— T phase diagram, which reflects the

FIG. 2. Structure of3-0, in rhombohedral and hexagonal ax@s. The phase boundaries of these six phases, is given in Fig. 4.
structure of3-O, can be represented as a monoclinic cell isostructural to
a-0, (b).

2. CHARACTERISTIC FEATURES OF ELEMENTARY

' _EXCITATION SPECTRA IN SOLID OXYGEN
dumbbell-shaped molecules oriented along one of the spatial

diagonals of the cube. The primitive rhombohedral cell is ~ Compared with a conventional magnet, the problem of
found to be stretched in the directi¢hLl) singled out by the ~the elementary excitation spectrum in solid oxygen presents
molecular axes. The angle of the rhombohedron is found t& considerable challenge both to the experimenters and theo-
be about 45° instead of 60° for the fcc lattice. reticians. In the case af-O, we are dealing with three sys-
The structures of the two low-temperature phases aréms of coupled quasiparticles—phonons, librons, and mag-
similar, and formally, a monoclinic cell can be singled out in "ons. ThoughB-O, has the simplest orientational structure
B-0, as well(Fig. 2b). among the molecular cryocrystals, the presence of the strong
As was shown in a single-crystal x-ray study by JordanShort-range magnetic order makes fh@hase quite a cum-
et al,® ¥-0, has an eight-molecule cubic cell with an orien- bersome problem. A very specific case is the orientationally
tationally disordered structure of space gréup3n (Fig. 3.  and magnetically disordered phase.
Molecules in the cell are located in two nonequivalent states. ~ The first calculations of the lattice dynamics of solid
Two of the eight molecule¢‘spheres” have a spherically OXygen were carried out in the 197851'*Though no ac-
symmetric distribution of electron density, while the remain-count has been taken in these calculations of the magnetic
ing six moleculeq“discs”) have an electron density distri- nature of solid oxygen, they represent a necessary and rather
bution in the form of an oblate spheroid. The disc-shapednformative step in the development of the theory. They pro-
molecules form chains extending in the thr&®0) direc- vided a test, in the first approximation, of various potentials,

tions. enabled identification in Raman and IR spectra, and gave an
At the present time the existence of six solid-state phase@stimate of the effect of anharmonicity. _
is established unambiguousf/in addition to the, B8, andy Important estimates concerning translational and libra-

phases, which exist under equilibrium vapor pressure thretional vik_)ratig)?f follow ~ from  simple mean-field
high- pressure stable phases exist in the investigated domafi@nsiderations®'“Translationally the molecules im-O, vi-

of pressures and temperatures. They aredfféorange”),  Drate as three-dimensional, nearly harmonic oscillators. Two
stable at room temperature between 9.6 and 10 GPa, Of the fundamental frequencies that correspond with the vi-

(“red”) (10-96 GPj and ¢ (metallio (above 96 GPa brations in theab plane are nearly equal, while the third
fundamental frequency for the vibrations in tbe direction

is about 50% higher. The potential is markedly stiffer in the

¢, direction. This is confirmed by the smaller root-mean-

square(rms) amplitude of vibrations in this directiofTable

1). As can be seen from Table I, the rms amplitudes are quite
different in the three independent crystal directions, which

gives an indication of the crystal anisotropy. The ratio of the

ground state rms translational displacement to the intermo-
lecular distancdy, is (u3+uz+uZ )*¥R,,=0.056, which

is nearly twice as large as for solid, Ref. 16].

The librational states of the molecules are rather local-
ized in @- and 8-0O, and look like weakly anharmonic two-
dimensional oscillator states, slightly anisotropic in the case
of a-O, and isotropic inB-0O, (Table ). The lower fre-
FIG. 3. Structure ofy-O,. quency ina-0, corresponds with liberation about theaxis,
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TABLE I. Translational and librational amplitudes i# and 8-0O,.

-0, pO,
Parameter Value Parameter Value Parameter Value Parameter Value
1/2 1/2
<u§> / 0.1092 A2 9.1°D <u§.b>/ 0.1200 A° 10.40 d
2 112 ' 112 .
<u§>/ 0.1115 A? <92> 10.84° 2 (92> 11.164° ¢
5\ 2 5 \12
<”c > 0.0889 A* 12.8°°¢ <uC > 0.0940 A° 11.6°f
i L
*Theory* for T=0 K. dExperiment® for T=28 K.
PExperiment® for T=0 K. eTheory! for T=10 K.
¢ Theory** for T=30 K. fExperiment® for T=30 K.
the higher one with libration about theaxis. The rms an- (32@%(12;) 13120 cm't

gular displacements are about 11°, as compared with 16° for o )
a-N, at T=0K.16 are electric dipole forbidden and are very weak. In the con-

As can be seen from a comparison of the ground statdensed phases and in compressed gaseous oxygen, the inten-
rms amplitudes, the translational vibrations in solid oxygers'ty Of these transitions increases significantly. In addition,
are more anharmonic than those in solid nitrogen, but fof'"é€ new absorptions are found and assigned to simulta-
librational vibrations the reverse is true. This difference re-€0US excitation of a pair of oxygen molecules as follows:

flects Fhe distinction in the structures of t_he intermolec_ular (3E§)(3E§)—>(1Ag)(lAg) 16800 cn L,
potentials for the two substances and ultimately the differ-
ence in the nature of the stability a0, and a-N,.

The zero-point energf,, at P=0 for «-O, according . . I 1 1 + 1
to Ref. 17 is 204.7 K. Judgipng from the rms amplitudes ob- (329 )(329 )= (2g)(g) 27700cm ™.
tained in this paper, which are slightly overestimated com-  Excellent comprehensive spectroscopic studies of these
pared with data from Table E,, is overestimated as well double molecular transitions are presented in papers by Lan-
and should be considered as an upper bound. The zero-poidauet al?? and Eremenket al!® The effects of temperature
energy is approximately 20% of the binding energy, of whichand impurity (N) have been studied by Eremenko,
approximately 40% is due to the librational motion. The highLitvinenko, and Garbe?®?! An overview of these double
value of the reduced zero-point energy indicates thati®  transitions are presented in Fig. 5.
plays properties typical for quantum crystals. One such prop- To give an interpretation of the spectroscopic data ob-
erty is a small value of the rati® ¢/ @p (Tmer IS the melt-  tained and their connection with the magnitude of the ex-
ing temperature® is the Debye temperatyrewhich for  change field, we quote the abstract to the paper by
solid G, is approximately 0.%the inequalityT,o;//®p<1is  Litvinenko, Eremenko, and Garber, “Antiferromagnetic or-
a recognized signature of a quantum crystilis interesting  dering effect on the light absorption spectrum by crystalline
to note that although the reduced value of the zero-poinbxygen:"?! “The optical double transition spectrum of crys-
energy for solid N is nearly the same as that for solid, O talline oxygen is studied in the frequency range of 15000 to
(see Table 10.1 in Ref. 16the ratioT,e:/Op for solid N, is 31000 cm* at different temperature® to 27 K) and nitro-
approximately 0.75, markedly higher than for solid,@ue  gen concentration® to 40%). A sharp integral intensity de-
to less anharmonic translational vibrations. crease of the absorption bands, their shift, and broadening

The problem of the magnetism of solid oxygen turned
out to be a considerable challenge. Ever since the mid-
sixties, when neutron diffraction experimefitsshowed un-

(35— (*Ag)(*2y) 21000 cm?,

o

ambiguously that-O, is an antiferromagnet, the magnitude " :' 0-0 01 Py _'>21Ag°'2
of the exchange interaction between oxygen molecules has & o- EE
been a controversial subject of numerous studies. A rather 3 2_‘§’°° i 18300 17100 ‘7‘°°;7,1‘;°5H‘89°5 1850015200
surprising thing is that the first estimates of the exchange @l PrgsNg Ty
field were obtained not from data on the magnetic %o '
susceptibility—a property directly connected with the ex- S of | s 2250‘3“f§8@ﬁﬁw°°
change field, but “in a series of elegant experimertsting 1=g8} o 232 e
. . . . g—>2 g
Ref. 18 on the double intramolecular electronic excitation ,F ,
M'ﬁﬁ"_“% 27400”2700 2810028300 | 23200 23500

transitions by Eremenko, Litvinenko and co-work&ts?

The lowest electron configuration of the oxygen mol-
ecule gives rise to three staté ; , 'Ay, 3.

The transitions

Frequency, e’

FIG. 5. General view of the light absorption spectrum by selidxygen at
T=5K in the 15000 to 30000 cit region: 23 —2'A; (v=0,1,2,3),
2% M +IS S (v=0,1,2,3), and & 25 (v=0,1,2,3)* The
lines at the frequency scale are calculated values for free molecules.

(*3g)—(*Ag) 7882cm Y,
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are found in the temperature range investigated. With th%'.G' 7. Raman spectra af, - and y-oxygen in the low-frequency region.
ifferent spectra are monitored with different resolutions. The vertical lines

insertion of nitrogen into oxygen new absorption bands Withare the contributions from freely rotating oxygen moleculesT at48 K
spectral positions close to the pure oxygen band frequencigref. 15.
appeared in the oxygen spectrum. The results show that the
double transitions in oxygen are considerably induced by
exchange interaction. It is also shown that the 0-0 band iny | \50oNs
tensity of the 23, —2'Aj and 23/ —2'S transitions is
determined by the interaction not with acoustic phonons, as The first Raman studies of condensed oxygen were made
it was considered before, but with magnons corresponding tby Cahill and Leroit® In the lattice frequency range they
the Brillouin zone boundary and having energy equal to thdound (Fig. 7) one strong line in thg phase(at ~51 cm ! at
exchange ongugHg. The 0-0 band of the%gﬂzlAg 28 K), and two lines in ther phase(at ~43 cm ! and ~78
and 25 -3/ +13 7 transition is interpreted as a pure cm * at 22 K).
electronic band. A consistent scheme, based on considering In accordance with the correlation diagram in Fig. 8,
the exchange splitting of th&g state of the oxygen mol- they assigned the line at 51 ctin 8-0, to the twofold-
ecules and the magnon excitation at light absorption is sugdegeneraté, libration and the low frequency band in-O,
gested to explain the double transition structures and theio theBy libration (libration around the axis and the higher
band behaviors at magnetic ordering.” frequency one to thé\, libration (libration around theb

In the absence of interaction between a pair of excitedixis).
molecules, the observed spectrum is simply the sum of the Mathai and Allirf® in the Raman study o#-%0, and
excitations of the two molecules. The perturbations arisingx-%0, isotopes confirmed Cahill and Leroi's assignment but
from the molecular interaction®f the Coulomb, exchange, found that the isotope shift of the two modes were only about
and molecular typedift the degeneracy, strengthen the cor- two-thirds of that to be expected on the basis of the inverse
responding transition, and produce splitting and frequencyatio of the square roots of the reduced masses. The discrep-
shifts (Fig. 6). The shift decreases with temperature and als@ncy was attributed to differences in the anharmonicity of the
with increasing concentration of N The exchange energy, two isotopes.
as measured by the magnon shift, is constant up to 10 K and
then falls off smoothly with increasing temperature to about
85% of its low-temperature value before falling rapidly to o)

~Ua

o Gas -
zero at thea—p transition. Activity (¢ BD Activity
The series of papers cited as Refs. 19-21 had a pro- (Cen) Q) ( 35

nounced impact on studies of teh magnetic and optical prop- R Ag E; V) A1g R
erties of solid oxygen. A large number of experimental and
theoretical works published in the seventies and subsequent R Bg—TIg(Rx,Ry)—Eqg R
years(see, for instance, Refs. 18, 23330@ere directly in- ir By oM (T;)—Agq, ir
spired by results of the magnetooptical studies by Eremenko
et al. Effects found in these studies and their interpretation ir A —11,(Tx , Ty )—E, ir

are still a subject of great interest for investigat@se Refs.
31-33. FIG. 8. Correlation diagrams faz- and g-oxygen*®
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exhibits typical soft-mode behavior and at izeg transition
FI_G. 9. Temperature dependence of the librational frequerigiend band-  transforms into tthg mode of theB phase. The intensity
width (b) of solid oxygen(A from Refs. 15 and 36 and linewidth of theA, mode increase rapidly in the vicinity
of the transition and go over continuously to the respective
characteristics of th&y; mode (Fig. 9b. The By mode fre-
There was a long discussion in literatfé?1"**con-  quency is nearly constant with temperature, but its intensity
cerning the assignment of the 43 and 78 ¢rtines in the  decreases rapidly when nearing the phase transition point,
Raman spectra ofi-O,. On the basis of lattice dynamics and the line vanishes discontinuously on passage through the
calculations those authors have cast doubts on the assigphase transition.
ment of these lines as librons by Cahill and Lerbis fol- From the theoretical side, Krupskit al! suggested that
lows from these lattice dynamics calculations based on difthe large splitting of the libron spectrum at tjfe-a transi-
ferent models of the anisotropic forces, at e transition  tion could be due to an additional term in the libron Hamil-
the libron spectrum is only insignificantly changed. The low-tonian, which is proportional to the magnetic order param-
ering of the symmetry at this transition leads to lifting of the eter. Since foif >T,._; the magnetic order parameter goes to
twofold degeneracy of the frequency of the=0 libron  zero, this term is nonvanishing only in thephase. Jansen
mode with a splitting of a few cit. At the same time, and van der Avoirtf*"found that because of the very strong
according to Raman data the doubly degeneraté, mode dependence of the exchange coupling parameter on the mo-
of B-0, with frequency~51 cm ! is split into By and A lecular orientations, the Heisenberg term from the spin
modes with frequencies 43 and 78 threspectively. Ac- Hamiltonian should be included in the libron spectrum cal-
cording to these authors, the experimentally observed Ramamulations.
line at 78 cm?! could be a two-particle, either A plot of the lattice potential along the normal coordi-
magnon-librof” or two-libron;?*"34line while theBy and  nates for theB, andA, librons, with and without the contri-
A splitting is not resolved. Etterst al3*have proposed that bution of the Heisenberg term, clearly demonstrates its role
the higher frequency belongs to a libron mode which lies atn this problem(Fig. 10, Ref. 14. This term lowers the lat-
the edge of the Brillouin zone for the structural lattice, buttice energy ofx-O, in the equilibrium geometry. At the same
which hasq=0 in the magnetic Brillouin zone. This mode time, it increases the stiffness of the potential drastically in
could become visible in Raman spectroscopy when there is the A, direction but much less in thB, direction.
strong coupling between the librons and spins. The weakest An integrated formalism that includes magnon—phonon
point of all these interpretations, however, is that at variousand magnon-libron coupling in the dynamics of the orienta-
temperatures and pressures no indication of the doublet chaienally ordereda and 8 phases of solid oxygen was devel-
acter of the lowest peak-O, has been observed. oped by Jansen van der Avotfdon the basis of the time-
Subsequent experimental and theoretical studies gave alependent Hartree methddandom phase approximatipn
insight into what really happens with the libron spectrum atWe will consider the problem of magnon-libron coupling
the a—p transition. Measurements by Bier and J8dind by  following the simpler approach of Refs. 38 and 39.
Prikhot'’ko et al3® have given strong evidence that the as-  The intermolecular exchange constant can be written as
signment by Cahill and Lerbiis correct(Fig. 9a. a sum of a part which is independent of the orientations of
The experimental data indicate that the uppgrmode  the O, molecules and an orientationally dependent term. The
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latter part contributes to the anisotropic intermolecular po-  H="H,,+ Vanis, (5)
tential, which determines the spectrum of librons in the ori- o )
entationally ordered and 3 phases. Both the exchange part Where the kinetic energy operator is
and the spin-independent part of the intermolecular potential Hyin=—Bot
may be written as a sum of products of the invariads ), L 5 L
(Q,n), and 2,9,): .

X ‘ sinﬁf&_&SInﬂf&_m+—sin20fa_cp$ . (6)

_ i K |
U(Ql'QZ'R)_i’% Aia (R) (241 (20 (2,€25), HereB,,=%2/2! (I is the molecular moment of inerjizs the

(1)  characteristic rotational constant; and ¢; are the angles
determining the molecular orientation at site
- i K | Since B,<Vnis, the rotor wave functions have local-
J(Ql’QZ’R)_i,kJ Bia (R)(Qan) () (2ul), D0 nearﬂ:to; that is, the anharmonic terms are small and
] ] o ) librons are well-defined quasi-particles. Retaining only the
wherei, k, | are integers, the pairwise sums of which areparmonic terms in the Hamiltoniafs) and neglecting the
even numbersh;, , By, are expansion coefficients, which jnterplane interaction, we obtain the following expressions

are functions of molecular parameters and the intermoleculgg the frequencies of librons ia- and 8-0, at the center of
distanceR. Here ;, and £}, are unit vectors along the the Brillouin zone:

molecular axisR is the vector joining molecular centers, and

n=R/R. The anisotropic parts can obtained from the expan/-0O-: (ﬁQEg)ZZGBrot{(ZAgOO+ AL} + (2BSt BE) TP

sions of Eqgs.(1), (2) after excluding the terms with+k (7

+1=0, which correspond to the isotropic parts of the ex- _ 5 1o | rla lo | olasman.

change constant and spin-independent intermolecular poteﬁ‘-'oz' (hQAg) = 6Brod (2A2001 A11y) +(2B2oot BiidT'1h

tial. In fact, the representation of the Kohin potertfias an (8)

example of the expansion E@l) up to terms withi +k+| 50 )2=B. [4(AL2 + 2p20) 4 o pla | op2a

<3, which includes all terms necessary for the derivation of( 8" = Brod 4(Azo0t 2Az00) + 2(Asist 2A1,

the harmonic approximation. _ +2(2Bg5o+ BIf)I{+4(2B35,+BIf)I'sh,  (9)
Taking into account the explicit form of the intermolecu- p 5 )

lar exchange interaction and averaging E#) over the WhereAj,, Bj, are the values of the respective parameters

ground Spin state, we Obtain the tota| anisotropic intermo_of the |nterm0|ecu|ar pOtentIal fOI’ the |nterm0|ecu|ar d|S'

. . ’ . . H Ala @ 2a 2a
lecular interactionV ,,{ ©;,Q,,R), which can be written as tances in thes _phaserAilkl Bikd andAj By are the values
a sum of the spin-independent and spin-dependent contrib@f the respective parameters of the intermolecular potential

tions: for the intermolecular distances in thephase for the nearest
neighbors from the opposite and the same magnetic sublat-
Vanid 21,922,R) = U nid 21,95,R) tices, respectivelyt'# is the spin correlation function for two
nearest spins in thg phaseI'**, andI"?* are the spin cor-
Fad 01, R(SS), O pins in th phase:l P

relation functions in thex phase for two nearest neighbors
where (S;S,) is the spin correlation function. Finally we from the opposite and the same sublattices, respectively.

have Neglecting the small monoclinic distortion at the-B
transition, that is, the small difference betwegff;, A%S,
B . im-
Vand Q1,95 R) = z (A +Bia(S1S,)) andAlk, (and the.same for thB;, parameters we can sim
ikl plify Egs. (7)—(9):
i+k+1#0
X(Qn) (Q,n) Q)" (4) (ﬁQEg)ZZGBrot{(2A2OO+A111)+(ZBZOO+ B 7}
(10

As can be seen from E@4), the anisotropic intermolecular
potential, which determines the spectrum of librons in the  (2€2a)?=6Brod(2Az00+ A11) +(2B2ogt+ Bua) 5}
orientationally orderedr and B phases, contains an addi- (13)
tional term, which depends on the character and value of the 1
magnetic order. In the molecular field approximation we (%0, )2:6Bmt[(2A200+A111)+—(28200+ Bi11)
havel ,,=(S,S,) =0 in the 8 phase and’,,,,= —s?, where ¢ 3
s is the average spin, for the nearest molecules from the
different sublattices in ther phase. For the ordered three- X(I'f+2I'5)
sublattice magnetic structure we would habg,= —s?/2,
which can serve as an estimate of the spin correlation fundequations(7)—(9) and (10)—(12) provide an explanation of
tion for the case of the short-range magnetic order. the main anomalous features of the temperature dependence
The expansion coefficients\,,, Bj, are, generally of librons in thea andg phasegFig. 9g9—Iarge and strongly
speaking, of the same order of magnitude, which means thatsymmetric splitting, a strong temperature dependence of the
the additional term cannot be treated as a small perturbatioA; mode, and a weak temperature dependence ofBthe
but must be taken into account in the zero approximation. mode.
The system of interacting rotors is described by the  According to data from Raman scattering spettra,at
Hamiltonian the a—p transition the twofold degeneracy of the libron spec-

. (12
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trum is lifted and the doubly degenerdig mode of -0, 54l
with frequency~51 cm ! is split into theBy andAy modes

with frequencies~43 and~78 cmi L. The reconstruction of

the structure accompanying the phase transition and the re-
lated changes in the anisotropic part of the intermolecular

potential cannot be the cause of such large splitting. If we

disregard terms proportional foin Egs.(7)—(9), the result-

ing splitting of theEy mode is

-0,

Q,cm?
3

— Bmt 2a la 2a la 30 40
A= h0. [2(A%00— Az00 T (AT1— A1) - (13 Temperature, K
¢]

. _q . 7,12 FIG. 11. Temperature dependence of the frequency dEghiron mode of
EstimatesA <5 cm *. were obtainet . . B-0,. The solid line is the theoretical result from Ref. 1, and the points are
As follows from Egs.(10)—(12), the large splitting iS  experimental datéRef. 15.

completely due to the spin—libron interaction:

mode is mostly determined by the thermal expansion of the
lattice. The resulting temperature dependence can be written
Other anomalous features of the libron spectrum are also duga the form

to the spin-libron interaction. The displacemens,

e g O (o) _(on) (om0
respectively o g mode of 3-O, can be found from the —| == +|=] |=] .

following equations: IT)p \IT], V) 1aT],

2 2_ a .
(7Q2p)" = (A€ )"=6Bro 2B200T By (I~ T'%); Anharmonic corrections to the librational frequencies of
(15 the B phase were calculated in the mean-field approximation
(Qg )2~ (1Qg )2=6B o 2Boogt B11y) in Ref. 13. The anharmonicity is manifested in explicit tem-
g g perature dependence of the librational frequencies. It was
1. N shown that, contrary to solid JNthe sign of the anharmonic
X Fﬁ—g(rl+21“2) : (16)  correction inB-0, is positive. Since ¢Q/aT)= (301 7)
X(dnldT) while (dn/dT)<0 (where 7 is the orientational
In a general theory the Spin correlation functions should b%rder parameter the Sign of the anharmonic correction is
found in a self-consistent way together with the libron specdetermined by the sign of the derivatieQ/dz), which
trum, but as a zero approximation they could be found indecould be either positive or negative, depending on the signs
pendently from the spin Hamiltonian. The following esti- and values of molecular and crystal field constants in the
mates can be obtained: self-consistent potential. As a result, in the cas@ad, the
ITA|<|T¢],|T4]: (17) derivative @Q/dn)<0 and @Q/dT)>0. Numerical esti-
1hit2b mates give T/Q)(90/dT)~10"3, and the effect is domi-
DS+ 28] <|T¢),|T8). (18  hated by the second term in EQ.9), the thermal expansion
of the crystal. A comparison of the calculateahd experi-
As follows from Egs.(15), (16) and inequalities EqS17),  mental temperature dependences of g frequency is
(18), ABg<AAy, thatis, the splitting is strongly asymmetric given in Fig. 11.
aroundQg . The effect of an external magnetic field on the libron
This asymmetry can be understood qualitatively asspectrum ofa- and 8-O, was calculated by Jansen and van
follows.*® When the molecules librate around thexis (A,  der Avoird!* They predicted that the libron frequencies will
symmetry the interaction with four nearest-neighbor mol- be shifted by the external magnetic field, which changes the
ecules from the opposite magnetic sublattice, is mostly inspin correlation function and, according to Hd), affects
volved, but when they librate around theaxis (B; symme-  the anisotropic part of the intermolecular potential. Due to
try) the interaction with two next-nearest-neighbor moleculeghe high rigidity of the magnetic structure afO,, the re-
from the same magnetic sublattice is involved. The latter issulting shift of theA; andBy librons is small even in strong
much weaker than for th&, librational mode. As a result, fields and amounts to 2.5 crh for fields up to 30 T(Fig.
ABg<AA,. 123. The magnetic-field-induced shift of thg; mode for
The variation of the libron frequencies with temperature8-0, is given in Fig. 12b.
is caused by three factors: first, there are anharmonic tem- When the magnetic field is parallel to thb plane of the
perature shifts of the frequencies with temperature, secon@@ phase one might expect several symmetry-breaking
the parameters\,,, B, vary with temperature due to the effects’* The threefold symmetry is distorted in this case
thermal expansion of the lattice, and third, there is temperawith the result that thé&; mode will be slightly split.
ture dependence of the spin correlation functi¢8s;). In Due to the zone-folding effect, extra phonon or libron
the case of thex phase, the last factor is the most important.peaks may become visible in the IR or Raman spectra,
In the case of theg phase, the temperature shift of thg  though their intensities are predicted to be small.

ZBrot @ @
A= —=5—(2Byot B11)(I'7—1'3). (14
A,
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FIG. 12. The magnetic-field-induced shift of thg andB, librons in a-O, (&) and theE, libron mode inB-0, (b). 1

4. TRANSLATIONAL PHONONS disorderedy-0O, have been calculated by Kobashi, Klein,
and Chandrasekharknusing different empirical Lennard-
eQOnes(6—13 intermolecular potentials to account for the in-
sult, in the folded zone the phonon zone is subdivided ir]t&eractlons between nearest discs, between the nearest disc

acoustical and optical phonons and the number of libron an&nd sphere and between the second-nearest d'SCS'_ The model
magnon branches is doubled. completely neglects the effect of molecular rotation. The

The most extensive zero-temperature lattice dynamic£nOOIeI was ab_le to account f(_)r the low shea_r con_stant of
harmonic calculations based upon both the one-molecul -O, but considerably overestimated the elastic anisotropy.

crystallographic unit cell and the two-molecular magnetic his discrepancy was attributed to the neglect of translation—

cell have been made by Ettees al®* At the first step the rotation coupling. . . .
Gibbs free energy was minimized with the parameters of the The role played by the molecular reorle_ntat|onal motions
monoclinic lattice cell ofa-O, and the intramolecular bond in the crystal dynamics of-O, was examined by Klein,

length as independent variable parameters. The equilibriurhevesque' and WS in a molecular dynamics study of a

lattice parameters obtained were used in harmonic Iattices-yStem of molecules interacting via an atom-—atom potential.

dynamics calculations. The calculations were based on th-le;he simulated crystal revealed two types of molecules with

site—site Etters—Kobashi—BeldEKB) potential®* Since the two quite different types of dynamical behavior. Very slow

strong anisotropy of the Heisenberg term is not taken int&ransvgrse _acoustic phon(_)n mode_s were foun_d, ‘.W'im’t
g Py g ~3.5, in fair agreement with experimetft?*3 The liquid has

account in the EKB potential, the calculated dispersio h o b imilar in struct d d ical
curves suffer from the same shortcomings as all older lattic een shown 1o be very similar in structure and dynamica
hehavior to they phase.

dynamics calculations and reproduce the libron modes inco
rectly. Nonetheless, many qualitative results of these calcu-
lations retain their validity. 5- MAGNONS

The magnetic unit cell contains two molecules in the  The first observation of the resonant FIR absorption in
unit cell, twice as large as the structural unit cell. There arex-O, was made by Blocker, Kinch, and WéstThey found
six phonon modes, four libron modes, and four magnora strong line at about 27 cr with a linewidth of about 1.4
modes for every wave vectarin the smaller Brillouin zone, cm™! and attributed it to the antiferromagnetic resonance
that is, compared with the crystallographic cell, the magnetidAFMR) mode of the system. This peak shifts to lower fre-
unit cell supports one additional vibron, two additional libron quencies and decreases markedly in intensity with increasing
modes, three additional optical phonon modes, and two ademperature and is unobserved above the3 transition
ditional magnon modes. The problem is that none of theséFig. 133. The experimental proof of the magnon nature of
modes has been observed in experiment. Recently the rangfee line was obtained by Wachtel and Wheéfeftwho dem-
10-85 cm ! was investigated very carefully by Medvedév onstrated that no detectable isotope effect was observed. The
using the modern FTIR technique and perfect crystals, antemperature dependence of the high-energy magnon was
no additional IR-active modes were found. studied by several groups’®**with similar results.

Integrated lattice dynamics calculations in the random  Looking for the low-frequency AFMR line, Wachtel and
phase approximation have been made by Jansen and van d&heelef* found an absorption line at 6.4 crhat 1.5 K (Fig.
Avoird.}* It was found that the mixing between the lattice 13b). To support the assignment of the observed FIR absorp-
modes, phonons and librons, and magnons is in generdbn lines as AFMR modes, FIR spectra were measured as a
small. The only substantial amount of mixing occurs in thosefunction of applied magnetic fieftf:2444:4°
regions of the Brillouin zone where the dispersion curves for ~ The dispersion relations for magnons in the presence of
the lattice modes and those for the magnons would crossnagnetic field were calculated in Refs. 24, 45-47. A com-
Even the weak coupling then leads to an avoided crossingarison of experimental and calculated results is given in
and to interchange of the characters of the modes involvedFig. 14%° The experimental absorption band corresponding

The translational lattice frequencies for orientationallyto the low-energy magnon is split: one absorption maximum

The magnon—phonon coupling leads to zone foldfhg:
the magnetic unit cell contains two molecules, and as a r
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4 5 6 7 8 9 and high-energy(b) magnons, measured on polycrystalline samples of
. a-0,. Experimental absorption maxima are represented by open dots, and
Frequency, cm the vertical arrows indicate the FWHIgull width at half maximum). The

HIIX curve starting aH=0 corresponds to the non-spin-flopped phase; the
FIG. 13. Spectroscopic proof of magnon excitations in solid oxygen. TheotherH||X curve corresponds to the spin-flopped pt&se.
temperature dependence of far IR absorption due to magnon excitation at
27 cm tin solid oxygeR® (a). The magnon at 6 cnt is clearly recognizable
in the far-IR absorption spectra of solid oxygértb).
the exchange interaction constant of molecules at itesl
f’. Thez axis in Eq.(20) coincides with the molecular axis,
does not shift when the field increases, and the frequency afhile thex axis is directed along the monoclinicaxis.
another increases with the fie{Big. 14a. In the case of the The first calculation of the spin excitation spectrum was
high-energy magnon the splitting was not fouiidg. 145.  done by Wachtel and Wheel€¥?* According to the usual
The experimental results of Refs. 18-21, 23-25 pro-excitation wave method, the diagonalization of the Hamil-
vided an experimental basis for the development of a theoryonian (20) was performed in two steps. First, the Hamil-
of the magnetic properties of solid oxygen, first and formostionian (20) was written as a sum of a single-particle mean-
of all of the spin excitation spectrum. field HamiltonianH,
The magnetic properties of solid oxygen are generally

described by the Hamiltoniah!8:2429:45-30 Ho= > (AS+BS+3(0)(S)S) (21)
i
1
HZZ [A(S)*+B()*]+ 52 it SSr (200 and the interaction HamiltoniaH,=H— Hy, Where(S,) is
£

the expectation value of the operat&; in the single-
where & is the spin operator at site (S=1), A>0 and molecule ground state, which must be found from self-
B>0 are constants of single-molecule anisotropy, dpds  consistency conditions. Here the direction of the momémnts
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torsal,=cl,cio andas;=cloci, which approximately obey
the Bose commutation relations, and transforming the
Hamiltonian to these operators, we obtain the Hamiltonian
quadratic in Bose excitation operators. The next simplifica-
tion consists in neglecting excitations from the ground state
to the second excited state. The resulting dispersion relations
(energy vs quasimomentum relatiprean be written in the
form:

E2(k)=[A0+ (—1)"J(k)sin 20712—J%(k);n=1;2,

FIG. 15. Monoclinic structure o&-0O,. The magnetic structure is indicated (29

by the arrows. The exchange interaction between the in-plane and out-o(,vhereAloz €1— €, is the energy necessary to excite the mol-

plane nearest neighbors is described by the respective exchange interacti : : : .

bonstanta), 3, 3. 8Eulel from the ground state to its first excited statg; e;
are given by Eq(24); 9 is a mixing parameter which deter-
mines the ratio of+1) and(—1| in the ground state. It de-

axis) is taken as the axis of spin quantization. The exchang@ends on the relative magnitudes of the anisotropy param-
field J(0)=J(k=0); J(k)=S4J;+5€' X7 is the magnetic €tersA andB:
structl_Jre factor, and are lattice vectors. tan 28=(A—B)/[2J(0)(S)]. (26)

With the nearest, next-nearest and next-next-nearest )
neighbors taken into account we have the following expreslt 1S important to note that because of complexity of the

sion for the exchange field: commutation relations for spin operators, there is no single
“true” dispersion relation which would be independent of
J(0)=n1J;—Nnzd>+N3ds, (22 the way of transformation of the spin Hamiltonian into the

wheren;, andn,, n; are the numbers of the respective bosonic Hamiltonian and of the subsequent approximations
neighbors fi;=4,n,=2, ny=4) andJ;, J,, J; are the re- Used for its diagonalization. All these approaches are so-

spective exchange constaiisee Fig. 15 called uncontrollable approximations, in contrast to a few
As a result, the magnetic structural factor for thecontrollable ones(among these are the high-temperature
a-oxygen structure can be written in the form expansion$ and the low-temperature Dyson approddh.
That is why it is important to use different approximations
I(k)=3(0) ¥ for the derivation of the dispersion relation, and then, com-
1 paring the magnetic characteristics calculated with different
Y I 2t a dispersion relations, to decide which approach is preferable.

The simplest approximation not based explicitly on the

ky K, assumption of small fluctuations of the spin density is the

KCOSky+aCOS§C05<§— kz”* random phase approximatiqiRPA), which coincides with
the Tyablikov approximatioti in the case of the ordered

(23)  phase. This approximation was used by Slusateal >*°to
where two dimensionless parametets=J,/J; and « develop a theory of the magnetic properties of thand 8
=J5/J;, have been introduced. Thus, if the interaction with phases.
more distant neighbors is neglected the magnetic Hamil-  After applying the decoupling procedure usual for the
tonian(20) is described by a set of 5 parametels; a, «, A, RPA approximation, a set of linearized equation of motion in
B. k space was obtained, where the spin comporgnts, , S,

The eigenvalue problem fot{, can be solved in a are coupled to the components of the quadrupole magnetic

straightforward manner, yielding the following eigenvalues: moment Q;; =(1/2)(SS; + S;S;) — (2/3)4;;, with the result
that the order of the system is doubled.

k, 1
2 COS? E

Kx

X Cos

o= A+B - \/(A_B 2+32(0)<3x>2; (24) As a result, the foIIowing_ expression was obtained for
2 2 2 two lower branches of the spin wave spectrfr’
e,=A+B 5 J?(0) ) L 2B&; ]
(€0 is the ground-state energy, amg, €, are the first and Enlk) 2- A== (=D 73(0) 7
second excited states, respectiyeljhe resulting eigenfunc- 2AE
tions then used as the basis for transformation of the Hamil- x[ [ 1= (—1)"yJ+(—1)" 2 Yk]i
tonian H="Hy+ H;, into a second-quantized representation 73(0)
in terms of the fermion creation and annihilation operators n=1:2. (27)

c;ri , Cs; . Different approaches and approximations of the ex- ) )
citation wave methok18:24.2945-4% 14 of the Green func- Here 7 is the spin order parameter of the system,
tion method®“®have been used to treat the problem. 1

At low temperatures the occupation number of the n= NZ (S0, (28
ground statmf(,:c;rocfo is close to unity. In this limit terms .
not quadratic in the ground state may be negle¢seecalled and¢; and ¢, are order parameters of quadrupole magnetic
Bogolyubov approximation Introducing the product opera- ordering,
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1 0.75 0.75
flzﬁik: ((SSL)—(SSL0);
1 X X Y QY
§2:N§k: (SS0) = (SSL)- (29) 0.50k {o.50
. . . S
The self-consistency parameters are determined by integrals 3
over the Brillouin zone, which makes it possible to neglect w
anisotropies contributing only to the center and to the band 0.25 \ lo.o5
edges. In this approximatiafy = £,= €. As follows from Eq. ' '
(27), the AFMR frequencieg;(0), E»(0) are defined by the
exchange field(0), therespective anisotropy constants, and
the quadrupole magnetic order paramedter 0 ) . .
E1(0) = V4B£J(0);E»(0) = V4AE)(0). (30) 1005 00810 0‘-5 0

At T=0K the order parameterg and ¢ satisfy two self-
consistency conditions:

3
£=2-5 7R p=2¢R, (3D)
where
1
R= N; [1-y%(k)]" Y2 (32)

According to Ref. 54, in the two-dimensional caRe
=1.393, and in the three-dimensional cd®e 1.156. The
self-consistency parametersand &, determined by the set of
equations Eq(31), are for 2D and 3D:

2D: 5=0.817; &£=0.293; (33)

3D: 5=0.923; £=0.399.

In numerical calculations the values of these parameters we
used for the two-dimensional case<J,/J;<1).
Bearing in mind that we will compare different forms of

FIG. 16. Dispersion curves for magnon modesxiO, .

A comparison of the proposed dispersion equations can be
readily done in the form of Eq$35) and(37). It is seen that
they coincide atkk=0 (y,=1). At small wave vectors the
dispersion curves given by these equations agree very
closely, but the difference becomes more and more essential
with increasing wave vectors. If we use these equations to fit
the experimental data to the calculated values we find that
the magnetic properties such as the magnetic heat capacity,
which sample the whole Brillouin zone, can be described far
better with the dispersion relatiof27)***° than with other
dispersion relations proposed in literature.

Dispersion curves for the dispersion relati@7) or (37)
are given in Fig. 16. As can be seen, the magnon spectrum is
strongly anisotropic. For directions in the basal plahehe
Caepectrum is characterized by more significant dispersion than
for magnons with wave vectors normal to the basal plane.

For magnons withk in the basal plane the maximal fre-

the dispersion relation obtained in different approximationsquency is

for the Hamiltonian(20), we will recast Eqs(25) and(27) in
a form more convenient for such comparison.

The dispersion relatiofi25) has the same total number
of parameters as the original magnetic Hamiltonia®), but
the anisotropy parameter& and B enter into Eq.(23)

Emax~J(0) 7/v2. (39)

The first estimate of the magnitude of the exchange field
was obtained by Wachtel and Wheelgt* They used the
Hamiltonian (20) and calculated the magnon spectrum of

through quantities\, and sin2). The appearance of these .o, within a model with an isotropic exchange interaction,

quantities reflects the method used to obtain the dispersio,qeg|ectmg the intrasublattice coupling constdatand as-
relation in this specific form. They can be expressed in term%uming that the nearest-neighbor numbem, +ns=8, J,

of the exchange fieldJ(0), and thefrequencies of two
AFMR modes,E;(0) andE,(0). As aresult of straightfor-
ward transformations, Eq25) takes the form

En(k)={[a;+(—1)"a_»]*= Ik} (35
where the parametees. are given by
a. =%{¢EZ<O>Z+J2<0>t VE(07+T(0)). (30)

After similar transformations Eq27) can be written in the
following form:

En(K) J?(k)

1
= ——{[a, (- D)"a_y >~
2_75{[ ‘yk]

+[1—-9E1(3%(0) n>— a3 )} Y2 (37)

=J;=J (e=1,k=0). To determine the three unknown pa-
rameters], A, andB they set the two calculated zone-center
magnon frequencies to the experimental AFMR frequencies,
obtaining two of three necessary equations. The third equa-
tion was derived by assuming that the magnon frequency at
the zone edge is equal to 37.5 cinthe characteristic fre-
quency obtained by the Eremenko group? from the side-
band spectra in the double excitation bancf§l}—>21Ag

and 23, —2'S ] (see Sec. R As a result, they obtained
J(0)=32cm L.

But as was shown in Refs. 1 and 7, Wachtel and Wheel-
er's model with isotropic exchange interaction is in contra-
diction with the low-temperature specific heat data. Namely,
the analysis of the low-temperature specific heatae©,
performed in Refs. 1 and 7 revealed that T6x 10 K, when
the contribution of molecular librations is negligible, the sum
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of the lattice and magnon components to the specific heat, 100
with the latter calculated with the magnon spectrum from ;
Refs. 18 and 24, exceeds the experimental data significantly. 1011
Moreover, as was pointed out by Slusareval,*>°° the ]
magnetic susceptibility of-oxygen, corresponding to the
magnetic parameters found by Wachtel and Wheeler, exceeds £10
the experimental susceptibility by a factor of 6. g
The authors of Refs. 1 and 7 came up the opinion that o
the main drawback of Wachtel and Wheeler’s approach was b
the assumption that the exchange interaction is isotropic and 1074
put forward the model that-O, is a quasi-two-dimensional
antiferromagnet, i.eq<<1. This conjecture launched a long

discussion in literatuf&°°~>"but subsequently obtained di- 10°°}

rect support inab initio calculations of the exchange inter- ]

action of oxygen molecule¥:>® o8- . .
A theory of the magnetic propertidgthe magnetic heat 1357 9111315171921 23

capacity, the magnetic susceptibility, and the frequencies of Temperature, K

antiferromagnetic ,resonar?ce)f the two low-temperature FIG. 17. Magnetic heat capacity. Experimental points—see text; the solid
phases as a quasi-2D Heisenberg system was developed Qve is the best fit to Eq39).

Slusarevet al#**°n order to obtain information on the pa-

rameters of the magnetic system of solid oxygen, the experi-

mental magnetic heat capacity must be compared with theo-

retical estimates. The theoretical magnetic heat capacity is 1 he dimensionless intrasublattice exchange parameter
determined by the spin-wave spectritk) and can be writ-  @lso enters into Eq40) as a singular factor. For the quasi-

ten as a sum over two branches of the spectfiytk) and  two-dimensional antiferromagnetr(<1) it imposes on the

E,(K): magnitude ofx the condition
c RS 1 F 5 (En/T)?exp(E,/T) xk<1/2, (41)
MO Ha(2m)® ) T [exp(E,/T)—1]° which is a direct consequence of the condition of stability of

(39  the collinear antiferromagnet structffelf the condition
d41) is violated, the calculated magnon frequencies become
imaginary for a region of wave vectors along the direction
k=(0k,0). For the 3D antiferromagnetx&1) the magni-
tude of , instead of the condition E@41), should meet the
condition

The experimental points were obtained as a difference b
tween the heat capacit@{® and the phonon contribution.
The former value was obtained from the data®©@n (Ref.
60) and theCp— Cy, correction, which was calculated using
the data on the isothermal compressibffit$* and thermal
expansiort:” The phonon contribution was c_alcu_la?édn <l 42)
the Debye approximation witk) =104 K, taking into ac-
count the®(T) dependence obtained from the temperature  For the value of the exchange field obtained by the fit to
dependence of the sound velocitfé$2%3The libron contri- the experimental data for the magnon heat capaclf)
bution is negligible in the given temperature range. =125.9cm'), the maximum magnon frequencgee Fig.
Thus the magnon heat capacity E89) contains three 16) Eqa,=72.7 cmi 2. The magnon frequencies at the Bril-
variable parameters, and it is most convenient to use in thiuin zone boundaries for magnons with wave vectoriis
capacity the exchange fiel{0) and the two dimensionless the ab plane are close t g,y (around 70 cm' for both
parameterse and . The sensitivity of the magnetic heat branches For the magnons witk normal to the basal plane,
capacity to changes in these parameters can be readily sedue to the anisotropy of the exchange interaction there is a

from the low-temperature asymptotic fQr,,4: gap between the two spectral branches at the boundary of the
312 Brillouin zone. The edge frequencies for the two branches
c IR 4  (1+a—k/2) are
"¢ T (2m)2 oLt a2k 2 » i
— 2 2
E,(0) 3 E;(0) l/ZeiEl(O)/T 0 E%(0,0JT)_ E%(O)‘f’ 1_K/2J (0)7n . (43
J(0) 7 T '

For the adopted parameters we have the following estimates:

As can be seen, the dimensionless interplane exchande;(0,0,7)~33.2 cm %, E»(0,0;7)~42.4 cm 1, and the gap
coupling constant enters into Eq(40) as a singular factor, A;=E(0,0,)—E;(0,0) amounts to 9.2 ct.
and thus the low-temperature magnon heat capacity is very These theoretical estimates for the edge frequencies are
sensitive to this parameter. The best choice obtained by convery close to those obtained by Eremeretaal ?>%! (38 and
parison of the calculated and experimental magnetic heat c&5 cm %). It is important to stress that no spectroscopic data
pacity (see Fig. 17 is J(0)=125.9cm?; «=0.025. The were used in their derivation and these estimates are based
fact that the inequalityy<<1 holds means thak-O, is a  on the fit to the data on the magnon heat capacity and mag-
guasi-two-dimensional antiferromagnet. netic susceptibility.
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It has been speculatkthat the observed doubling of the
exciton—magnon absorption liféss related to the discussed
nature of the magnon spectrum @fO,.

Allowance for the intrasublattice exchange interaction
(k#0) makes magnons with wave vectors alongadtendb
axes inequivalent. The degeneracy at the zone edge for the
high-symmetry directions is lifted, and another gap exists
between the two spectral branches at the boundary of the
Brillouin zone atk=(,0,0) and(0, 7, 0). The gap is pro-
portional to the dimensionless intrasublattice coupling con- .
stantx: L L L L

-
[o2]
T

° Vl

[y
[2)
T

A\
\)

Sound velocity, 10%m/s
o
(s ¢
o
o]
[s]
8

€

o
-
o
N
o
8
8
3]
o

x E5(0)—EZ2(0) Temperature, K
= . (44)

82 J(0) -
The gap is rather small but, in principle, measurable (
~0.25cm1).

Recently, systematic Fourier transform infrared spectros- oo
copy studies of electronic excitations in solid oxygen were
carried out by Jodl grouf’ Though their data confirmed
considerable anisotropy of the magnon spectrum, estimates
for the magnon frequencies at the Brillouin zone boundaries I
obtained in this study turned out to be significantly different My >
from those obtained by Eremenkbal ?>?' This discrepancy ) | e
needs clarification. oz

The dispersion relatiof27) contains one important fea- -
ture of the dispersion curves which is lacking in other forms 0 T/a 2m/a
of the dispersion relation. Since the maximal energy of mag- ka
nons described by Eq27) is proportional to the magnetic o
order parametdiEq (38), which i decreasing function of 1%, 1%, Temperalye dependence of e sourd veootasand 0;
temperature, the dispersion curves of magnons are strongly.o,, illustrating the way the phonon—magnon coupling results in strong
temperature dependent. Among the possible experimentamperature dependence of the phonon velocity. The solid curves are un-
implications we note here the anomalous temperature depeﬁoupled acoustic translationgbased upon crystallographic unit Oeﬂnd_
dence of the sound velociti€s63 magnon modesbased_upon the magnetic unit l)g)lihe cou(pil)ed r(rl)odes in

s . . . the folded zone are given by dashed curves, wy,, andwgs’, wna, are,

A qualitative model which provides a possible explana-jespectively, the zone-center and zone-edge magnon frequendiesOek
tion of how the anomalous behavior of the sound velocitiesind at a nonzero temperatuis.
stems from the strong temperature dependence of the mag-
non dispersion curves is illustrated in Fig. 18. One can see
that when the zone-edge magnon frequemﬁgx decreases
with temperature, the slope of the acoustic coupled phonon— . . .
magnon mode nearly goes to zero at thes transition. coupling between lattice and magnetic subsystems. It was

The libron, magnon, and phonon branches of the Specs_hown, in particular,-that itis egsential to include the Hgisen-
trum of elementary excitations exhibit essentially differentP€"d term in the lattice dynamics calculations to explain the
anisotropy. The former two display significant anisotrbpy !ong-state prolglem of the anomalously large libron sphttmg
while for the latter the anisotropy is far less pronounted. N @-Oz. The integrated scheme developed for lattice dy-
Librons and magnons with wave vectors in tieplane are namics and spin-wave calculations provides a good approach
characterized by significant dispersion, while for librons and©or the theoretical treatment of the system. The calculated
magnons propagating along the normal to #eplane the —sPectrum of magnons permits one to describe the magnetic
bandwidths are comparatively small. The nonequivalence oproperties ofa-O, in a fair agreement with experiment.
the different spectral branches is due to the fact that the Among theoretical problems that remain to be solved are
anisotropic and exchange interactions are more short-rangeés follows:
than the isotropic interaction determining the phonon spec- Detailed calculations of the dispersion curves and den-
trum. sity of states for phonons, librons and magnons;

Calculations of thermal and magnetic properties with the
obtained density of states;

Calculations of anharmonic phonon and libron effects;

Calculations of kinetic and relaxational properties;

We have reviewed results on the lattice dynamics calcu- Lattice dynamics calculations of the high-pressure
lations concerning the elementary excitation spectravof phases.

B-, and y-oxygen. An important characteristic feature of The authors dedicate this work to Prof. V. V. Eremenko
solid oxygen as a magnetic system is an anomalously largen the occasion of his 70th birthday.

2

6. SUMMARY
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The temperature dependence of the four Raman-active phonons jrisNitvestigated at
temperatures above and below the antiferromagnetic ordering temperaflite=aGf3 K. All four

modes exhibit distinct anomalies in their intensities and frequenciesTRgdue to

spin—phonon coupling. The phonon linewidths also exhibit weak anomalies. From the temperature
dependences of the phonon frequencies, estimates are made of the spin—phonon coupling
coefficients. ThéB;4 phonon exhibits anomalous mode softening with decreasing temperature from
300 KtoTy. © 2002 American Institute of Physic§DOI: 10.1063/1.1496657

1. INTRODUCTION in isomorphous FefFand Mnk (Ref. 11). These unusual

Although there have, by now, been numerous light scatMmagnetic prope_rties are presumgd responsible for the more
tering measurements of magnetic excitations in sdlimgich ~ Pronounced spin—phonon coupling reported here for,NiF
less is known from such studies of their interactions with(SPinS=1) compared with that observed previously in FeF
phonons. This is because direct interactions of magnons, ¢5=2) and Mnk, (S=5/2). Nevertheless, the anomalous ef-
higher-lying excitons, with phonons are less likely in thefects of the exchange coupling on the phonon Raman line
range of wave vectors near the Brillouin zone center acparameters can be quite subtle and were not observed in the

cessed in Raman spectroscopy. Nevertheless, such strong &arlier temperature-dependent study by Hutchieigal *
teractions have been observed, for example, in feCl

-2H,0, CsCoC}, and RbCod, where there is an acciden-

tal near-degeneracy of the magnon and phonon frequehcie. EXPERIMENT

More generally, spin—phonon interactions manifest them-

selves through modifications to the normal temperature de-  The single crystal of green-colored Nifised in this
pendences of the optic phonons. The exchange coupling bgtydy was grown from the melt at Oxford University. The
tween magnetic ions influences the phonon frequencyyniical-quality crystal was x-ray oriented, cut into a cuboid
integrated intensity, and linewidth. Such spin-dependent ef6¥ dimensions 4.8 4.2x 1.1 mm, and then polished with 1
fects have been reported in the phonon Raman spectra o

KCoFs, Vl,, CsCoBg, EuSe, EuTe, EUO, EuS, Cd um diamond powder. For the low temperature measure-
and ngqszq (Refs. 2’ and B ,Of the,transi,tion rr,1etal qu,o- ments, the sample was mounted in the helium exchange-gas

rides with the rutile structure, which are the main concern ofPace of a Thor S500 contmuou_s ﬂ_OW cryostat. The SamF"e
this work, detailed results and comparisons with theory hav&emperature was controlled to within 0.1 K and was moni-
been reported for the antiferromagnets Fafd MnF; (Refs. tored with a gold—iron/Chromel thermocouple mounted on
4-8), and the diluted antiferromagnet FeZn,F, (Ref. 9.  the sample surface.
For these compounds, the Raman-active phonon frequencies The Raman spectrum was excited with 300 mW of 514.5
and intensities, but not the linewidths, were affected to varynm argon laser light that had been filtered with an Anaspec
ing extents by the antiferromagnetic ordering, and from theS300 prism monochromator. The Nikrystal is essentially
data spin—phonon coupling coefficients were deddded.  transparent to 514.5 nm light and there is little laser heating
is of interest to determine the magnitudes of such effectsat this wavelength, as was also reported in an earlier sfudy.
because ghey can also influence the magnon Ramafne Jight scattered at 90° was dispersed with a Spex 14018
scattering double monochromator at a resolution of 2.5 ¢frdetected
Here we report results from a temperature dependenfi, 4 cooled RCA 31034A photomultiplier, and recorded
stydy of the Raman gctlve phonons in gntlferromagneu%nder computer contrdf The polarization of the scattered
NiF, (Ty=73.2 K), which has the same rutile crystal struc- . . e .
ture of Fel; and MnF, but differs in the spin alignment. light yvag analyzed with Polaroid f|Im., but the light was then
polarization-scrambled before entering the monochromator.

Instead of lying along the crystalaxis, the spins in Niflie ; )
in theab plane and are tilted slightly away from the principal 1h€ conventionak, Y, Z orthogonal laboratory axis system

axes. This spin canting modifies the magnetic properties dhat is used to describe the scattered light polarization was
NiF, and gives rise to a lower “ferromagnetic” spin wave chosen such thaX, Y, and Z were parallel to the crystal
branch as well as the usual antiferromagnetic branch founfgl10], [110], and[001] directions, respectively.

1063-777X/2002/28(7)/5/$22.00 505 © 2002 American Institute of Physics



506 Low Temp. Phys. 28 (7), July 2002 D. J. Lockwood

3. PHONON RAMAN SPECTRUM 415
Bmog,

A factor group analysis of the rutile crystal structure - Og
(space grou4/mnm) predicts four Raman-active modes of g 43r o
Aig, Big, Byg, andEy symmetry, respectivef{# The pho- : B e
non Raman spectrum of NjFhas been reported previously S M- o
by Hutchingset al!* and Hwanget al!? and we have ob- g i
tained similar results from our measurements in Bth)Y g 409k Ag mode o
andZ(--)Y polarizations. The mode frequencies at 296) b
K are A=407.9 (414.5 cm ', B;;=71.6 (68.7 cm %, i g
B,y=535.3 (541.0 cm !, and E,=305.6 (308.0 cm ™. A T o0 350 350 300

Note the anomalous decreaseBry mode frequency with

) ) ) . Temperature, K
decreasing temperature, which will be discussed later. The

temperature dependences of the mode frequencies are shown 72

in Fig. 1. All modes show an anomalous change away from

the smoothly varying behavior expected for nonmagnetic - nr g
rutile compounds such as MgRsee Ref. 4, for example € B mode

with the A4, By, andB,, modes showing a distinct in- > nr o
crease in frequency beloWy. In contrast, theE; mode < 69 -

exhibits a decrease in frequency beldy due to the mag- = BDUDD o

netic exchange. The effect is weakest for By mode and }_’ 68 L %D g o

strongest for the\;; and By, modes. .

The corresponding phonon linewidtfull width at half 67 . . . | .
maximum) data are given in Fig. 2. Generally, the phonon 0 50 100 150 200 250 300
linewidth increases steadily with increasing temperature Temperature, K
above~50 K, as is observed in other rutile compouids.

However, for theA,4, B,y , andEy modes a sharp rise in the ~ 541|gg

linewidth of about 20% of the 10 K value is evident at a £ DD[:@JDD

temperature neafy . TheBg4 line is very sharp at all tem- ° B o a
peratures, and no anomaly was detected in the linewidth at 3 539}

temperatures nedry within the experimental uncertainty. § N o

Results obtained for the temperature dependence of the g B,, mode
integrated intensity for each mode are presented in Fig. 3. & 537F ¢ g
The data were all obtained i&(-+)Y polarization, so that L
even though the intensity units are arbitrary, the respective 535 l 1 1 1 | =
mode strengths are related. All modes exhibit pronounced 0 50 100 150 200 250 300
intensity increases with decreasing temperature bel@®0 Temperature, K
K, being strongest for thd&,, mode (nearly a factor of 2 308.5
increas¢ and weakest for th&;, mode. ) E;PDS o

F'-E _EDD o .
o H
- 307.5F o
4. ANALYSIS AND COMPARISON WITH FeF , and MnF, é‘
S L

In the rutile-structure antiferromagnets, the exchange- &
dependent term in the Hamiltonian may be gived'by 2 306.51 Eg4 mode o

Hex:%} Jij(r1,r2.r5.14)S- S, (1) 305.5 L

0 50 100 150 200 250 300

wherei andj denote magnetic sites on sublattices of opposite Temperature , K

spin orientation and;; is the dominant intersublattice eX- FiG. 1. Temperature dependence of the frequencies OAtheByg, By,
change interaction. This exchange also depends on the posidE, Raman-active phonons in NiF

tion coordinates,, of the four nonmagneti& ™ ions in the

unit cell, because of the indirect superexchange mechanism _

operating in these antiferromagnets. In rutile compounds, thghonon frequencies
four Raman-active modes at the Brillouin zone center in-  The result thus obtained for the renormalization of the
volve displacements of these Fons, whereas the magnetic phonon frequencyy, is’®

jons remain stationarf. Thus these lattice vibrations all o 0 MS-S) @)
modulateJ;; . By using a Taylor series expansion and ex- ph— @ph 17
pressing the coordinateg in terms of phonon variables, the Here wgh is the phonon frequency in the absence of spin—
spin—phonon coupling Hamiltonian can be derivéd. phonon coupling, andS - S;) denotes a statistical mechani-
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FIG. 3. Temperature dependence of the integrated intensitéshe Ay,
FIG. 2. Temperature dependence of the linewidths ofAhe, By, By, Big, Byg, andE4 Raman-active phonons in NiF The integration times for
andE4 Raman-active phonons in NiF the Ay, Byg, By, andEy mode measurements were 1, 8, 4, and 1 s,

respectively.

cal average for adjacent spins on opposite sublattices. The

coupling coefficienin is different for each phonon and may

have either sign. The frequency shift of the phonon due to ~ Awp(T)=—AS*G(T). (4)
spin dependent effects is thus

Awp(T)==NS§), 3
which may be rewritten as H(T)=|(S-S)|/s% (5)

Here ¢(T) is the short-range order parameter defined by
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TABLE |. Spin—phonon coupling coefficients (cm ) in rutile-structure Eg modes in NiE nearTy. On the other hand, tfﬁlg mode

antiferromagnets. . . Lo .
is too low in energy to avall itself of this extra decay path
Phonon Fef MnF,? NiF, and thus exhibits no observable anomaly.

Asg 1.3Y1.49 -0.4 -1.6

Byg -0.42 -0.3 -29 . .

By _o® 03 o8 Phonon intensities

Eq 0.570.54 0.2 0.9 An expression for the phonon Raman intensities can be
Notes %From Ref. 8°From Ref. 9. obtained in a similar way to that of the phonon frequencies,

by expanding the Raman polarizability tensor in terms of

spin operators and the Fion displacements. The Stokes
For a detailed comparison of theory and experiment it is thusntegrated intensity can be written’as

necessary to evaluat¥T) at temperatures above and below _ 2 2 T2
Ty . Although this has not yet been done for e 1 case of I =(Npnt DIIA+B(S - §)|*+ C(S%)“], (6)
NiF,, ¢(T) has been calculated for the caseSef2 (FeR)  wheren,, is the Bose population factor for phonons, ahd
andS=5/2 (MnF,) for temperatures up toT,. The ¢(T) B, andC are constants. CoefficieAtrepresents the intensity
curves forS=2 and 5/2 are very similar over the tempera- behavior in the absence of spin—phonon coupling.
ture range 8 T=<2Ty.? Although slight differences can be It is not possible at this stage to separate out the two
expected for thes=1 case, the use of th8=2 results for  spin-dependent contributions to the Raman intensity, as the
¢(T) should provide reasonable first estimates of the spin-relative weights ofB and C are not known. However, by
phonon coupling coefficients in NjF By using theS=2  using Eq.(5) and taking the mean field approximation, where
values for ¢(0) and ¢(2Ty) and estimatingAwp(0) and  (T)=((S%)/S)?, Eq.(6) can be approximated by
Awy(2Ty) from the frequency versus temperature results
give’:)n in Fig. 1 in the same way as was done befdrer 1= (Nt DIA+BS ¢(T)[*+C2S2(T)]. @)
FeF, and MnF,, approximate values fox were obtained. At T=0 we have¢(T)=1, and forS=1 Eq.(7) becomes
The results obtained fox in NiF, are compared with the _ 2 ~2
FeF, and MnF, cases in Table I. Overall the spin—phonon 1= (Npnt DIIA+BJ*+C]. ®)
coupling coefficient for each phonon is larger in piRan in The integrated intensity data for the four phonons given
FeR, and MnFk, and the enhancement for tiBg, mode is  in Fig. 3 all exhibit an increase with decreasing temperature
particularly pronouncedby an order of magnitude This  below Ty, and reach a saturation valueTat 0 for theB,4
may be a consequence of the low frequency of this mode imode and maxima for the other modes. This indicates that
conjunction with the two spin-wave branches in NiFThe  the net contribution of coefficient8 andC in Eq. (8) must
sign of the coupling coefficients for NjFand MnF, is the  be positive. These coefficients can, in principle, have either
same for each phonon, and also for Fe#th the exception sign. To have some indication of the magnitude of these co-

of the A,y mode. efficients, we consider the case of thg, phonon. From Fig.
3 we estimate alf=0 that A>=9 and that|A+ B|?+C?
Phonon linewidths =13.5 (ignoring the 10 multiplicative factor and the Bose

The linewidth anomalies noted above have not been seefr?Ctoo' ThusA=3, andB=—3 y13.5- C*. Taking the ex-

in MnF, and Fek."® Phonon linewidths in crystalline solids treme case 0B=0, we then haveC|=2. At the other ex
. o treme ofC=0, thenB=0.7 or —7. ForC to be a real quan-
arise from three{and foury phonon anharmonic interac- .
. ) L . tity, we see thaB cannot be less than about7 or greater
tions, with zone center modes decaying into pairs of phonon ; )
: . . an about 0.7. Likewise foB to be real,|C| cannot be
with equal and opposite wave vectors. Usually, the higher the
. . reater than about 2. Thus althoughand C cannot be
phonon frequency the wider the Raman line, as observed . > .
: . . . uniquely determined at present, their magnitudes can be of
here for Nik, (see Fig. 2, owing to the higher number of
. the same order aA.
available decay paths. The low frequeriy, mode can only . .
. . : In the other rutile antiferromagnets Fe&nd MnF, the
decay into acoustic modes and hence its extreme sharpness " . o
. 1g and E, modes exhibit the same marked increase in in-
even at room temperature. In antiferromagnets belguy g g

there is an additional decay channel possible—into pairs o nsity with decrea§|ng tgmperature beldy as in NiF
. .(Refs. 5 and Y. The intensities of thé&,, and B,y phonons
magnons of equal and opposite wave vector. Also, as dis- " . .
) . ; . in MnF, are not as sensitive to the magnetic ordefing,
cussed in detail by Wakamura for ferrimagnetic FeSgr . o
: T . . whereas thé3;, phonon in Fek exhibits a pronounced de-
(Ref. 17, a rapid variation in optical phonon damping near oo gt : L
. ; . - crease in intensity.Clearly there is a variation in the mag-
Ty can be induced from the interaction between the spin.. . . .
: S nitudes and signs d and C for the various phonons in the
ordering and phonons at or near the Brillouin zone boundary.,,. . .
. different rutile-structure antiferromagnets.
However, the lack of an observable anomaly n&arin
MnF, and Fek indicates that these additional decay mecha-
ni;ms are not favored for the four optic modes. However, ing. B,, MODE SOFTENING
NiF, there exists the low frequency “ferromagnetic” branch, .
which approximates an acoustic phonon type dispersion for The anomalous behavior of the,;; mode frequency
wave vectors away from the Brillouin zone center. It is thusws,, With temperature(see Fig. 1 or pressure in rutile-
possible that phonon decays into this branch are responsib&ructure compounds such as 3iCG5nQ,, MnF,, and Fek

for the observed changes in linewidth of thg,, B,,, and  has been noted previously:*®It was postulated earlier that
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TABLE II. Parametersno, anda from Eq.(9) for the B, mode softeningin  CONCLUSIONS

rutile structure compounds and the virtual transition temperafyre
P peraty From a study of the temperature dependences of the four

w0, @ Ty, Raman-active modes in NjF considerable spin—phonon
Compound cm? cm 2K K coupling has been revealed from the phonon line parameters
MnF,2 542 237 1240 of frequency, linewidth, and intensity. Co_upllng parameters
FeR,? 67.6 256 1780 were deduced from the phonon frequencies and found to be
NiF, 66.0 2.56 —1700 larger than those for the isostructural antiferromagnets FeF

and Mnk. Large intensity coupling parameters were also
deduced. The anomalous softening of thg, mode with
decreasing temperature is ascribed to lattice thermal contrac-
tion rather than evidence for sonfertual) structural phase

Note 3From Ref. 6; °From Ref. 5.

the B;4, mode softening might be the precursor of a structurafransition.

phase  transitioff with wg, *(T—Tc), whereTc is the The expert technical assistance of H. J. Labbe in the
phase transition temperature. Indeed the frequency data f®aman measurements is gratefully acknowledged.

the By mode in NiF, are an excellent fit to such a law for
T>100 K: E-mail: David.Lockwood@nrc.ca

wél [ecm™ 2]= aT+ wg (9) IM. G. Cottam and D. J. Lockwood.ight Scattering in Magnetic Solids
9 Wiley, New York (1986.

. . 2 . 2 2For a review of this work and further references see Ref. 1, pp. 220-221.
with @=2.56 andwg=4353. Extrapolation Of"Blg to zero 3For details of the spin—phonon coupling in the europium and cadmium—

results in a virtual transition temperatufg of —1700 K. A chromium compounds, see the extensive review by G. Guntherodt and R.
comparison of these NiFresults with those obtained earlier ~ 28Yne", inkight Scattering in Solids IVM. Cardona and G. Guntherodt
.. . . (Eds) Springer-Verlag Heidelber¢l984).

for FeR, and MnF; is given in Tabl? ll(Refs. 5 and B This 4J. L. Sauvajol, R. Almairac, C. Benoit, and A. M. Bon, liattice Dynam-
Table shows that the results obtained for Na&nd Fek are ics, M. Balkanski(Ed.) Flammarion, Pari$1978, p. 199.

. . . 5 T
remarkably similar and not too different from those of D-gg-a Lockwood, R. S. Katiyar, and V. C. Y. So, Phys. Rev28 1983
MnF;. The paramet_eirv IS_ a large negative number in al! D. J. Lockwood, inProceedings of the IXth International Conference on
cases, and thus it is unlikely that such a mode softening raman Spectroscopy. Tsuboi (Ed), Chem. Soc. Jpn., Toky(1984),

could ever result in a structural phase transition, even if it p. 810.
were highly first-order in nature. "D. J. Lockwood and M. G. Cottam, iMagnetic Excitations and Fluctua-

20 tions Il, U. Balucani, S. W. Lovesey, M. G. Rasetti, and V. Togniitis),
More recently, Merleet al“~ have demonstrated that the Springer, Berlin(1987, p. 186.

pressure-dependent softening of tBgy phonon in TiQ 8D. J. Lockwood and M. G. Cottam, J. Appl. Physl, 5876(1989.
does not exhibit a special sensitivity to an orthorhombic dis-°C. Binek and W. Kleeman, J. Phys.: Condens. Madte85 (1992.
tortion and that it arises from atomic displacements associy M- G- Cottam, J. Phys. , 2901 (1974

d with . f ani d th | .M. T. Hutchings, M. F. Thorpe, R. J. Birgeneau, P. A. Fleury, and H. J.
at.e | with pure rqta‘uons of anions aroun the central cation. gggennheim, Phys. Rev. B 1362(1970.
Similarly, a detailed analysis of the temperature-dependeritp.-M. Hwang, T. T. Chen, and H. Chang, Solid State Comnité.1101
softening of theB,4 phonon in Fek led to the conclusion 13(1976-
that it results from the lattice thermal contraction, which dis- - - Rowell, D. J. Lockwood, and P. Grant, J. Raman Spect®@cl19

. . (1981); D. J. Lockwood and C. P. Cantin, iRroceedings of the Xlth

prqportlonally_ mfluen_ces _the forces bem’een nearest- |ntemational Conference on Raman SpectroscdRy J. H. Clark and
neighbor fluorine ions in adjacent planes perpendicular to the D. A. Long (Eds) Wiley, Chicheste(1988, p. 947.
c axis® Although a structural transition mechanism cannot'‘W. Hayes and R. LoudorBcattering of Light by Crystalsyiley, New

. P - _ York (1978, p. 119.
strictly be rUIe,d Oqt' It |s.thu.s mos.t Il_kely that t@g ph? M. G. Cottam and D. J. Lockwood.ight Scattering in Magnetic Solids
non softening in Nik, which is so §|m|Iar to _that in Fek is Wiley, New York (1986, p. 6.
also a consequence of changes in the anion force constart®. S. Katiyar, J. Phys. G, 1087(1970; ibid. 3, 1693(1970.

. . . . . 17 H
with lattice contraction. Unfortunately, lattice dynamical K- Wakamura, Solid State Commun1, 1033(1989. _
model<® for rutile-structure antiferromagnets are not reliable <crerences to the pressure-dependent studies of il SnQ are given
. L. in Ref. 5.

eqough to tfest this propositicrHowever, further suppqrt for 195 A samaraand P. S. Peercy, Phys. Re?, B131(1973.
this viewpoint comes from a recent thorough analysis of the®p. Merle, J. Pascual, J. Camassel, and H. Mathieu, Phys. R, B517
B14 phonon temperature and pressure dependence in isogt1980. _ _
tructural Mgh. This study has confirmed that the anomalous /;\%:elrg:'s’ E. Sarantopoulou, Y. S. Raptis, and C. Raptis, Phys. Rs%. B
mode softening observed with decreasing temperature in this (1999
compound is indeed caused by the thermal contraction of thenis article was published in English in the original Russian journal. Repro-

lattice 2 duced here with stylistic changes by the Translation Consultant.
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We describe the results of electronic Raman scattering experiments in two differently doped
single crystals of La ,SrNiO, (x=0.225 and 1/8 In B4 symmetry a crossover from weakly
interacting to pseudogap-like behavior is observed at a charge-ordering temp@&tgture

B,y symmetry a redistribution of electronic continua with decreasing temperature is accompanied
by a loss of spectral weight beloW,, in the low-frequency region due to opening of a

pseudogap. The slope of the Raman response at vanishing frequencies is investigated, too. Its
temperature behavior iB,; symmetry, which predominantly selects charge carriers

with momenta along the diagonals of the NiBonds, provides clear evidence for one-
dimensional charge transport in the charge-ordered phas€0@ American Institute of Physics.
[DOI: 10.1063/1.1496659

INTRODUCTION The stripe order in Sr-doped nickelates has been charac-
] ) o . terized in detail by neutron diffraction, and some summary of
Stripe ordering of charge and spin in transition-metali,e resyits is given in Ref. 8. While many features of the
oxides has been of intense interest to condensed-matter phy&r’dering are now clear, some questions remain. One of them

ics from the theoret|ca_l _and exp_enmental points of VIEW 335 the question of the possibility of finite conductivity in the
an example of a nontrivial ordering phenomenon that origi-

nates from the interolay between charae hvbridization an3tripe-ordered state. One can expect two possible scenarios,
interpiay ge hybridizatl which could lead to conductivity. According to the first one

interaction. The first evidence for unusual magnetic correla: . . )
. ) : . . .~ “the stripes themselves are insulating but the system can be
tions was obtained in a neutron diffraction study on a single

crystal of La ¢St NiOs46.* Indications of charge order in metallic due to fluctuations and motion of stn[?eAlterna-

La,_,SrNiO, were found in electron diffractidrand trans- tively, metallic conductivity may exist along the charge

port measurement®n ceramic samples. Neutron diffraction threads without a V|olat|on_of strlp_e ordering as a whole. !n
studied® of a La,NiO, 1,5 crystal were the first to detect the latter case, Coulomb interactions between neighboring

diffraction from both the magnetic and charge order in theStriPes should lead to charge-density-wave order along

same sample. In the first studies obLaSKNiIO, it has been ~ SUiPes at sufficiently low temperatures and in the absence of
suggested that ordering of the dopant-induced holes occuslripe fluctuationg® In our previous optical conductivity

only commensurately at special valuesxpbuch as 1/2 and Study of a La 77551 2,NiO, single crystal a strong Fano

1/3 (Refs. 2 and B Later it was found that a single crystal antiresonance was observed in the optical conductivity
with x=0.2, although not at a special value xf shows spectrat! Based on a careful analysis of the phonon spectra,
commensurate ordémlbeit with a short in-plane correlation we concluded that the energy of the antiresonance corre-
length of ~40 A. In contrast, the stripe order in sponds to Ni-O bond stretching motions along the stripes. It
La,NiO,, 5+° and Lg 77:Sh 2,dNiO,” was found to be in- was concluded that the antiresonance, which results from
commensurate, with the wave vector varying significantlyelectron-phonon coupling, provides strong evidence for finite
with temperature. conductivity along the stripes in the incommensurately

1063-777X/2002/28(7)/6/$22.00 510 © 2002 American Institute of Physics
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stripe-ordered sample, at least at optical-phonon frequencieBESULTS AND DISCUSSION

Raman scatteringRS) is a powerful method for study- . ,
ing the excitations of charge carriers in solids. In recent years _aman scattering spectra of 13SiNiO, (x=1/3,
this method has been widely applied to study the scattering-225) and LaNiO, 155 in the xx and xy scattering geom-

. i . H 0-22
of electrons in metals, insulators, semiconductors, and supefi/ies are presented elsewh&ré’*?The average symmetry

conductors. Via light's coupling to the electron’s charge, in-Of the IaFtice is describt_ad by space grd‘m”.‘m The cor-
elastic light scattering reveals symmetry-selective propertieE£SPOnding Raman-active phonons are distributed among the
of the electron dynamics over a wide range of energy scale&reducible representations of the space group #g,2

and temperatures. In this work we report on electronic Ra-" 2Eg- At room temperature all the observed modes are

man scattering spectra of two 43,Sr,NiO, single crystals weak and broad. Conspicuous changes.were observed in the
with x=0.225 andk=1/3 and with charge ordering tempera- Phonon spectra below the charge-ordering temperatyge
turesT.,= 150 K and 240 K, respectively2 The hole den- The occurrence of stripe ordgr, with a characteristic wave
sity per Ni site in the sample witk=0.225 is less than (in vector Q., lowers the translatlonal _symmetry and leads to
contrast tox=1/3, where the density is exactly).llt is "€ appearance of extra lines both in theand xy spectra.

known that in-plane resistivity,, of Sr-doped lantanium LOW-témperature scans in they geometry reveal also two

nickelates is doping-dependent: it increases with hole conide bands that were interpreted as two-magnon excitations

centration decreasing. And independently of the dopind"’ithi” the antiferromagnetic domains and across the domain
) 11,20-22 ; :

level, the resistivity increases by several orders belowValls: Phonon and two-magnon excitations are super-

T, which indicates quenching of the charge degreesposed on top of a significant electronic background that

of freedom due to the ordering. At first glance the increase ofhanges its shape Wlth changing temperature.

the resistivity belowT, is incompatible with possible con- As was noted in Ref. 23, RS experiments in strongly

ductivity along the threads of the stripes, which remain in thecOrrelated systemsanging from mixed-valence materials to

charge-ordered state. This contradiction can be removed Hyondo insulators to high-temperature supercondugitew

stripe domain formation, which occurs beldiy,. One can temperature-dependent electronic Raman spectra that are

expect the appearance of two type thermodynamical stripg2Cth remarkably similar and quite anomalous, suggesting a
domains in which stripes run perpendicular to each othe/cOMmMon mechanism governing transport. While theories that

Thus, only a small part of the threads of charges can particid®Scribe RS in weakly correlated metdisand band

4 .
pate in the charge transfer. Three principal symmetigs insulatoré* have been known for some time, a theory that

B,,, and B,,, were examined. As has been described inconnects the metallic and insulating states and describes ma-
g 9 :

detail in other publication&° there exists a relationship terials near the metal-insulator transition has been developed
1 3 . .
between the charge-carrier momenta and light polarizatio®™Y recently’ The theoretical model contains two types of

through the symmetry properties of the Raman verte electrons: itinerant band electrons and localiggdr f) elec_-
trons. The band electrons can hop between nearest neighbors

and B,, symmetry the charge carriers with momenta along’ Dt . - - ;
the principal axes and the diagonals, respectively, are prefefWith hopping integraft /(2_\/6) on ad-dimensional cubic
entially weighted A, is a weighted average over the entire lattice), and they interact via screened Coulomb interaction
Brillouin zone. with the localized electronévhich is described by an inter-
action strengthJ between electrons that are located at the

same lattice sibe The Hamiltonian is written as

t*
EXPERIMENT H=— > ddej+Ef2i Wi—,uzi (did;+w;)

2d )

Raman spectra were measured on fresh chemically
etched surfaces in a quasi-backscattering configuration utiliz- +UY didw;,
ing a triple monochromato{DILOR XY'), a liquid nitrogen '
cooled CCD detector, and a 514.5-nm Ar-ion Iasgr. The lasefhere d'(d;) is the spinless conduction electron creation
beam of 20 mW was focused on an area of 0.1emthe  (ynnihjlation operator at lattice sité andw;=0 or 1 is a
ab plane of the mirrorlike polished crystal surface. The ori- ¢|assical variable corresponding to the localiZeelectron
entation of the c_rystal§ in thel/mmmsetting was monitored ,umber at sité. Both E. and . were adjusted so that the
by x-ray Laue diffraction. ) .. average filling of thel electrons is 1/2 and the average filling
All measurements were perf(A)rmAed with the polarizationys thef electrons is 1/2u=U/2 andE;=0). For half-filling,
of incident and scattered light a&;(,Es) = (xX), (Xy), and  U<0.65 corresponds to a weakly correlated metal, while a
(ab), respectively. Here=[100] andb=[010] are direc- pseudogap phase appears for @&&5< 1.5, passing through
tions along the N+O—Ni bonds; thex andy directions are  a quantum critical point al=1.5 to the insulator phase
parallel to[110] and[110]. Such geometries allow measur- U>1.5 (the values ofU are presented in units of ).
ing the A;g+ By, Big, and B,y symmetry components of Figures 1a and 2a show th%,; experimental Raman
the Raman-scattering cross section. The Raman responspectra for the samples under study at different temperatures,
functionsy”(w) were obtained by dividing the original spec- that were obtained by subtracting tfef) spectra from the
tra I(w,T) by Bose-Einstein thermal factor, since they (xx) ones. Figures 1b and 2b present the electronic Raman
are related to each other through(w,T)~[1—exp response for thé;, channel evaluated at different tempera-
X (—holks)] ' (w,T). tures by fitting the experimental curves and it is seen that the
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FIG. 3. ExperimentaB,, Raman response of L5 5,40, at different

temperature$T =5, 50, 100, 150, 200, and 295 K from top to botjoifhe
spectra are plotted on the same scale but are displaced vertically for clarifgmperature¢T =5, 50, 100, 150, 200, 250, and 295 K from top to bottom

(a). ElectronicA,, Raman response at the same temperatures evaluated frohn€ spectra are plotted on the same scale but are displaced vertically for
the experimental spectfa). clarity (a). ElectronicA;; Raman response at the same temperatures evalu-

ated from the experimental spectis.

general behavior of thé\,y response is similar for both
samples. As follows from the theofy,the A;; Raman re-  them. The position of the leading edge depends on the tem-
sponse has a bell-like shape at all valuetJadnd increases perature and shifts to higher energy as the temperature de-
and sharpens ad increases. The peak of the response becreases.
comes more symmetric in shape and moves to higher ener- In Figures 3a and 4a we pl6ty) spectra versus tempera-
gies also. Abovel,, our samples display behavior consis- ture. Figures 3b and 4b present the electronic Raman re-
tent with the theor§? and resistivity measurement$®**(i)  sponse for thé,, channel evaluated from the experimental
the Raman response function has an asymmetric line shaggectra. In the charge-disordered staboveT.,) the Big
characteristic forU<1.5; (i) the peak position shifts to electronic Raman spectra for both samples are close to the
lower energy with increasing hole concentratioiecreasing ideal “bad metal” spectra. Note that the magnitude of resis-
resistivity). tivity above T, corresponds to a “bad metal” also. As the
Below T,,, the A;; Raman responses change to shapesemperature crosseg,,, dramatic changes are observed in
composed of a rapidly increasing part fram-0 to the lead-  the spectra: the low-frequency response depletes and the
ing edge energies and a weaklydependent part above
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FIG. 2. ExperimentalA;; Raman response of LgSrNiO, at different FIG. 4. ExperimentaB,; Raman response of LgSnNiO, at different
temperature$¢T =5, 50, 100, 150, 250, and 295 K from top to botjoifhe temperature$¢T =5, 50, 150, 200, 250, and 295 K from top to botjoffhe
spectra are plotted on the same scale but are displaced vertically for claritypectra are plotted on the same scale but are displaced vertically for clarity
(a). ElectronicA,; 4, Raman response at the same temperatures evaluated froif@). ElectronicA;; Raman response at the same temperatures evaluated from
the experimental spectfa). the experimental spectia).
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FIG. 7. ExperimentaB,, Raman response of LaSh o NiO, (a) and

FIG. 5. Low-frequencyB,, Raman response of La,S»,NiO, (8) and Las;sSrsNiO, (b) single crystals measured at temperatures above and below
LassSr,,NiO, (b) single crystals obtained at temperatures 5, 50, 100, 150charge-ordering temperature in the frequency region 0-1300.cm
200, 250, and 295 Kfrom top to bottom. The dashed lines in the figures
represent the slope ¢gf'(w) asw—0.
value of 2090 cm? for the charge gap from the optical con-
ductivity measurements.
spectral weight shifts into a charge-transfer peak. The posi- Summarizing the comparison of our results with the the-
tion of the charge-transfer peak for the sample with oretical calculation$® one may conclude that thB,, re-
=0.225 was estimated as840 cm ' at T=5K. The same sponse for both measured samples bel®w has a line
charge gap value was obtained from the optical conductivityshape that is closer to the pseudogap phase than to the strong
spectrat! For the sample withk=1/3, a surprisingly lower insulator phase. Concerning the temperature behavior, the
position (~900 cm 1) of the charge transfer peak was ob- decreasing of the spectral weight and the shift of the peak
served in our Raman experiments in comparison with theosition to a higher energy with a decreasing temperature are
contrary to the theoretical predictions. It seems that the in-
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FIG. 6. Inverse slope of thB,4 (&) andB,4 (b). Raman response obtained FIG. 8. B,y spectra for Laz7s56.22gNi0, . The upper panel shows spectra at
from the experimental spectra of L@sSrh o NiO, and La;sSr;NiO, T>T,, (8). The spectra are displaced for clarity and their zeros are indicated
single crystals. by a tick on the vertical axis. The lower panel shows spectig<al, (b).



Gnezdilov et al.

514 Low Temp. Phys. 28 (7), July 2002
50 -
295K
st By
250 K
30 F
20 | 200K —
2
104 _— 5
S
= S
= 55
<
8
=
1 1 ] 1 1 | I i

150 200 250 300 350 400
. —1
Raman shift, cm

0 50 100

200 300 400 500
. -1
Raman shift, cm

0 100 600 700 FIG. 11. Low-frequencyB,, Raman response of k&St 2,NiO, (a) and
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200, 250, and 295 Kfrom top to bottom. The dashed lines in the figures
FIG. 9. B,y spectra for LgsSrNiO4. The upper panel shows spectra at represent the slope of'(w) asw—0.

T>T., (8. The spectra are displaced for clarity and zero for the spectra at

295 K is indicated by a tick on the vertical axis. The low panel shows

spectra alf <T, (b).

variation of the inverse slope with temperature for the

_ ) _ .=0.225 sample clearly shows the pseudogap phase behavior,
clusion of a strong interaction between electrons and spiyhile for the x=1/3 sample the low-temperature inverse
T'“Ct“?‘F'O”f_ or the scattering of electrons on extendedg|ope increases dramatically, as is characteristic for a more
|mpur|tle§ into the theory could resolve this discrepancy. insulating system.

Additional information on charge dynamics can be ob-  \ye turn now to the temperature dependence offihg
tained from the slope of(w) at vanishing frequencies. response in our samples. Our interest is connected with the
This slope can be denoted E§:vlv'm0 w/xyx(®), whereX  aitempt to observe a pseudogap in the RS spectra. The term

pseudogap denotes a partial gap. An example of such a par-

=By Or Byg. As is clearly seen in Fig. 5, the slope of the ™ L o
low-energy continua for both samples changes with decrea%'—al gap wogld be a S|tuat_|on whferr(]a, vl\gthm_the fbandbtheory
ing temperature. The inverse Raman slope characterizes gRPProximation, some regions of the Fermi surface become

quasiparticle lifetime at regions of the Fermi surface selecteéi’apped while othe.r_parts retain their conducting prope?ﬁes.
by the light polarization orientations. In earlier A number of families of high-temperature cuprate oxides

publicationd®?3 it was shown that the inverse slopel'y/ demonstrate evidence of thg presence of a pseudogap in the
shows qualitatively different behavior for different doping normal statg. As_was convincingly prov_ed_ n Ref_. 30, the
regimes of various cuprate materials. Bi, symmetry a pseudogap is a signature of the electronic |nterac_t|ons e_lt_)ove
strong doping dependence of the inverse slope wagc and is not directly related _to the superconducting pairing
observed® In Fig. 6a we plot the inverse slope of the Ramancorrelanons. In the RS experiments on highcuprates the

response obtained from tH#;, experimental spectra. The pseudogap state is characterized by a loss of spectral weight
g in the frequency range between zero and approximately 800

cm ! and is clearly seen i,y Symmetry in underdoped
Is materials. The change of the spectra in the pseudogap state
becomes very small for higher doping levels.

Figure 7 shows the B,; Raman response in
La, ,Sr,NiO, at two doping levels, obtained at temperatures
of 295 K and 5 K. The loss of spectral weight in the low-
frequency region on cooling is seen. To make things more
quantitative we carried out measurements at different tem-

La __ Sr

17757 0.225

NiO,

La_Sr

53713

NiO,

x"(T) — x"(200 K), arb. units

x"(T) —¢"(250 K), arb. units

'
=3

0 200 400 600 0 200
. -1
Raman shift, cm

400

600

peratures, and the results are shown in Figs. 8 and 9. For
clarity the two temperature ranges are plotted separately.
Above the charge-ordering temperature no intensity anoma-
lies occur(Figs. 8a and 9a For T<T,, spectral weight is
lost in the low-frequency region. In Fig. 10 we plot the dif-
ferenceA " (0, T)=x"(0,T)— x" (w0, T>T,,) between the

FIG. 10. The pseudogap as a function of temperature. Shown in the figurgpeCtra measured at different temperatures bélgyﬁnd the

are differences between the response functioffs<af ., and response func-

tion just aboveT, .

spectrum obtained just above,. We observe the maximal
amplitude of the spectral change at approximately 300cm
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(x=0.225) and 250 cm* (x=1/3) (Figs. 8b and 9b How-  *E-mail: gnezdilov@ilt.kharkov.ua
ever, for a detailed analysis of the pseudogap state it would

be more physical to relate the “normal” and “pseudogap”

spectra at the same temperature as was done in Ref. 30,
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The appearance of new phonon lines in the Raman spectrum of the quasi-one-dimensional
antiferromagnet CsFegI2H,0 as a consequence of magnetic ordering with a change of the unit
cell volume was detected experimentally. An analysis of the possible mechanisms that

might lead to the observed spectral features is done. A new mechanism of inducing Raman
scattering on phonons from the boundary of the paramagnetic Brillouin zone is hypothesized.
© 2002 American Institute of Physic§DOI: 10.1063/1.1496660

INTRODUCTION experiments on excitonic absorption of light in the visible
. Lo range have been performed in high magnetic fidlgs to
The compound CsFegI2H,O under consideration is a . - X

P szt &hose of the metamagnetic transitién*® Since not all the

representative of a family of quasi-one-dimensional chaine . .
orthorhombic magnets with a general chemical formulacrystals of the above family undergo structure phase transi-

AMX - 2H,0, where A=Cs, Rb, M=Mn, Fe, Co and X tions, while their structures are almqst §imilgr, Raman and IR
=Cl, Br. All these crystals hav@%h (Pcca symmetry in the spectroscopy mea_lsurem_ents of their vibrational spgctra_\ have
paramagnetic phage® The magnetically ordered phases of not aroused particular interest. Moreover, the vibrational
crystals of this series are described by different magneti€Pectra of one of the earliest representatives of the family,
space groups. The magnetic cell is commonly doubled alongamely, CsMnQ-2H,O, have been previously studied
the crystallographic directiobh compared to the paramag- comprehensively, including by the authors of the present
netic one"*°® The CsFeGl-2H,0 and RbFeGl2H,0 paper'~*3 The experiments reported here were motivated
crystals are attracting interest because they are an Ising tygwy the authors’ interest in the specific features of the
of antiferromagnet, unlike the Heisenberg type observedkaman scattering in the magnetically ordered phase of
in CsMnCk-2H,0O (Ref. 1). Moreover, the Dzyalo- CsFeC}-2H,O (referred to below as CHCForemost among
shinski—Moriya interaction produces a considerable cantinghese is light scattering by magnons, quite possibly by soli-
of the spins in the antiferromagnetic phasé&F) of  tons. Besides, the fact that an’Feion has low-energy elec-
CsFeCj-2H,0 and RbFeGl 2H,0, resulting in an uncom-  tron levels generated due to the splitting of its ground term
pensated magnetic moment within each of the paramagnetier, in a low-symmetry crystal field suggests the occurrence
ion chains. The total momentum of the crystals remains zergs g|ectronic transitions active in the Raman scattering in the
because of the alternating direction of the moments in ne'ghrow-frequency spectrum.

boring.chains. Thg magnetic moments _Of th? chains are ori- The experiment performed demonstrated that at the tem-
ented in parallel with thg crystallographlc axmm'c the crys- _peratures below the ¢ point (Ty=12.75 K [Ref. 7)) the
tals, and therefore, application of an external field along thi

e e 03y CSUNCL 21,0 (CMO. B a tmperares much above
9 b £ASP the magnetic ordering points in CMC and CFC these spectra

PT is the fact that the flip-flop of all the spins of the para- te similar. The low-t ; R ; ¢
magnetic ions in each separate chain occurs through the m@le quite similar. The low-lemperaturé Raman spectrum o

tion of a magnetic soliton along the chain. Besides, this PTcFC displays additional lines as against the spectrum of
occurs with the passage of the crystal through a number §¢MC, the lines being differently sensitive to v_arl_atlons in
metastable intermediate phases which are characterized Bymperature of the crystal and external magnetic field. Some
different ratios between the numbers of chains with the ferOf the lines have intensity comparable to the intensity of the
romagnetic moment oriented along and opposite to the agstrongest lines of the original phonon spectrum of CFC,
plied field2:®7 which disappear on transition of the crystal to a paramag-

Despite the great number of experimental studies ofetic (PM) (in temperaturgor a WF (in field) phase. The
CsFeC}- 2H,0 motivated by its interesting magnetic prop- present paper concerns mainly the nature of these lines and
erties, very few of them were carried out using optical meth-the physical reasons for their occurrence in the Raman spec-
ods. Among the experiments known to the authors, only thérum.

aman spectrum of the crystal was much richer than that of

1063-777X/2002/28(7)/7/$22.00 516 © 2002 American Institute of Physics
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EXPERIMENTAL PROCEDURE

The transparent pale brown single crystals of CFC were u‘ * * ‘
grown from an aqueous solution of CsCl and Fe@H,O
by slow evaporation af =37 °C in a nitrogen atmosphere to
prevent F&" oxidation>® The single crystals keep well in
oxygen-free gaseous atmospheres. The adjustment of the
crystallographic directions was made according to a well- 1
defined habit, similar to that of CM&Samples in the form A,.J
of rectangular parallelepipeds with dimensions oK% A
X 2 mm were cut from the single crystals and polished up to
optical quality of the surface. The sample faces were oriented 2
in parallel with the principal crystallographic planes of the
crystal. The Cartesian coordinate system used was related to _,.‘.J U‘ W____.,M
the crystallographic directions aga, yllb, zllc. ‘

The measurements were carried out in two types of op-
tical cryostats{(i) one type permitted the experiments to be
done in a wide temperature range of 4.2 to 300 K, @ndhe
other one had a two-section Helmholtz superconducting so-
lenoid for performing the measurements in an exchange gas
of liquid helium at~4.2 K at magnetic field strengths up to
30 kOe. The Raman scattering was excited by He—Ne and

Ar™ laser radiatioriwavelength 6328 A, power 40 mW, and
wavelength 4880 A, power 120 m\WThe 90° scattered light
was analyzed with a computerized Raman spectrometer

PRI I

Intensity, arb. unlits
=
-

based on a Jobin Yvon U-1000 double monochromator which 1
was equipped with a cooled photomultiplier and a photon J

counting system. The signal-noise ratio was improved by the

spectrum acquisition method with a multiple scanning of the
frequency range studied.

The use of the two light sources was dictated by several U“ "
reasons. In experiments with Raman scattering the illumina- t
tion of a sample by a focused laser beam produces a higher
overheating in the laser beam zone, relative to the sample L_‘:;
surface, the higher the absorption at the laser wavelength.

Since the crystal optical transmission at the He—Ne laser L.z/\—l . s pmin]

wavelength of 6328 A is higher, that source appeared to be 100 150 200 500 550 600

more attractive for the experiments. Despite the fact that the Raman shift, cm™!

argon laser produces a much more intense overheating of the

sample, it was used for the measurements in magnetic field®: 1. Parts of the Raman spectrum of Csie€H,O corresponding to
. . . scattering tensor componentg (a) andzz (b) at temperatures, K:f1), 25

because the solenoid drastically confines the angular aperturs and 80(3). The “additional” lines (see the teytare marked by arrows.

of the scattered light and hence, decreases significantly thene spectral resolution is 2 crh

intensity of the signal detected. In that case the benefit that

permitted us to compensate the aperture loss consisted of two

components: first, a high radiation power, and second, the

Rayleigh 1X* law for the Raman scattering intensity.

2

Pt
1 e

the Raman tensor at temperatures belby. Those lines,
however, are all of low intensity compared to the lines of the
EXPERIMENTAL RESULTS original phonon spectrum and do not exhibit distinctly the
d<'31bove—mentioned temperature dependéhce.

The Raman scattering spectrum of the CFC crystal stu , : ,
The temperature evolution of the most intense lines, of

ied at temperatures beloW, revealed two intensél82 and . h i -
501 cni'l) and four weak(125, 130, 140, and 607 ¢ frequencies 182 and 501 ¢m is shown in Figs. 2 and 3.

lines, with polarization corresponding to the diagonal com-The 488 and 177 le lines in the spectra correspond to the
ponents of the scattering tensor. The distinguishing feature dthonons of the original vibrational spectrum of the crystal
these lines is the fact that their intensities decrease rather fa@pd show no anomalous behavior in the temperature range
with increasing temperature in the immediate vicinityTof ~ 9iven in the figures. The temperature dependence of the 182
and that they almost disappear at higher temperat(figs cm ! line area correlates well with the ‘Nletemperature

1). But the “additional” lines undergo no noticeable varia- (Fig. 4). The temperature in these experiments was deter-
tions in frequency and width. It should be noted that linesmined by the ratio of intensities of Stokes and anti-Stokes
“additional” to the original phonon spectrum can be also scattering at the lowest-frequency phorier80 cm ) in the
observed in the spectrum with off-diagonal components otrystal. This ratio satisfies the relation:
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Intensity, arb.unlits

Intensity, arb.unlits

Raman shift, cm’

FIG. 2. The temperature evolution of part of the Raman spectrum with
scattering tensor componert for CsFeC}- 2H,0.

ho
IS/Ia:expﬁ,

13.6

wherels and |, are the Stokes and anti-Stokes components
of the scattering on a phonon of enerigy; T is the tempera-
ture, andk is the Boltzmann constant.

The measurements with the magnetic field directed 25
along the crystal axis show that the 182 cirt line intensity
decreases rapidly as the magnetic field strength approaches a
critical value, at which one can observe a PT to a new mag-
netic phas®® (Fig. 5). The relation between intensity of the

line and cyclic variations in intensity of the applied magneticFIG. 3. The temperature evolution of part of the Raman spectrum with
field is illustrated in Fig. 6. scattering tensor componeyy for CsFeC}- 2H,0.

1 I i 1 1 1
160 170 180 190
Raman shift, e

DISCUSSION OF THE EXPERIMENTAL RESULTS

To account for the experimental results, some specifi€racies of the ground stafd, of the Fé* ion are com-
features of the crystallographic and magnetic structures afletely lifted the by crystal-field effect of low symmet(,

CFC should be considered. and the spin-orbit interaction.
The three-dimensional ordering of the magnetic mo-

ments (antiferromagnetic in all directions to nearest neigh-
In the magnetically ordered phase of CFC an octasublatborg is brought about by the interchain superexchange,
tice structure(Fig. 73, the symmetry of which is described which is at least two orders of magnitude weaker than the
by magnetic space group,,cca’, is realizedt The avail- intrachain oné.As a result, the magnetic cell appears to be
able literature dafef” suggest that the magnetic structure of doubled along the crystallographic directibras compared
CFC is formed under the action of dominant antiferromag-o the paramagnetic one. Also noteworthy is the high value
netic superexchange interaction along the chains consistingf the Dzyaloshinski—Moriya interaction, which causes the
of cis-octahedra of FeGD, bound together by common api- spins to be canted from treedirection by an angle of 15° in
cal ions CI'. The chains in the structure of the crystal arethe ac plane! This canting results in a ferromagnetic mo-
oriented along the direction. The orbital and spin degen- ment of each individual chain in the crystal which is directed

Magnetism of CFC
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FIG. 4. The temperature dependence of relative area of the 182l in
CsFeC}-2H,0. To make the figure more pictorial, the dashed line is plotted
by eye.

collinearly with thec axis. The moments of all chains in the
crystal compensate each other due to antiferromagnetic or-
dering of nearest spins of neighboring chains, so that the
total magnetic moment of the crystal is zero.

On application of an external magnetic field of intensity
~9.5 kOe along the axis, the crystal undergoes a PT at
temperatures belowy.®’ As a result, the ferromagnetic
moments of all chains become oriented along the field direc-
tion (Fig. 7b). It should be emphasized that in the new phase
the neighboring chains along thedirection are found to be
translationally equivalent once again, and the magnetic cell
volume reverts to the volume of the paramagnetic cell. The
WF phase symmetry is described by space grBupc’a.
During “magnetization” the crystal actually undergoes a
number of transitions through the multitude of intermediate
phases with a different specific number of chains with “in-
verted” (compared to the normal AF phasterromagnetic
moments. The moderate intensity of the magnetic field at
which this PT occurs is accounted for by the small values of
the interchain exchange interaction integrals alongcthed
b directions. As for the magnetic structure inside the chain, it
remains almost unchanged in such weak fields, because it is
stabilized by the high single-ion anisotropy and intrachain . . . .
exchange.

In terms of the Heisenberg approximation, the magnetic 160 17gaman SLIBﬁO, e
parameters can be described by the following values of ex-
change integral,/k=6.0=0.5 K and single-ion anisotropy FIG. 5. The part of the Raman spectrum with scattering tensor component
constantD/k= — 40+ 20 K with total spin S=2 (Ref. 6) yy as a function of the external magnetic fietd in Cs_FeQL-%Il-iZO. The
With these relations of the model parameters, the magnet §?mple temperature is11 K. The spectral resolution is3 cm .
low temperatures may be approximated by the Ising model
with effective spinSys=1/2 and effective exchange integral
Jeir/k=42=5 K (Ref. 6).

Intensity, arb.unlits

1
190

multiplication of the unit cell volume were found. The soft
mode usual at such PTs is not observed in the low-
temperature phase. In the following, the authors will proceed
The specific features of the Raman spectrum of CFCfrom the fact that there are no phase transitions in CFC.

Analysis of the Raman spectrum

manifesting themselves as additioffa the original phonon As mentioned in the Introduction, aside from the phonon
spectrum lines in the magnetic phase, may be brought abougxcitations, the low-frequency Raman spectrum of CFC can
by different mechanisms. contain lines caused by a scattering owing to the transition

First, it should be noted that according to all the avail-between crystal-field-split levels of the ground state term of
able published data, CFC, along with other representatives dhe Fé™* ion, and scattering by magnons. Turning back to the
this family of crystals, undergoes no structural PT. The factmain point of the present paper, namely, to the treatment of
is evidenced by the authors’ observations. No peculiarities itthe anomalous behavior of the additional scattering lines of
the temperature behavior of the Raman spectrum which areequencies 125, 130, 140, 182, and 501 értFig. 1), we
accounted for by a structural phase transition followed by ashould consider some possible mechanisms. To do this, we
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fest itself: to 100 cr’. Therefore, it is hardly probable that

12 i §?é_ additional lines disappearing from the scattering spectrum at
10| temperatures abov&y are accounted for by the magnon
scattering. The two-magnon scattering, which may fall just
8| . within the frequency range studied, rarely, if ever, is of high
°\°_ i intensity in the diagonal components of the scattering tensor.
) 6 Besides, it is primary conditioned on the strong exchange
a' 4 _ along the chains which is essentially unaffected by the mag-
I netic field applied in our experimenfsee above
oL The electron transitions also evident in the Raman spec-
trum of CFC exhibit a somewhat differefdompared to the
o . . lines consideredevolution with increasing temperature. The
0 HZ,5kOe 10 electron lines in the Raman spectrum also show the decrease

in area with increasing temperature, but this occurs at much
FIG. 6. The plot of the area ratio of the 182 and 177 &dines shown in  higher temperature@bove 70 K in CFCand is followed by

Eig. 5 versus magnetic field. The b_ranches with ingreasing and decreasing drastic broadening of the lines. The latter fact does not
field are denoted by squares and triangles, respectively. allow the suggestion that the lines are unobservable because
the integral intensity vanishes. Thus the additional lines un-

should first estimate the energy range within which the maggjer consideration cannot be ascribed to scattering by electron
non scattering may be observed. transitions either. _

In terms of the Heisenberg approach for a one-  Another feature of the magnetic structure of CFC men-
dimensional chain of spins, the magnon energy dispersioHoned above is the double volume of the unit cell compared
within the one-dimensional Brillouin zor{®Z) can be given to the paramagnetic one. This doubling, determined by neu-
as follows: tron scatterind, is solely of a magnetic nature without any

12 structural distortion. A double-unit-cell crystal is thought to

E((P)ZZJS{ ( 1+ ﬂ —co2 4 , exhibit a larger number of phonon modes in the Raman spec-

2JS trum, the additional lines appearing at the magnetic BZ cen-
whereg is the spatial phase of a spin wave in thdirection.  ter from the paramagnetic BZ boundary. Despite this formal
Using this equation, one can obtain the following estimatesoncept, there are very few experimental works on Raman
of magnon energies at the center and at the boundary of trgcattering by phonons generated from the paramagnetic BZ
one-dimensional BZ:E(0)=42 cm !, E(w/2)=46 cm 1. boundary under magnetic ordering with a unit cell multipli-
In terms of the Ising model, the magnon energy at the BZcation.
boundary,E(7/2)=4J.4S., iS estimated as being equal to In the case of CFC two facts have permitted the authors
58 cm . Besides the energy of the optical magnon, the tranto suggest that the additional lines under consideration are
sition from the lowest component of the electron pseudoindeed related to scattering by phonons generated from the
doublet, with a total momentum projection ofl, to the first  paramagnetic BZ boundary. These are, first, the temperature
excited singlet level, with a projection of 0, is estimated to bedependence, showing a fast decrease in intensity of the lines
80 cm* (Ref. 10. All these simple estimates are rather jn the vicinity of T, and their absence at higher tempera-
rough, but they make it possible to place an upper limit onyres, and, second, the field dependence of the intensity of
the energy range in which the magnon spectrum may manihese lines. The latter for the most intense line of frequency
177 cm ! demonstrates a behavior similar to the temperature
dependence. When the unit cell volume returns to the para-
magnetic volume, either as a result of the temperature in-
creasing or as a result of a PT in an external magnetic field,
the additional lines disappear from the Raman spectrum.

A formal increase in the number of Raman-active
phonons resulting from the doubling of the unit cell volume
in the magnetically ordered phase cannot explain the physi-
cal mechanisms which are responsible for the additional pho-
non lines in the Raman spectrum. There must be a reason
causing nonequivalence of the polarizabilities associated
with vibrations of the same ions from neighboring cells
along the doubling direction. Otherwise, because the vibra-
tions of identical ions in the modes from the BZ boundary
are opposite in phase, the intensity of Raman scattering by
them should be zero due to the complete interference damp-
ing. As a matter of fact, this is an example of the wave-vector

FIG. 7. The magnetic structure of CsFgQH,O in antiferromagnetica) k selection rule for Iight Scattering or absorpti(lhe k=0
and weak ferromagnetid) phases. rule).

2

a
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TABLE I. Irreducible spin combinationdSC) in CFC at pointk,4=(0,0,0) andk,4(0,7/b,0) of the paramagnetic BZ and at the center
of antiferromagnetic BZ reduced aloihg(the symbols are taken from Ref. 14 and spin numbers from Fig. 7

ISC PM phase * AF phase

F(0) S ,(0)+8,(0)+5,(0)+S (0) S, +5,+S,+5 +S +S+S +S,
L (0 $,(0)+8,(0)-S,(0)-S (0) 5,+8,78,-S,+S.+S,S .S,
L) S,(0)-5,(0)+5,(0)-S (0) S,-S,+S,-S,+S.-S+S S,
L.(0) S,(0)-5,(0)-5,(0)+S (0) $,-S,~S+S,+S,-S S +S,
F(k,) S, (k,)+8,(k, )+8,(k,,)+S (k, ) S,+S,+S,+5,-S.-S ~S S,
L,(k,) Sk, )+S,(k, )-S,(k,)-S (k, ) 5,+5,75;-5,75,-5:%5,+S,
Lk, ) Sk, )-8, (k, )+8,(k, =S, (k, ) §,75,+5,-S,75;+55,%5;
L,(k,) $,(k, )-8, (k, )-8 (k, )+S (k, ) S,-S,~5,+S,~S+5.+S S,

Symmetry analysis of polarizability perpendicular to the direction of the ion displacement.

gence, the linear trajectory of the ion motion transforms to
an elliptical one. In this case the directions of traversing the
ellipse are opposite because the identical ions from neighbor-
ing unit cells along the direction of doubling in the magnetic
cell are connected by the antitranslation operation. Thus, for
the phonon mode originating from the paramagnetic BZ
boundary, where the displacements, of ions with no local
magnetic field are opposite in phase, the perpendicular com-

corresponding to the order parameter. The latter describes t é)nents of thte (;|splaciments_llhgenera;ed_ by .”“.3" L(tJretntg
static perturbation of the medium due to the PT. The s0-0/C€, appear o be in-phase. This mechanism 1s tlustrate

called “Faraday”(linear in magnetic vectoriterm in the ex- schima:::call_ly n 1:'9]1 8. is of relativistic origin it is hard t
pansion is of the following form ak o= 0: s the Lorentz force is of relativistic origin it is hard to

suggest that it may produce a sufficient degree of ellipticity
o= ij (Ko U (ko) to induce intens'e. lines of light scattering comparable with
i\ anou Tpt RVl =21 [ those of the original spectrum. This hypothesis, however,
does have meaning if it is remembered that the mixing of

where 7,,(Kz) = Lay(Kz)/ 7(Ka0). g g

e different-symmetry vibrational modes corresponding to the
The nonzero polarizability tensors correspond only to

L ) ) . aramagnetic BZ boundary and center occurs just in this
the vibrational modes transforming according to the |rreduc-p 9 y :

ible representationsgs(k,;) andr,(k,;) and are of the forms:
d . .o f

ak=| —d . .|, qg7ka=

The phase transition to a magnetically ordered phas
P,,cca’ (see Table)loccurs at the poirk,; of the paramag-
netic BZ and is described by the order parameétgfk,,) or
L1,(k»q) which transforms according to the irreducible rep-
resentationrs(k,,). For the required polarizability; to be
obtained, the dielectric permittivity tenser; should be ex-
panded in normal coordinates of the vibrational modest
the paramagnetic BZ poiit,; and in the magnetic vectoy,

—f

As is evident from the above analysis, under magnetic
ordering the paramagnetic BZ boundary may induce only
those lines which in the low-temperature phase are related to
phonons of symmetrieB,, and B,y, while the observed
additional lines show symmets, and occur in the diagonal
components of the scattering tensor. Hence, the first order of
perturbation theory cannot explain the anomalies under con-
sideration.

Another mechanism that permits one to derive the re-

quired polarization selection rules for phonon modes gener- b
ated from the paramagnetic BZ boundary under magnetic
ordering can be illustrated as follows. FIG. 8. The trajectory ellipticity of identical ions from neighboring-in-

irection b cells in local magnetic fieldsl; andH,. U, and U, are an-

Since there exists a nonzero local magnetic field orf. , .
. . L. . iphase displacement components for the mode from the paramagnetic BZ
Il_gan_ds surr_oun(_jlng the paramagnetic ion, then during moboundary,V1 andV, are in-phase displacement components induced by the
tion in the vibrational mode there may occur a Lorentz forceLorentz force.
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way. If the modes are close in frequency, this channel may A new mechanism of inducing light scattering by vibra-
enhance the intensity of the additional lines at the expense dgional modes corresponding to the phonons from the para-
the original ones. At least, this mechanism appears to bemagnetic BZ boundary is hypothesized. It is based on the
appropriate for description of the 177 and 182 ¢modes.  mixing of different-symmetry modes from the BZ center and
They have close frequencies, and the 177 tiine of the  boundary due to the ellipticity of the ion trajectory of vibra-
original phonon spectrum is sufficiently wide, even at lowtions in their local magnetic field.

temperatures, to overlap 182 chline resonantly(Fig. 3).

The resonance effects are also supported by the asymmetric 1€ @uthors are very grateful to Prof. V. V. Eremenko for

complex shape of the 177 crhline at low temperatures, h_is constant interest in this research and for helpful discus-

which becomes symmetric in the PM and WF phase in exS!0"N-

ternal magnetic erldSFIgS. 3 and 5 *E-mail: Kurnosov@ilt.kharkov.ua
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Second and third harmonic optical spectra are studied in epitaxial magnetic thin films in the
spectral ranges 1.7-3.2 eV and 2.4—4.2 eV, respectively. No significant increase of the intensity of
the nonlinear spectra is found above the bandgap near 3.2 eV, where the linear absorption
increases by two orders of magnitude. Large magnetic contributions to the second harmonic spectra
and magnetic contrast as high as 100% are observed at selected photon energies. Contrary

to that, no magnetic contribution to the third harmonic spectra is found20@2 American

Institute of Physics.[DOI: 10.1063/1.1496661

1. INTRODUCTION due to the fact that very high values of the specific Faraday

Bulk magnetic garnets and epitaxial magnetic garne{Otatlon up to 10 deg/cm were observed at room tempera-

. . . ure. To our knowledge, these values are probably the highest
films are two well-known groups of materials characterized
) . . .__‘ever observed at room temperature due to a spontaneous
by a large variety of very useful magnetic, acoustic, optical, L
and magneto-optical properti€s! For more than four de- magnetization.
' Bulk crystals of magnetic garnets belong to the cen-

cades they have remained one of the most actively studie,[gOS mmetric cubic point groum3m (space groupa3d). In
magnetic dielectrics, both from the fundamental point of y P groum P 9 )

i X ! . he thin films, however, the observation of a linear magneto-
view as multi-sublattice ferrimagnets and for the purpose o : : . .
. o . electric effect proved that the inversion symmetry is broken.
technological applications. The prototype material of bulk: """ . .
. , : " . This is related to the fact that the films, which are grown by
crystals and thin films is yttrium iron garnet

{Y)a[Fel,(Fe)Oy, (YIG). The unit cell contains eight for- a quuid-phase epitaxial r_ngthod on_substrates cut from bulk

mula units. The rare-earth ions’Renter 24 dodecahedral cubic crystals of gadolinium gallium garnet §&e;0;,

positions §...}3, while the Fé* ions enter 168 octahedral (GGG)_or substituted GGESGGE, possess a Igttlce param-

positions $m]3’and 24i tetrahedral position8(...);. The eter different from that of the substrate, which leads to a
e 2 Rl 3.

superexchange interaction between the magnefic Fens distorted noncubic crystal structure. Previous studies of sec-

. . : . .ond harmonic generatiofSHG) in magnetic garnet films

leads to antiparallel ferrimagnetic ordering of the magnetic : : .
. . \were restricted to a few selected photon energies determined

moments of the octahedral and tetrahedral iron sublattlce% the pump lasers, such as 1.17 éNd:YAG lasers or

This strong interaction leads to a Curie temperature in theﬁ_vy1 5 e\?(Ti-gapphire,lasebsg Thoﬁgh breéking of inversion

range of Tc=500-600 K. The_ s_uperexchang_e mteractl(_)nis not important in the analysis of the magnetic properties, it

between the rare-earth magnetic ions and the iron sublattlce§ays an essential role for the electro-optical and nonlinar

leads to an antiparallel orientation of the rare-earth magneti8 ) . . . )
ptical properties. In particular, it allows crystallographic

moments with respect to the magnetization (.)f the tetrahedréjmd the magnetic contributions to SHG in the electric dipole
sublattice. A remarkable feature of magnetic garnets is the

possibility of substituting ions in all three magnetic Sublat_approxmatlon. Obviously, studies at selected photon ener-

tices by many other magnetic and nonmagnetic ions from thd'®® could not clarify relations between observed SHG sig-

periodic table of the elements. This degree of freedom a"owgals and particular features of electronic structure, absorption

one to vary practically all of the physical properties of bulk spectra and magneto-optical spectra. In the present paper we

N i report first results on a spectroscopic study of SHG and third
crystals and epitaxial films over a very wide range.

The magnetic iron garnets are highly transparent in theharmonlc generatioiTHG) in magnetic gamet films below

near infrared range 0.2-1.0 €Ref. 5. At lower energy the and above the fundamental band gap near 3.2 eV.
absorption rapidly increases due to lattice vibrations. The
o ) . . 2 _ELECTRONIC TRANSITIONS IN IRON GARNETS
absorption increases progressively at photon energies higher
than about 1 eV due to the intrinsic localized electronic tran-  Optical absorption and reflection spectra of concentrated
sitions between the @B° levels of the F&" ions and, sub- and diluted iron garnets have been studied in a large number
sequently, above 3.2 eV due to intense charge-transfer araf publications and the most important data are summarized
interband transitions, finally approaching absorption coeffiin Ref. 4. In spite of numerous publications along these lines,
cients as high as $10° cm ! above 5 eV The linear the assignments of spectral features remain doubtful in most
magneto-optical properties of garnets, and in particulacases due to the complexity of the spectra. Experimental data
bismuth-substituted garnets, have attracted a lot of interesind crystal field calculations are summarized in Fig. 1. In its

1063-777X/2002/28(7)/5/$22.00 523 © 2002 American Institute of Physics
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of the states becomes difficult. In fact, the experimentally
observed spectrum of YIG is characterized by a more com-
plicated structure than expected from theory even if the case
of very low symmetries is taken into account. Aside from
their dependence on the cubic and noncubic crystal field pa-
rameters, the positions of the electronic levels are also sub-
ject to several other parameters, such as the intra-atomic in-
teraction parameters, spin-orbit coupling, exchange
interaction, etc. In strongly correlated systems like iron gar-
nets, paired transitions may lead to additional absorption
bands in the optical spectra. For example, absorption bands
in the spectral range around 2.5 eV are at least in part due to
paired transitions. These factors, being sometimes of compa-
rable magnitude or not exactly known, complicate the unique
assignment of optical absorption bands. Low-temperature
optical and magneto-optical studies resolve the splittings of
the transitions, revealing a rather complicated energy-level
structure.

Photon energy, eV
w iN
T
.+
mm&
"?&

N
T
-

e

6 6
0 B A The exact position of the band gap remains not well
Tetrahedral Octahedral Absorption Pump SHG THG defined and_ is usual_ly_ assumed to lie near 3.2-3.4 eV, where
calculated calculated observed the absorption coefficient of YIG starts to increase more rap-
‘ idly, approaching values ofv=5-10° cm ! above 5 eV
FIG. 1. The two columns on the left show the crystal field energy states Of(Ref 6. This absorption value is typical for interband tran-

the FE™ ion in the distorted tetrahedral and octahedral positions in the" . . . . . L #Bi
garnet structure. The column in the middle shows the experimentally opSItions In transition-metal oxides. The substitution of Bi

served electronic transitions and the continuous absorption at higher photdior Y27 in iron garnets leads to a shift of the strong absorp-

energy. The right part of the figure shows the energy range of the pumpjon edge to lower energy and to a huge increase of magneto-

beam and that of the SH and TH spectra. optical effects in the visible and ultraviolet spectral range.
The suggested microscopic mechanisms of the enhanced
magneto-optical Faraday and Kerr effects are assumed to

middle part Fig. 1 shows experimentally observed transitionyriginate in an increase of the spin-orbit interaction due to

energies in YIG as reported in several pag€tS™® The  the formation of a molecular orbit between the Grbitals of

electronic structure of iron garnets has been a subject of cajne F&* jons and the P orbitals of G~ . This is further

culations based on crystal field theory and molecular orbitajixeq with the @ orbitals of BF*, which has a large spin-

theory>***19"*The left panels of Fig. 1 show the localized orpit interaction coefficient. A recent analysis shows that the

states of the P&’ ions in the tetrahedral and octahedral sub-most important electronic transitions responsible for the Far-

lattices. These states are given according to crystal field calgay rotation in bismuth-substituted gamets lie at 2.6, 3.15,

culations which take into account tetragonal distortions ingnq 3.9 eV(Ref. 19.

the tetrahedral sgblattice and trigonal distortions in the octa-

hec_:lrgl sublattlcé_. The calculatlons_ show that the relevant 3. EXPERIMENT

splittings and shifts of the electronic states may of the order

of 0.5 eV and therefore comparable to the splitting of the  In the present study we used thin films of magnetic gar-

states in the cubic crystal fields @f; and Oy, symmetry. nets grown by a liquid-phase epitaxial method. Films were

Below the band gap the electronic transitions could begrown on transparent nonmagnetic substrates cut from bulk
studied by transmission methods based on optical andubic crystals of gadolinium gallium garnet g&s0,, or
magneto-optical techniques, whereas for transitions abovsubstituted GGG. The films were grown on substrates with
the band gap of=3.2 eV reflection methods are in general the four different orientationg001), (110, (111), and (210
more favorablé€:!*2 With the use of very thin YIG films and differed in their compositions, lattice parameters, and
(t=0.26,.m) absorption spectra could be obtained up to 5.@hicknesse&.Optical absorption spectra were measured using
eV It should be noticed that all optical transitions betweena Cary 2300 spectrophotometer and were found to be in
the localized states of the Feions are spin-forbidden. In agreement with published data. Absorption spectra measured
addition, the transitions in the octahedral sublattice areat T=15 K in three films are shown in Fig. 2. Optical den-
parity-forbidden in the electric-dipole approximation and be-sities higher tha = 4.5 are above the working range of the
come allowed due to interaction with odd phonons. spectrophotometer and could not be measured.

Optical absorption of YIG in the near infrared spectral The setup for the SHG and THG experiments is shown
range commences at about 1.2 eV and is due to the localized Fig. 3. A Nd:YAG laser system and@-BaB,0, operated
electronic transitior‘?Alg—>4Tlg between the (8)° levels of  optical parametric oscillatofOPO were used as the light
the FE" ions in the octahedral sublattice. This transition issource, the performance of which was monitored with a
magnetic-dipole-allowed and leads to two very weak absorpwavemeter. The pulse energy was measured for normalizing
tion lines!® It is readily seen from Fig. 1 that at higher en- the observed SH and TH intensities. For proper normaliza-
ergy the transitions in the octahedral and the tetrahedral sultion it was necessary to measure the absorption of the fun-
lattices are overlapping, so that the unambiguous assignmedamental beam by placing a photodiode behind the sample,
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FIG. 2. Optical absorption spectra in the three garnet films studied in the ‘Zg
paper. The films differ in their compositions and thicknesses. Optical densi-
ties higher tharD=4.5 are out of the range of the spectrophotometer and
could therefore not be measured. 0 " 1 . 2 1 L
2.4 2.6 2.8 3.0 3.2

SH energy, eV

since in all samples the absorption varies St_rongly as funCFiOEIG. 4. SH spectra in the YIG/GGEL)) film for opposite orientations of
of the photon energy. Wave plates, polarizers, and opticahe transverse magnetic field. The upper and lower panels depict SH spectra
filters were used to set the polarization of the fundamentafor two sides of the film.
light, analyze the polarization of the SH and TH light, and
separate the fundamental light from the SH and TH light o o <)
behind the sample. In some cases, a monochromator WétE(3 the electrlc-dlpple apprqmmatlon, odd tenso&é '

),... areallowed in all media, whereas even tensgf%),

included in the setup in order to exclude the possibility ofX 4 _ \ ;
areallowed only in noncentrosymmetric media. For

two-photon luminescence contributions to the observed sigX™ -

nals. By a telephoto lens the signal light was projected on £YStals with a spontaneous or a magnetic-field-induced mag-
cooled CCD camera or a photomultiplier. The data were corhetizationM the optical susceptibility tensors contain crys-

rected for the spectral response of the filters and the detectid@!l09raphic(nonmagnetit contributions and magnetic con-

system. The magnetic contrast was determined from the noffioutions:
malized difference between the SH intensity for opposite ori- (M) <cly am
entations of the saturating transverse magnetic field. XU=XTEXM. @

The intensity of SH and TH signals can be written as

4. NONLINEAR OPTICAL SUSCEPTIBILITIES
) ) ) |(Zw)OCE3|5(Cr(—2w;w,w)i5(m(—2w;w,w,0)|\/||2,

In magnetically ordered materials the relation between
the induced polarizatioR and the electric fielE(w) of the  (3w)*EJ|{*(—3w;0,0,0)*¥™(—30;0,0,0,0M|?,
fundamental beam in the electric dipole approximation can
be written as

3

where the crystallographic and magnetic contributions are
P=zo(¥'VE(q) + ¥'?E(w)E(w) described by polar tensof¢” and axial tensorg™, respec-
~(3) tively. The sign* refers to the opposite projections of the
TXTE@EwE)...). @ magnetizatioVl. The symmetry properties of the tens@$
and Y™ are strictly defined by the crystallographic point
group. Nonzero components §f" and Y™ are given in Ref.
M| dier n_[sne 8 for SHG and in Table for THG for the case ansymme-

OPO THG . X i
’ try. If nonlinear optical waves of crystallographic and mag-
netic origin are both present, their interference will lead to
P different SH and TH intensities for opposite orientations of
e the magnetization and thus to a magnetic contrast between
Reference| PM . . .
EE oppositely magnetized regions.
B
EM
Lens @ Lens F
p A N T LNA | e 5. EXPERIMENTAL RESULTS AND DISCUSSION
M GT-I + U I L"S M U v I chromator
Pram WP VAR AReERt Figure 4 shows the SH spectra in a YIG/GGIA1) film

for two opposite orientations of the magnetizatibh in

FIG. 3. Transmission setup for SH/TH spectroscopy. SHG/THG: seconctransverse geometry. The upper and lower panels show the

harmonic/third harmonic generation; OPO: optical parametric oscillator; . . . .
WP: wave plate; F: filter; S: sample; EM: electromagnet; PM: photomutti-'€Sults for the two cases with the SH signal being emitted

plier; PC: personal computer; M: mirror. directly from the free film surfacefilm-to-photodetector
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FIG. 5. SH spectra in the Bi-YIG/SGG&LO film. 1r
) 0 1 1 1 ! i 1 1 1 1
case and from the surface of the film at'gached to tht_e sub- 26 3.0 3.4 3.8 4.2
strate(film-to-laser case The two geometries lead to differ- TH energy, eV

ent SH spectra. In particular, a split transition near 2.4 eV is

well resolved for the free film surface and smeared out fofFIG. 6. TH spectra in YIG/GG@ALD, Bi-YIG/GGG(111), and Bi-YIG/

the more strained surface attached to the substrate. Note thfG@210 films.

magnetic contrast varies from 0 to 100%. According to the

energy level diagram in Fig. 1, some features in the SH spec-

trum can be assigned to the crystal-field transitions in thehat the spectra for two sides of the film are different, as it

two iron sublattices. Two other sharp absorption featuresvas the case for the YIG/IGGGELYD film. As in the previous

near 2.57 e\(presumably due to tHA, —“E, %A, transition  case, the increase of the linear optical absorption does not

in the tetrahedral sublattitand 2.66 eMpresumably due to lead to a noticeable increase of the SH intensity.

the®A; —“E, %A, transition in the octahedral sublattjcare Figure 6 shows the third harmonic spectra in the three

also observed in the SH spectrum. Two more spectral feanagnetic films. Note that even in the electric-dipole approxi-

tures in the absorption spectrum are observed at 2.9 and 3r2ation a breaking of space inversion symmetry is not re-

eV, with oscillator strengths an order of magnitude higherquired for the observation of a TH signal. Although the op-

than those for the tetrahedral transitions. However, the reltical absorption and the magnitudes of the linear magneto-

evant features in the SH spectrum are of the same order afptical signals are very different in the three films, their third

magnitude as for the transitions with the lower optical ab-harmonic spectra are similar. The tetrahedral transitiap

sorption. —*T, centered near 2.4 eV is well resolved in the TH spec-
Figure 5 shows the SH spectra of a bismuth-substitutetkrum, and in particular in the YIG/GG@&12) film. Note that

Bi-YIG/SGGGE210 film. As a rule bismuth-substituted the strong increase of the linear absorption above 3 eV is not

films show the strongest SH signdl§he present sample accompanied by a similar increase of the TH spectra. Con-

was studied in a spectral range beginning at 1.7 eV and dtary to the SH spectra, no difference in the TH spectra is

low temperaturel =6 K. It shows a well-resolved structure observed within the experimental accuracy upon a reorienta-

with five strong bands of varying magnetic contrast. We noteion of the magnetization or upon a variation of the magnetic

TABLE I. Nonzero components of the nonlinear optical tensd]‘kﬁ and)(ﬁ'klm relevant for the point groupB(mL x) in the geometry
kliz (films of (112 type).

cr m
Xijkl Xijklm

%yyyy = %xxxx =AXYY = yxxy Yyyyx, yxyyy, yrxyx
XXXXX = —iyyyyx - yxy%y -3 yxxyx
XxXxXyYy = Ellyyyx - §yxxyx
XXYyx = —Eyyyyx + yxyyy -—nyxyx
Xyyyy = Eyy!/!/x T yxxyx
YXXXY = YYyyx —yryyy + yxxyx
YXYyz = -xxXYz = —§xyyy2 =3 yxxxz




Low Temp. Phys. 28 (7), July 2002 Pavlov et al. 527

field. This is surprising, because according to a phenomend&-mail: pisarev@pop.ioffe.rssi.ru

logical analysis a magnetic contribution to the THG is al-———— _ _

lowed both in the longitudinal and transverse geometries. ggﬁ';;%_Magnet'c Garneté. Paoletti(Ed), North Holland, Amster-
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Several recent examples are used to demonstrate that Raman and infrared spectroscopy can be
successfully used as a novel experimental tool to study microscopic processes involving

4f electrons in rare eartfRE) cuprates. Raman-active crystal fi€ldF) excitations in NdCuQ,

were measured under hydrostatic pressure up70GPa. The observed pressure-induced

shifts of the CF levels were interpreted using density-functional-theory-laséadtio calculations

and the superposition model. An infrared transmission study ofithel=9/2, 11/2, 13/2

multiplets of Né* in Nd,CuQ, reveals a splitting of the Kramers doublets of the order of a few
cm ! due to the Nd-Cu exchange interaction. This study shows that these splittings can be
described by an effective anisotropic exchange Hamiltonian for th& Nzh expressed in terms

of spherical tensor operators up to the sixth order. The isotropic term in the exchange
Hamiltonian vanishes for symmetry reasons in this case. An analysis of the infrared transmission
spectra in RE,Ba,_,CsOg, 5 (RE=Nd,Sm) up to~ 10 000 cm ! indicates that,

besides the regular sites, the RE ions also occupy Ba sites, even in the samples with the cation
stoichiometryl—2—3. © 2002 American Institute of PhysicgDOI: 10.1063/1.1496662

1. INTRODUCTION Nd-Cu exchange Hamiltonian in Sec. 3. The dxcitations
spectra in REB&Cu;05, s (RE=Nd,Sm) are discussed in
The presence of magnetic rare eafRE) ions has no Sec. 4.
detrimental effect on superconductivity of the high-cu-
prates. Therefore, thefdstates in RE cuprates have been
widely used as a noninteracting probe_: for gxammatlon_ ofz. 4f SPECTRA IN Nd,CUO, UNDER PRESSURE
superconductivity-related phenomena, including the doping-
induced charge transfer from the charge reservoir to the “su-  An interaction with the crystal field produced by the
perconducting” Cu@ planes, the phase-separation-relatedneighboring core charges and valence electronic density is
charge inhomogeneities and local structure deformationshe strongest perturbation of the free iof-ghell state of
and the pseudogap openingder recent surveys see Refs. 1 trivalent RE ions in cuprates. The CF interaction Hamil-
and 2. The RE subsystem also exhibits interesting magnetitonian is usually considered in the forth:
properties, including strongly anisotropic magnetic moments,

Ising-like antiferromagnetism, magnetostriction, or carrier- HCF:Z qu(Cgk]JrC[_kl]q), (1)
concentration-dependent spin and lattice dimensionality of kg

. _7 .
the magnetic ordef: where the function€! transform as tensor operators under

An important prerequisite for the study of physical prop- simultaneous rotation of the coordinates of all tisectrons,
erties of the RE cuprates is an understanding of the microqu are the so-called CF parameters.
scopic interactions involving # electrons: the crystal field The above-mentioned optical methods have made pos-
(CP) interaction, the magnetic exchange interaction, and thgjple the determination of a sufficient number of CF energy
coupling of 4f excitations and phonons. The principal ex- |evels in Ng,CuQ, to ensure reliability of the phenomeno-
perimental tool for examining these interactions, by meaijogical parameter8, calculated by solving numerically the
surements of the # excitation spectra, has been inelasticinverse secular problerh®
neutron scattering? Despite the widespread belief that op-  Recently, CF excitations of the Rd ions in N&,CuO,
tical methods are not appropriate in opaque materials, shafpere measured under hydrostatic pressure using Raman
and well-resolved # excitations in RE cuprates have been spectroscopy? Two relatively intense CF peaks near 750
revealed by infraredIR)® and Ramah spectroscopies. Sur- cm™* and 1995 cri* were detected in applied pressure up to
veyed in this article are recent results illustrating how these-7 GPa. The energy of the 750 cCF excitation within
two techniques have been used to study microscopic prahe ground state] multiplet increases nearly linearly as a
cesses involving # electrons in RE cuprates. function of pressure at an average rate of (2.8m Y/GPa
This article is organized as follows. The effect of hydro- (Fig. 1). It shows much larger pressure dependence than the
static pressure on the Raman active state excitations in transitions at 1992/1997 cm from the ground state to the
Nd,CuG, is studied in the next Section. The splitting of the exchange-split Kramers doublet within the first excitéd
Kramers doublets in this compound, revealed using the IRnultiplet (Fig. 2). The energies of this doublet increase at
spectroscopy, are described in terms of the anisotropicates of 1.72) cm ! and 2.G2) cm™ YGPa.

1063-777X/2002/28(7)/5/$22.00 528 © 2002 American Institute of Physics
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FIG. 1. (3) Raman spectra of NCuO, in the spectral range of the 750 Energy, eV

cm ! CF excitation for pressures of 0.8—5.8 GHa=(5 K). (b) Experimen- .

tal (M, solid lin® and calculatedO, dashed lingpressure dependences of F|G._ 3. Total density of electron stat¢éBOS) of Nd,CuQ, calculated at
the peak position of the CF excitation. The lines(b are guides to the ~ambient pressure and at 7 Gffef. 12.

eye®?

Bzozagfo |R4(r)2V3(r)radr, 3

Two theoretical methods were used to interpret the pres-
sure dependence of the CF interaction. K4 and 6 CF
parameters were predicted using the superposition rhibdel
that has proved to be efficient in the CF modeling in
cuprate$. The model makes it possible to describe the pa
rametersB,q in Eq. (2) in terms of intrinsic(pair) CF param-
etersb(R):

where nonspherical componem’g(r) reflect not only the
nuclear potentials and Hartree part of the inter-electronic in-
teraction but also the exchange correlation term, which ac-
‘counts for many-particle effects. The radial wave function
R,; describes the radial shape of the localizefd eharge
density of the RE" ion in the compound studied.
) The calculation of the pressure dependence of the CF

quZEi Skq(DPy(Ry), 2 parameters included two steps. First, E@.and (3) were

o ) ) used to calculate the theoretical raty,(P)/By4(0) with

where §q(i) is the geometrical factor determined by the gjjowance for the data on the pressure evolution of the
angular coordinates of the ligands at the same distéfice Nd,CuQ, crystal structure measured by synchrotron x-ray
from the RE ion. powder diffraction® and the available superposition model

The superposition model does not apply to kve2 pa-  parameterd. The effect of pressure on the underlying elec-
rameters, where the long-range electrostatic contributiofygnic density of state€DOS) is shown in Fig. 3. It is worth
dominates. Therefore, the CF parameBgp was calculated noting that the DOS curve is broadened B9.5 eV at an
using theab initio method, in which the electronic structure applied pressure of 7 GPa. This broadening is connected with
and related distribution of the ground state charge density arg sjight redistribution of the charge density, which results in
obtained from calculations based on the density functionajn, increase of the absolute value of the calculated parameter
theory (DFT). Within the DFT, the CF paramet@yo, origi-  B,,. In the second step each phenomenological parameter
nating from the effective potentidl inside the crystal, can qull was multiplied by the theoretical ratByq(P)/Byq(0).
be written as’* As an illustration, the CF parameters obtained in this way for
the applied pressure 7 GPa are compared with the ambient
pressure parameters in Table I. The absolute values of the
individual CF parameters are increased b$—-18% at 7

aT=5K P,GPa |[_— b ]
M g 112 2010 - GPa compared to those at zero pressure.
e £ The theoretical approach described above gives transi-
a7t +y & Je005 S - o : :
> W /9/2‘ N = tion frequencies increasing nearly linearly at rates-dfl.7
@ 3.2 |IT5 exp gl and~0.7 cm Y/GPa for excitations near 750 and 199297
1 A | | 32000 Z
S o
- 2511 Y .. o- <%
w//\JM\.. L ”__the’ory‘ 1995 <% TABLE I. CF parameters,, in Nd,CuQ, (in cm™) obtained from a fit to
0.8 Cﬁ & IR absorption data at ambient presstirand calculated at 7 GPa using the
. ) ) 1990 superposition model and the DFT basadlinitio method(see text
1950 2000 2050 0 1 2 8 4 5 0o
Raman shift, cm™ ! Pressure, GPa Parameter (Ref. 11) P=7 GPa(Ref. 12
FIG. 2. (@ Raman spectra of N€uQ, in the spectral range of the B2o —335 —373
1995-cm! CF excitation for pressures of 0.8—5.8 GPa=(5 K). (b) Ex- Bao —2219 —2574
perimental and calculated pressure dependences of the peak positions of the Bas 1634 1935
CF excitations. The filled and unfilled triangles represent peak positions Beo 224 246
measured at 5 and 44 K, respectively. The lines represent linear regressions Bea 1494 1584

of the data?
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TABLE II. Splitting of the Nd®* Kramers doublets in N@CuO, as mea-  TABLE IIl. The best-fit values of the exchange parametggsg (in cm Y in
sured by infrared transmissifrand calculated using E4)'° (all energies  Eq. (4) (Ref. 19.

in cm™).
Exchange parameterq
J CF level Observed Calculated
multiplet (Ref. 10 splitting splitting oo —7(4)
ay —491(130
9/2 Ground state 5.5 5.7 g —17733)
@ —257(12)
1995 3.5 3.7
@go 15(16)
2006 35 35
gy 47(13
11/2 2013 4.0 37
2077 2.0 2.1
2414 3.0 2.9
13/2 3950 25 27 A detailed analysis of the pressure-induced increase in
15/2 5868 50 13 the separation of the doublet near 1995 ¢nfFig. 2) indi-

cated that in addition to the CF parameters the parameters
ayq Of the Hamiltonian of the anisotropic Nd—Cu exchange
interaction, Eq(4), are pressure dependéft.

71 . . ~ oy
cm °, respectively. Re_gardln_g the Iqwer energy _transmon,s_ ANISOTROPY OF THE Nd-Cu EXCHANGE INTERACTION
very good agreement is achieved with the experimental re;

NP IN RE CUPRATES
sult of 12.9 cm* (Fig. 1). The calculated value of the pres-
sure dependence of the higher energy transitions is smaller The IR transmission study of thef &pectra in the anti-
than the experimental values of1.7 and 2.0 cm?® for the  ferromagnet NgCuO, yielded a splitting of the CF Kramers
peaks at 1992 and 1997 €Mm(Fig. 2), respectively. It bears doublets of the order of a few chh due to the exchange
noting that these transitions include the ground-state levehteraction between Nd and C{see the third column of
and the lowest energy level in tde= 11/2 multiplet. The CF Table 1)).2° An example of the experimental spectra of the
calculation shows that the pressure dependences of these ldransition from the ground state to an exchange-split Kram-
els are very similar-4.5 and—3.8 cni /GPa, respectively. ers doublet at-5870 cm ' is shown in Fig. 4. The exchange
This explains why the resulting pressure-induced shift of theanisotropy due to the orbital moments of thelectrons is
transition energy is small. The remaining discrepancy bepronounced in this case: the isotropic Heisenberg-type ex-
tween the experimental and calculated values is ascribed tochange alone appears to be completely incapable of explain-
small pressure-induced shift of the free ion levels, not takering the observed doublet splittingsTo account for these
into account in the above calculations. splittings one has to consider the complete Hamiltonian

120K
100
75
65
50 2
2 35 5
5 e
L 25 -
g ©
® 10 3
g 8
] 4.8 £
@ £
4]
I 3.3 g ab plane
= =
g
|_
5 g
[ ]
© [
o
o«
] ] 1
3800 3900 4000 4100
5860 5870 5880 Wave number, cm™’
-1
Frequency, cm FIG. 5. IR spectra of CF transitions in NdB2w,Og from the ground state
multiplet *l 5/, to the second excited multiplét 5, (ab and ac platelets at
FIG. 4. Nd,CuQ, IR transmission as a function of temperat(Ref. 16. 4.2 K). The filled circles and asterisks indicate strong and weak absorption

bands, respectively. See Ref. 24 for additional details.
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............... TABLE IV. CF parametergin cm™%) in Smy,,Ba,_,Cu;04 (Ref. 6 and
o™ Nd; . «Ba,_,CusOg (Ref. 5 obtained by an analysis of the IR spectsae

Reference P text).
Byq Dy, site C,, sSite
kq Sm Nd Sm
20 2825) 38028 —227
40 —2481(12) —295634) 24
44 130710 166425) —331
60 32112 526(15) —427
64 19316) 2021(10) 624

4. CRYSTAL FIELD STUDY IN RE ;4,Ba,_,Cus0g4 5
(RE=Nd,Sm)

In this Section we report a systematic study of CF tran-
sitions in NdBaCu;Og ., s (6~0) and Sm, ,Ba, _,Cu;0¢, 5
X(x=<0.01, x=0.03, 0.05, and 0.11;6~0) by IR
absorptior?*2® The transitions involving Kramers doublets
within the lowest-energ§l term and®H term in the Nd and

] 1 . 1 M Sm compounds, respectively, were determined. Examples of
4900 4950 5000 5050 these transitions are shown in Figs. 5 and 6. The large num-
Wave number, cm™ 1 ber of peaks in the experimental spectra indicates that there
exists more than one type of RE site. We observe that-the
EIG- BG- éRo Spectrta;] zgoocgosotragftions Gﬁa/zi;H;s/z()j in transitions are electric-dipole forbidden for the RE ions at
inrdnilga)l(te%lé trlgnseizignlg asiociated with Scm/Bans(:Jitee's. Seee EIE\’Sef'.e zsziggwe?dd{-egu'arD4h_symme”¥ sites in ideal .REB@%OG'
tional details. A phenomenological CF analysis of the IR dé$sc. 2,
including the neutron scattering data for the 9/2 multiplet
in NdBa,Cu;Og (Ref. 26, allowed identification and fitting
within the molecular field approximation describing the ex-of the CF spectra of Nd and Sm ions at regular sites. Detailed
change interaction of thef4electrons of an Nd ion with the CF calculations using the superposition model and a@he
magnetically polarized Cu sublatti¢é® initio method based on the density-functional theory de-

The perturbation single-ion Hamiltonian under consider-scribed in Sec. 2 indicatéthat additional bands in the IR

ation then includes, besides the standard CF tdgp from  spectra correspond to the REions in theC,,-symmetry Ba

Transmission, arb. units

1
4850

Eg. (1), an exchange terril gycp: sites. The sets of the CF parameters for regular as well as Ba
sites obtained using the above-mentioned methods are sum-
Heoye= — 22 aqu Tgk](i)s(i)-n, (4)  marized in Table IV.
k. [ Concluding this part, we note that the CF transitions at

wherea,, are the exchange parametef§d(i) are the irre- RE/Ba sites have been observed in all,RfBa, CusOq 5

ducible unit tensor operators which act on the orbital part oS@mples studied, including those witk- 0. This finding sup-

the Nd wave functions(i) is the spin of a Nd electron, and ports recent data indicating that the presence of a relatively

n is the spin of a Nd electron, andis the unit vector di- small quantity of the magnetic Pr ions at the Ba sites is the

rected along the magnetization of the Cu sublattice. Thergain reason for anomalous behavior of PyBe;O;, includ-

are six independent parameterg, in He,q, for Nd ions oc- N9 the suppression of superconductivity as well as the ap-

cupying the tetragonal symmetry sites inJ@diO; . pearance of the antiferromagnetic ordering in the Pr sublat-
A least-squares procedure has been utilized to fit thdice at a temperature at least one order of magnitude higher

splitting of the eight observed Kramers doublet splitiings ushan for other RE elements.

ing the above-mentioned perturbation Hamiltontaithe re- The assistance of the Grant Agency of the Czech Repub-

sults of the final fit are summarized in Table IlI; the COIe-}ic in the form of its grant No. 202/00/1602 is gratefully
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The optical and magneto-optic@¥O) spectra of the fernary compound UGué&re investigated

from first principles, using the fully relativistic Dirac linear-muffin-tin-orbital band structure
method and density-functional theory in the local spin-density approximation. Within a band-like
description of the 5 electrons, good agreement with the measured MO spectra is obtained.

The origin of the Kerr rotation in the compound is examined. 2@02 American Institute of
Physics. [DOI: 10.1063/1.1496663

1. INTRODUCTION with a high density of states and significaht>f oscillator
strengths for optical transitions. Thd 8elocalization favors

Actinide compounds occupy an intermediate position beigher magnetic ordering temperatures. In fact, many ura-
tween itinerant 8 and localized 4 systems,? and one of  nium compounds have ordering temperatures which are one
the fundamental questions concerning the actinide materialsrder of magnitude higher than those in similar lanthanide
is whether theilf states are localized or itinerant. This ques-compounds:*® Regarding the magnitude of the MO effects
tion is most frequently answered by comparison between excompared to rare-earth materials, an enhancement due to the
perimental spectroscopies and the different theoretical ddarger spin-orbit energy can be expected and is in part ex-
scriptions. Optical and magneto-optiddlO) spectroscopy, perimentally verified:*® For actinide compounds the figure
like photoelectron spectroscopy and bremsstrahlung isochraf merit \/R(62 + £2), whereR s the optical reflectivity and
mat spectroscopy, supply direct information about the energy, and s, are the Kerr angle and Kerr ellipticity, respec-
states (both occupied and unoccupiedround the Fermi tively, is one order of magnitude larger than for the best
energy and can provide a means of discrimination betweertransition or rare-earth compountiBesides the issue of ra-
the two theoretical limits. dioactivity (minimal for depleted uraniuma hindrance for

Intensive experimental and theoretical study over moresuccessful application of actinide compounds in storage de-
than two decadés® has revealed thatfsmagnetism is quite  vices is that the typical Curie temperatures are below room
complex because Coulomb, spin-orbit, crystalline field, andemperature. This is not a fundamental problem, and can
exchange energies inf5systems are of the same order of probably be overcome by suitable alloying.
magnitude. Today it is well established that many unusual  For actinide materials much of the MO experimental ef-
physical properties of the light actinide metals are a reflecfort up to now"® has been focused on binary UX NaCl-type
tion of the particular nature of thef%lectrons. Fried&lpro-  uranium chalcogenides (XS,Se,Te) and pnictides (X
posed many years ago that the bonding in these materiats P,As,Sb), uranium compounds; X, (X=P,As) with the
must involve the % electrons. The argument forf ®onding  ThyP, crystal structure, and some ternary compounds such as
can be understood as a consequence of the extended natlAsTe, the tetragonal compounds UGuhd UCuAs, and
of the 5f wave function relative to the rare-earti dvave  the hexagonal compounds Uy, UMn,Si,, and
functions. This causes them to form in bandlike stafes. UMn,Ge;.

The itinerant nature of thefbelectrons in the light ac- There are quite a few first-principle calculations of the
tinide metals is well knowf.Their electronic structure and MO spectra of uranium compounds.?2The MO spectra of
optical properties is well described by local spin-density apsuch compounds as UAsSand U;P, (Refs. 20 and 2Pare
proximation(LSDA) band structure calculatiod$?0On the  well described in the LSDA, and we can conclude that they
other hand, the decreasifdpand width(W) and the increas- have at least partially itinerant electron behavior. On the
ing intra-atomic Coulomb energy) results in a Mott local-  other hand the MO spectra in US, USe, and UTe can be well
ization between plutonium and americidit®**and the cor-  described only in the LSDA U approximatioA' supporting
relation effects are not properly described in the LSBYA.  the localized description for theirfSelectrons.

Actinide compounds are excellent subjects for MO re-  In the present work we report a detailed theoretical in-
search. The participation of thef Sstates in bonding is re- vestigation of the electronic structure and the optical and MO
flected in strongly hybridized bands near the Fermi levelKerr properties of the ternary compound UGuH he paper

1063-777X/2002/28(7)/6/$22.00 533 © 2002 American Institute of Physics
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is organized as follows. The computational details are ex-

— O w
plained in Sec. 2. Section 3 presents the theoretical electronic g, (w)+iex(w)= o) , (4)
structure and MO spectra of UCuPThe results are then Ari
compared to the experimental data. Finally, the results are oxx(@) \/ 1+ Ta'xx(w)

summarized in Sec. 4.
where 6y is the Kerr rotation anéy is the so-called Kerr
ellipticity. o,5(e,8=X,y,2) is the optical conductivity ten-

> THEORETICAL FRAMEWORK sor, which is related to the dielectric tensgy, through

Using straightforward symmetry considerations it can be & ,5(w)= 0,5+ 41Iaaﬂ(w). 5)
shown that all MO phenomena are caused by the symmetry @
reduction—compared to the paramagnetic state—caused by The optical conductivity tensor, or equivalently, the di-
magnetic ordering® Concerning the optical properties this electric tensor is the important spectral quantity needed for
symmetry reduction only has consequences when spirthe evaluation of the Kerr effedt. The optical conductivity
orbital (SO) coupling is considered in addition. To calculate can be computed from the energy band structure by means of
the MO properties one therefore has to take into account ththe Kubo—Greenwodd linear-response expressioh:
magnetism and SO coupling while at the same time dealing

with the electronic structure of the material considered. In —_ ie?

performing the corresponding band structure calculations it Tap() M AV

is normally sufficient to treat the SO coupling in a perturba- F(em) —f(en) I (OTTE, (k)

tive way. A more rigorous scheme, however, is obtained by xS Enk En'k) “'n'n 2

starting from the Dirac equation set up in the framework of K o wnp (K) 0= ony(K)+iy

relativistic spin density functional theofy}: (6)
[cap+ Bmc+ IV + Vs pB0] k= &k ¥k » (1)  Wheref(eny) is the Fermi functionfi w,n (K)=en— ey is

the energy difference of the Kohn—Sham energigs andvy
with Vg,(r) the spin-polarized part of the exchange-is the lifetime parameter, which is included to describe the
correlation potential corresponding to thquantization axis. ~finite lifetime of excited Bloch electron states. TH¢ , are
All other parts of the potential are contained\ifr). The  the dipole optical transition matrix elements, which in a fully

4X 4 matricesa, B, andl are defined by relativistic description are given by:
0 o 1 0 1 0 P (K)=ma( il cal i), (7
| & o)' B= ( o -1/ "lo 1)' @ where . is the four-component Bloch electron wave func-
tion.
whereo represents the standard Dirac matrices, Aiglthe Equation(6) for the conductivity contains a double sum
2X 2 unit matrix. over all energy bands, which naturally separates into the so-

There are quite a few band structure methods availabléalled interband contribution, i.en#n’, and the intraband
now that are based on the above Dirac equaidn.the first ~ contribution,n=n’. The intraband contribution to the diag-
scheme the basis functions are derived from the proper sol@nal components ofr may be rewritten for zero temperature
tion to the Dirac equation for the various single-site as
potentials?®?’ In the second one, the basis functions are ob- (0. )2 i
tained initially by solving the Dirac equation without the o'aa(w)5¢ —
spin-dependent terffi 3° and then this term is taken into 4m  wtiyp
account only in the variational stép332In spite of this  where wp are the components of the plasma frequency,
approximation used, the second scheme nevertheless givggich are given by
results in very good agreement with the first Shayhile A
being very simple to implement. 2 T _ a2

Phenomenologically, optical and magneto-optical prop- (@p.0)"= mZVuc% Sen—Ee) Tnnl" ©
erties of solids are treated by means of a dielectric tensor. . . .
The dielectric tensor is composed of the diagonal componenatdeF Is the Fermi energy. For cubic symmetry, we further-

: : more havew?=w? ,=w? =w> ,. Equation() is identical
ande,, and the off-diagonal componeat, in the form p— Tpx Py TP,z o .
Exx Ezz 9 P by to the classical Drude result for the ac conductivity, with

®

e e 0 vp=1lTp, where rp is the phenomenological Drude elec-
ey tron relaxation time. The intraband relaxation time parameter
e=| &y &y 0| ) vp mMay be different from the interband relaxation time pa-
0 0 &, rametery. The latter can be frequency depend&rand, be-

cause excited states always have a finite lifetime, will be
In the polar geometry, where tteaxis is chosen to be nonzero, whereagp will approach zero for very pure mate-
perpendicular to the solid surface and parallel to the magneials. Here we adopt the perfect crystal approximation, i.e.,
tization direction, the expression for the Kerr angle can beyp— 0. For the interband relaxation parameter, on the other
obtained easily for small angles and is given®by: hand, we shall use, unless stated otherwjse(.4 eV. This
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value has been found to be on average a good estimate of

this phenomenological parameter. The contribution of intra- QQ\\—O—F
band transitions to the off-diagonal conductivity usually is
not considered. Also, we did not study the influence of local

field effects on the MO properties. . .

We mention, lastly, that the Kramers—Kronig transfor- .

mation has been used to calculate the dispersive parts of the I o
optical conductivity from the absorptive parts.

3. CRYSTAL STRUCTURE AND COMPUTATIONAL DETAILS p . u

Self-consistent energy band-structure calculations of o ® *
UCuR, were performed by means of the fully relativistic, I OCu
spin-polarized linear-muffin-tin-orbitdEPR LMTO method
using the atomic sphere approximation with combined cor- |
rections included®?°~32The LSDA part of the energy band O | O or

structure calculations were based on the spin-density-
functional theory with von Barth—Hedin parameterizatfon |
of the exchange-correlation potential. Core charge densities .|°2
were recalculated at every iteration of the self-consistency 6 .

loop. Thek-space integrations were performed with the im- ®
proved tetrahedron meth&idand the charge was obtained o |
self-consistently with 349 irreducibl& points. The basis d
consisted of s, p, d, f, andg; Cus, p, d, andf; Ps, p, and OO O

d LMTOs. The energy expansion parametBrg, were cho-

sen at the centers of gravity of the occupied parts of the

partial state densities; this gives high accuracy for the charge ®
density. . . .

UCuR, belongs to the layered tetragonal ZgAlype
crystal structurdFig. 1) with the space group I4imm(No.
139 with U at the 4 position, Cu at the & position, and P —O/G/
at the £ and 4e positions. The phosphorous atoms have two —O0—
nonequivalent positions: the plane with &oms is situated
between uranium planes, while the plane containing the P
atoms lies between uranium and copper plaiseg Fig. L

The lattice constants ara=3.803 A, c=18.523 A (Ref. jicyjar to thec axis. Although UCUP has a lower uranium
40). The corresponding BnI!oum zone is shown in Fig. 2. concentration in comparison with UX and;X), (X=P,As)
The unit cell of UCUR contains 8 atoms. compounds, its Kerr rotation reaches 1(Bef. 45.

The fully relativistic spin-polarized energy band struc-
4. RESULTS AND DISCUSSION ture of ferromagnetic UCuR shown in Fig. 3, is rather com-

. - _ Iplicated. It may, however, be understood from the total and
. The uranium p_”'c“de _ternary compounds W'th_ Copper o partial density of stateOY9) presented in Fig. 4. The bands

nickel crystallize na high-symmetry structure: UGUP in the lowest region betweer-13.4 and—7.2 eV have
UCuAs, and UNiAg azre tetragonat and. UCyP, and mostly a Ps character with some amount of U and 6pd
UCUZAS? are hexagonei‘l. The U-Cu_ ternan_es order ferro- character mixed in. The energy bands between2 and
magnetlcally, in contrast to the U-Ni ternarles, which are aII_O_4 eV are P B states strongly hybridized with the Cul3
antlferromageeté.The magnetic ordering temperatures are,nd U & states. There is a quasi-gap betwees &d p
among the highest known so far for uranium compounds

. . states. The Cu @ states are fully occupied and situated
reaching 216 K _for UC4P, (Ref. 43' Th_e magnetic and around 5.0 eV below the Fermi level. The W Bnergy bands
transport properties of UCyRvere investigated by Kaszo-

. . . are located above and beldwy at about—0.4 to 3.0 eV. The
rowski et al** on single-crystal specimens. They found that &

. . ; highest region above the Fermi energy can be characterized
the compound is ferromagnetic below 75 K, with a sponta- g g 9y

neous magnetic moment of 0.9&,, and in the magnetically
ordered region it exhibits large magnetocrystalline anisot-
ropy constants. The electrical resistivity of UGUBt low
temperature behaves @$, while in the temperature range
aboveT the observed negative slope @f T) may point to
Kondo lattice behavidt

The energy dependence of the Kerr rotation and elliptic-
ity of UCuP, have been measured by Funagatlial*® The
measurements were done on a natural grown surface perpen- FIG. 2. Brillouin zone of tetragonal UCyP

FIG. 1. Crystal structure of tetragonal UCUP
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FIG. 3. Self-consistent fully relativistic, spin-polarized energy band struc-
ture and total DOSin statedfunit cell eV)] of UCuUPR,.

as anti-bonding U @ states. It is interesting to note that the
3p partial density of states for,Pand B sites differ from
each other significantly. This reflects the different positions
for the two phosphorus atoms. As we mentioned above, the
plane with B atoms is situated between uranium planes,
whereas the plane with,Ratoms lies between uranium and
copper planesgsee Fig. 1 The B atoms have as neighbors
four P, atoms at a distance of 2.688 A and four uranium
atoms at 2.793 A. On the other hand, thea®oms have four
Cu neighbor atoms at a distance of 2.423 A and four uranium
atoms at 2.898 A. As a result, thep Partial density of states
for the R site has one peak structure for occupied states,
reflecting strong hybridization between the 3 and U &
states, whereas thegJoartial density of states for the, Bite

has two peaks due to the hybridization of B states with
both Cu 31 and U & states.

After consideration of the above band structure proper-
ties we turn to the MO spectra. In Fig. 5 we show the calcu-
lated and experimenf&IMO Kerr spectra of UCup. There
exists rather good agreement between the experimental Kerr
spectra and thab initio LSDA calculated one. Overall, the
experimental features are reasonably well reproduced, except
the theoretically calculated spectra have sharper features in

Horpynyuk et al.

e

theory
s o o experiment

Energy, eV

2
10
40l N(E) ur R P
20} 5
0 ] O ! 0 i
8 Cud 1 Ud 1 Bp
6
4
2
0l 0 - Ol s
0.6 Cuplga up 1 R s
o.sl onkM
o LMY LA
0.6 Cu s|0.4 Us| 4 B s
0.3 L 0.2 2
o s | ol I o)
-0 0 10 -10 0 10 -10 0 10
Energy, eV Energy, eV Energy, eV

FIG. 4. Fully relativistic, spin-polarized totéin statesfunit cell eV)] and

partial densities of stateén statesjfatom eVf] calculated for UCup.

FIG. 5. Calculated and experimerffakerr rotation () and Kerr elliptic-
ity (ex) spectra of UCup as well as the theoretically calculated off-
diagonal optical conductivity,, and function IfiwD] ™! (see the explana-
tion in the texj.

comparison with the experimentally observed spectra. There
is also a small red energy shift by about 0.1 eV in the posi-
tion of the main Kerr rotation and ellipticity peaks in com-
parison with the experiment. We can conclude, therefore, that
the spectral behavior of the MO Kerr spectra in UGu#
well described by LSDA band-structure theory.

To investigate the origin of the Kerr spectra, we consider
the separate contributions of both the numerator of (Bp.
ie., Oy @) and the denominator, D(w)
=01+ (47ilw)oy. In Fig. 5 we show how the separate
contributions of numerator and denominator bring about the
Kerr angle and Kerr ellipticity of UCuR The imaginary
part of the inverse denominatdtimes the photon fre-
quency, ImlwD] %, displays a strong resonance structure at
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TABLE I. The experimental and LSDA calculated spin, orbital and total *E-mail: anton@caskad.imp.kiev.ua; Permanent address: Institute of Metal
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The spectrum of boson fields and two-point correlators are analyzed in a quantum bar system
(a superlattice formed by two crossed interacting arrays of quantum)wiviéh a short-

range interwire interaction. The standard bosonization procedure is shown to be valid, within the
two-wave approximation. The system behaves as a sliding Luttinger liquid in the vicinity

of the I point, but its spectral and correlation characteristics have either 1D or 2D nature
depending on the direction of the wave vector in the rest of the Brillouin zone. Due to

the interwire interaction, unperturbed states propagating along the two arrays of wires are always
mixed, and the transverse components of the correlation functions do not vanish. This

mixing is especially strong around the diagonals of the Brillouin zone, where the transverse
correlators have the same order of magnitude as the longitudinal one800® American Institute

of Physics. [DOI: 10.1063/1.1496664

1. INTRODUCTION special case of 2D grid where the crossed wires are coupled
by tunneling interaction is considered in Refs. 4 and 10.
Diverse D—1 dimensional objects embedded in In the present paper, a different course is elaborated. We

D-dimensional structures were recently investigated experiask the question of whether it is possible to encbdth 1D
mentally and analyzed theoretically. Rubbers and variousind 2D electron liquid regimes in the same system within the
percolation networks are examples of such disorderedame energy scalén order to unravel the pertinent physics
D—1 objects, whereas self-organized stripes in oxicupratesye consider a grid witha short-range capacitive interwire
manganites, nanotube ropes, and quantum Hall systems &fgeraction This approximation might look shaky if applied
examples of orderedperiodig structures of this kind. In  for crossed stripe arrays in the cuprates. On the other hand, it
some cases, the effective dimensions of such structures magems natural for 2D grids of nanotube! or artificially

be intermediate, e.g., betweéh=1 andD=2. They are fabricated bars of quantum wires with grid periods,
especially promising candidates for studying novel electroniavhich exceed the lattice spacing of a single wire or the di-
correlation properties, which, in particular, are relevant forameter of a nanotube. It will be shown below that this inter-
the search of Luttinger liquid_L ) fingerprints in two dimen-  action can be made effectively weak. Therefore, such a quan-
sions. This challenging idea is motivated by noticing someum bar (QB) retain the 1D LL character for the motion
unusual properties of electrons in Cu-O planes in high- along the wires, similarly to the case considered in Ref. 8. At
materialst However, the Fermi liquid state seems to bethe same time, however, boson mode propagation along the
rather robust in two dimensions. In this respect, a 2D systerdiagonals of the grid is also feasible. This process is essen-
of weakly coupled 1D quantum wire€' looks promising. tially a two-dimensional one, as are the shape of the Bril-
Indeed, a theoretical analysis of stable LL phases was rdeuin zone and equipotential surfaces in the reciprocal QB
cently presented for a system consisting of coupled paralldhttice.

quantum wires " and for 3D stacks of sheets of such wires Before developing the formalism, a few words about the
in parallel and crossed orientatiohn most of these cases, main assumptions are in order. Our attention here is mainly
the interaction between the parallel quantum wires is asfocused on charge modes, so it is assumed that there is a gap
sumed to be perfect along the witeyhereas the interaction for spin excitations. Next, we are mainly interested in elec-
between the modes generated in different wires depends ontyonic properties of QBs which are not related to simple
on the interwire distance. Along these lines, generalization otharge instabilities like commensurate CDWSs, so that the
the LL theory for quasi-2D(and even 3D systems is re- (for simplicity equal periodsa;=a,=a are supposed to be
ported in Ref. 8, where the interaction between two crossethcommensurate with the lattice spacing. The Brillouin zone
arrays of parallel quantum wires forming some kind of a(BZ) of the QB superlattice is two-dimensional, and the na-
network depends on the distance between points belonginre of excitations propagating in this BZ is determined by
to different arrays. As a result, the grid of crossed array8ragg interference of modes with the superlattice wave vec-
retains its LL properties for propagation along both subsetsor. This interferencéumklapp processess, of course de-

of parallel wires, whereas the cross-correlations remain norstructive for LL excitations with both wave vector compo-
singular. This LL structure can be interpreted as a quantuments close to multiple integers @=2=/a. However, in
analog of a classical sliding phases of coupttchains’ A case of weak scattering, only two-wave interference pro-

1063-777X/2002/28(7)/8/$22.00 539 © 2002 American Institute of Physics
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FIG. 1. Square quantum bars formed by two interacting arrays of parallel -—kF
quantum wirese;, €, are the unit vectors of the superlattice.
cesses near the boundaries of the BZ are significant. One can
then hope that the harmonic boson modes survive in the
major part of the BZ, and that the Hamiltonian of the QB

might still be diagonalized without losing the main charac-Fic. 2. Fermi surface of square metallic quantum bars in the absence of
teristic features of the LL physics. charge transfer between wirag., g, are the unit vectors of the reciprocal
superlattice.

2. QUANTUM BARS: BASIC NOTIONS

Quantum bars may be defined as a 2D periodic grid, i.e.square superstructure. However, one cannot resort to the
two crossed periodic arrays of 1D quantum wires with astandard basis of 2D plane waves when constructing the
period a=(a,&). In fact these arrays are placed on two eigenstate with a given wave vectorin the BZ because of
parallel planes separated by an interplane distdhbet in  the kinematic restrictions mentioned above. Evemadmin-
this section we consider QB as a genuine 2D system. Thteractingarrays of quantum wires the 2D basis is formed as
arrays are oriented along the unit vecteys with an anglep ~ a superposition of two sets of 1D waves. The first of them is
between them. Here we consider a square ggd-(/2)  a set of 1D excitations propagating aloegchwire of the
formed by identical wires of length with basis vectors first array characterized by a unit vectioye; with a phase
=aeg, j=1, 2 (Fig. 1. The interaction between the excita- shift ak, between adjacent wires. The second set is the simi-
tions in different wires is assumed to be concentrated nedar manifold of excitations propagating along the wires of the
the crossing points with coordinatesn;a;+nj,a,  second array with a wave vectkge, and phase shifaks.
=(n,a,n,a). The integers; enumerate the wires within the The states of equal energy obtained by means of this proce-
jth array. Such interaction imposes a superperiodicity on thelure form straight lines in the 2D BZ. For example, the QB
energy spectrum of initially one-dimensional quantum wiresFermi surface developed from the pointkg for an indi-
and the eigenstates of this superlattice are characterized byvaual quantum wire consists of two sets of linds J
2D quasimomentumy=0;0; +J,9,=(0d;,0,). Hereg,;,are  =kg. Accordingly, the Fermi sea is not a circle with radius
the unit vectors of the reciprocal superlattice satisfying thekg like in the case of free 2D gas, but a cross in khgane
standard orthogonality relationsg (g;)=&;;. The corre- bounded by these four lindgsee Fig. 2 Of course, these
sponding basis vectors of the reciprocal superlattice have thequipotential lines describe the 1D excitations in the BZ of a
form (m;Q,m,Q), whereQ=2=/a andm, , are integers. QB.

In conventional 2D systems, forbidden states in recipro-  Due to weakness of the interwire interaction, the excita-
cal space arise due to Bragg diffraction in a periodic potentions in the 2D BZ depicted in Fig. 3 acquire genuine two-
tial, whereas the whole plane is allowed for wave propagadimensionality characterized by the quasimomentgm
tion in real space, at least until the periodic potential is weak=(q,,0,). However, in case of weak interaction the 2D
enough. In sharply anisotropic QBs most of the real space iwaves constructed from the 1D plane waves in accordance
forbidden for electron and plasmon propagation, whereas theith the above procedure form an appropriate basis for the
Bragg conditions for the wave vectors are still the same as idescription of elementary excitations in QB in close analogy
conventional 2D plane modulated by a periodic potentialwith the nearly free electron approximation in conventional
The excitation motion in QBs is one-dimensional in the ma-crystalline lattices. It is easily foreknown that the interwire
jor part of the 2D plane, and the anisotropy in real spacenteraction does not completely destroy the above quasimo-
imposes restrictions on the possible values of the 2D coordimentum classification of eigenstates, and the 2D reconstruc-
natesx=(Xy,X»). At least one of them, e.gx, should be an tion of the spectrum may be described in terms of wave
integer multiple of the interwire distan@e so that the coor- mixing similarly to the standard Bragg diffraction in a weak
dinatex=(xq,n,a) characterizes the point with the 1D co- periodic potential. Moreover, the classification of eigenstates
ordinatex, lying at then,th wire of the first array. of noninteracting crossed arrays of 1D wigsmpty super-

The 2D Brillouin zone of a QB is constructed as an lattice”) may be effectively used for the classification of en-
extension of the 1D Brillouin zones of two crossed arraysergy bands in a real QB superlattice. Our next step is to
and subsequent folding of this BZ in accordance with theconstruct a complete 2D basis for this empty superlattice.
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g, 3. HAMILTONIAN
/2 B
/ 3 2 The full Hamiltonian of the QBs is
4 A H=H;+Hy+H;y, (6)
-Q/2 0 Q/2| g, whereH; describes the 1D boson field in thth array
L2
2 Xm gwi(xl,nza)
ny -

-Q/2

1
FIG. 3. Two dimensional Brillouin zone of a square QB. The three direc- + = (dy, 01(Xyq, nza))z],
tions along which the dispersion of Bose excitations is calculated in Sec. 5 g .

are marked by the indicek 2, 3.

hv L/2
Ho=—% 2> J dx2{gw§<n1a, X)
ng J-L/2

Due to LL nature of the excitations in a given wire, they
are described as plane waves*?exp(kx) with wave num- + = (0, 0,(nqa, x2))2],
berk and initial dispersion lavw,(k) = v|k|. Each excitation g =
in a corresponding “empty superchain” is described by its
quasi-wavenumbey and the band numbgr(p=1, 2,...). Its
wave function has the Bloch-type structure

and (¢;,;) are the conventional canonically conjugate bo-
son fields(see, e.g., Ref. 23The Fermi velocities; ,=v
and the LL parameterg, ,=9 are taken to be the same for
both arrays. Generalization to the case of different param-

Pp.q(X)= \/_e' *Up o(X) (1)  etersy;, g;, g is straightforward.
The interwire interaction results from a short-range con-
with the Bloch amplitude tact capacitive coupling in the crosses of the bar,
o0 L/2
Upg0= S S'”g“xcowp—l)fn]exp(—4i§n3), Hom S | dxdxVi—nsa, nja—xy)
[ Q ny,np J—L/2
X X p1(X1, N2a)po(N1d, X3).
=313 —n).
Here p;(r) are density operators, andr,—r,) is a short-
The corresponding dispersion law,(q) has the form range interwire interaction. Physically, it represents the Cou-
lomb interaction between charge fluctuatioes(x/rg),
2(-1)P 2m(2n+1) s(0)=1 around the points;=(X;,n,a) andr,=(n;a,xy).

1
(UQ) 1wp(q) p +2 ’772(2n+1)2COS Q

n=1 The size of these fluctuations is determined by the screening

- , L ) radius ro within the wire. One may neglect the interwire
Within the first BZ of a superchairig|<Q/2, expressions tunneling and restrict oneself to the capacitive interaction
for the Bloch amplitude and dispersion law are s;ubstantlallyomy provided the vertical distance between the wideis

simplified: substantially larger than the screening radiys Therefore
the interaction has the form

Up,q<><)=<-:‘xp{iQX(—1)pl g sgnq}, vl

0 X1 X2
V —_ P —
|q|) (N=7 (ro'ro)'

0 ()
where the functionb (&£1,&,) is
The 2D basis of periodic Bloch functions for an empty

superlattice is constructed in terms of the 1D Bloch functions s(£1)s(&y)

(1)1 (2) (I)(§11§2): > . (7)
lI,p,q’,q(r): l//p,ql(xl)(//p’,qz(xz)- (4) \/l+ v (fi“‘ g%)

Herep, p’ =1, 2,..., are the band numbers and the 2D quasi-

momentumg=(q;,q,) belongs to the first BZ|q;|<Q/2. It is seen from these equations thht(£;,£,) is an even

The corresponding eigenfrequencies are function of its arguments; it vanishes fo¢; J=1 and is
normalized by conditionP(0,0)=1. The effective coupling

wpp'(q):wp(q1)+wp’(QZ)- ) strength is

We will use this basis in the next Section when constructing )

the excitation spectrum of QBs within the reduced band _2e

scheme. '

wp(q)=1Q +( 1Pt
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In terms of boson field operato#s, the interaction is written  where

as 2R, g€?

L/2 X;—Nia Nya—X, Ve=— . (13
Hint:VO E XmdXZ(b( ro y d fLU

ni.ny J—L/2

r
0 The first factor is about 0.35. The second one, which is

xaxlel(xl, nza)&xzez(nza, X5). nothing but the “fine structure” constant for the nanotube
) ) QBs, can be estimated as @we used the valued= 1/3 and
In the quasimomentum representatiéh, (1), (2) the ,_gx 1¢7 cm/s [Ref. 11)). Therefores is approximately

full Hamiltonian (6) acquires the form equal to 0.1. The modulus of the matrix eleméht) with
hug the exponential form of/(&¢)=exp(—|&) does not exceed
E E 2 wquw,pq unity, so that the interactiofll) is really weak.

The smallness of dimensionless interactignenables
one to apply perturbation theory. In this limit, the systematics

E 2 2 Wipip qﬁquﬁj b’ (8 of unperturbed levels and states is grossly conserved, at least
2uga” =1 pp’ in the low-energy region corresponding to the first few
with matrix elements for interwire coupling given by bands. This means that they should be described by the same
quantum numbergarray number, band number, and quasi-
Wipj’p'q= @ipa®; pral jj+ Sppr + Pipjpra(1 = 8jj 1) |- momentun). Indeed, as follows from the unperturbed disper-
Here sion law (9), the interband mixing is significant only along
the high-symmetry directions in the first BBZ boundaries
wquzwp(qj):v( g Q+(—1)P* g ) (99 and Iingsgi=0). In the rest of' the BZ thig mixing can.b.e
taken into account perturbatively. The interarray mixing

are eigenfrequencig8) of the “unperturbed” 1D mode per- Within the same energy band is strong for waves with quasi-

taining to an array'l, bandp, and quasimomentumjgj . The momenta close to the diagonal of the BZ. AWay from the
coefficients diagonal, it can also be calculated perturbatively.

5 For quasimomenta far from the BZ diagonals and high-
gVoro symmetry directions, and in second order of perturbation
hva theory, the above-mentioned canonical transformation results

(100 in the following renormalized field operators for the first

¢jpj’p’q: d(— 1)p+p’ Sgr(qqu)(Djpj’p’q(b:

are proportional to the dimensionless Fourier component ofiffay-

the interaction strengths, 5 1
_ Hlpq:(l_iﬁpq)elpq+2 bopraf2pra; (14)
cDlpzp’q:j dé1dE,D (&, &) e Molréataats) P’
where
XU;,ql(rofl)U;r’qz(rofz):(DZp’lpq- 1Y ¢1p2p 4@ 1pq®2p'
The Hamiltonian(8) describes a system of coupled har- Pppa= w%pq—wgp,q

monic oscillators, which can be exactly diagonalized with

the help of a certain canonical linear transformatioote ~ and

that it is already diagonal with respect to the quasimomen-

tumaq). The diagonalization procedure is, nevertheless, rather  B,,= E ¢>pp q (15
cumbersome due to the mixing of states belonging to differ-

ent bands and arrays. However, it will be shown below thage|ow, the specific values of these coefficients

the dimensionless interaction parametefl10) is effectively

weak, and a perturbation approach is applicable. bpq=P1pq> (16)

$q= P1q= P19, (17)
4. MAIN APPROXIMATIONS
’ 2
Brg= 2 Popa (18
p'#p

As was mentioned in the Introduction, we consider rar-

efied QBs with a short-range capacitive interaction. In the
case of QBs formed by nanotubes, this is a Coulomb interwill also be used. The renormalized eigenfrequencies for the

action screened at a distance of the order of the nanotufést array are

radius® Ry, and therefore ;~R,. The minimal radius of a
single-wall carbon nanotube is abdRg=0.35—0.4 nm(see B2 0q= wipg| 1+ 2 ypprq> : (19
Ref. 15. The intertube vertical distanakin artificially pro- P’
duced nanotube networks is estimatedias2 nm!? There- | here
fore the dimensionless interactigh(10) can be estimated as ,
R0 _ ¢1p2p "q®2p'q
p~Ne—— (12 Yop'a=~ 2 _ 2 -
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Corresponding formulas for the second array are obtained by @
replacing —2p, and 1p’'—2p’. 0.75
Consider now the frequency correction in E&9) more ~
attentively. In the case under consideration, all terms in Eq.
(19) are nonsingular. Then, away from the BZ boundary 050k > b ¢
(l9|<Q/2) the following estimate is valid: THlodg b
0.4 ; .
w2 92 0.49 0.50
e 140 i’ ,
wjzpq— wiz/ 1q (PQ) 0.25
(1,i)=(12,(2D; p>1. 2
Therefore, the correction term can be estimated approxi- 0 09 0503 04 0E

2 .
mately aswi;qSy, with a,/Q

2 R(Z) 9 FIG. 4. The energy spectrum of QBolid lineg and noninteracting arrays
qu E ¢11mq= € az 2 q)llzpq- (20 (dashed lingsfor quasi-momenta at liné of Fig. 3 (9,=0.2q,). Pointsa,
p p b, c on the figure correspond to the poiAtat the BZ boundary. Inset:

Due to the short-range character of the interaction, the matrig°°™ed vicinity of the pointi; /Q=0.5; ©=0.5.

elementsb ;5,4 vary slowly with band number, being of the

order of unity forp<pp.—aR,, and decrease rapidly for for the exponential form of(&)cexp(-|g) is ~1.5. As a

P>Pmax- Therefore, the right-hand side in EO) can  result, instead of the preliminary estimd®y), we have
roughly be estimated as

Ro
Sq_8320'1§<1' (21
Thus the correction term in E@19) is in fact small.
One should also remember that the energy spectrum of nano-
tube remains one-dimensional only for frequencies smalles. ENERGY SPECTRUM
than somew,,. Therefore, an external cutoff arises @t

=ak,,, wherek,~w,/v. As a result, one gets the estimate In the major part of the BZ, for quasimomenjdlying

far from the diagonal, the spectrum is described by EG®,
Ro (19). Here each eigenstatd4) mostly conserves its initial
Sq_agkaO- (22) systematics, i.e., belongs to a given array, and mostly de-
pends on a given quasimomentum component. The corre-
Hence, one could hope to gain here an additional power o§ponding dispersion law&l9) remain linear, being slightly
the small interaction radius, but for nanotubks,is of the  modified near the BZ boundaries only. The main changes are
order of 1R, (see Refs. 11 and 1@nd the two estimates therefore reduced to a renormalization of the plasmon veloc-
coincide. ity. In Fig. 4 the dispersion curves, corresponding to quasi-
For quasimomenta close to the BZ center, the coefficiengnomenta varying along ling of Fig. 3, are plotted in com-
S, can be calculated exactly. Due to smoothness of the Masarison with those for noninteracting arrayk all figures
trix elementse 124 With respect to the band numbprthe  \ithin this Section we use the units=Q=v=1.) In what
sum overp in Eg. (20) can be replaced by an integral over follows we use thej,p) notation for the unperturbed boson
the extended BZ with wave vect&rwhose components are propagating along th¢th array in thepth band. Then the

K=a+s N(=1)Pi* 1 p:./210. 23 lowest curve in Fig. 4 is, in fact, the slightly renormalized
j=8j+sgria)(— R pi/2]Q @3 dispersion of a(2,1) boson, the middle curve describes a
For |q|<Q/2 one getgS,|<|Sy|, where (1,2) boson, and the upper curve is the dispersion ¢f,3)
R2 (e boson. The fourth frequency, corresponding 1@ &) boson,
So= &M f dkd2(K) is far above and is not displayed in the figure. It is seen that
2ma ) o the dispersion remains linear along the whole llrexcept in

the nearest vicinity of the BZ boundafgee inset in Fig. #
The interband hybridization gap for the bosons propagat-
ing along the first array can be estimated as

and

(k)= f dé;dé,d (£, £5)e 0k,

)
. . Awio~vQe —.
Finally, one obtains 1270Q¢ 5

Similar gaps exist near the boundary of the BZ for each odd

So=s<b§?o, (24) and next even energy band, as well as for each even and next
odd band near the lineg;=0 or g,=0. The energy gap
where the constant between thepth and (p+ 1)-th bands is estimated as

r
cpé: f déd&dé,D(€1,E)D(€7,8) Awppi1~vQe Eoo(pil)'
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FIG. 5. Upper panel: The energy spectrum of @Blid lineg and nonin-
teracting array$dashed linesfor quasi-momenta at the BZ bounddtine
2 in Fig. 3). Pointsd, e, f in the figure correspond to the corrigof the BZ.

Lower panel: Zoomed vicinity of the line=0.5.

For large enough band numbeprinteraction is effectively
suppresseds;p,,r— 0, and the gaps vanish.

Dispersion curves corresponding to quasi-momenta ly
ing at the BZ boundarg;=Q/2, 0<q,<Q/2 (line 2 in Fig.
3), are displayed in Fig. 5. Again, the dispersion laws ar

near the corner of the BZ. The lowest curve describes th
dispersion of thg2,1) wave. Its counterpart in the second
band(2,2) is described by the highest curve in the figure. In
the zero the approximation, two modeg1) propagating

along the first array are degenerate with unperturbed fre-

guency w=0.5. The interaction lifts the degeneracy. The
lowest of two middle curves corresponds to theu)lboson,
and the upper of them describes thed)L pboson. Here the
indicesg, u denote a boson parity with respect to the trans
position of the band numbers. Note that theg{lboson
exactly conserves its unperturbed frequency0.5. The lat-

ter fact is related to the square symmetry of the QBs. Thé

pointsa, b, ¢ in Figs. 4 and 5 are the same.

Now consider the dispersion of modes with quasi-
momenta on lin& in Fig. 3. We start withg not too close to
the BZ cornemg;=q,=Q/2. In this case, the initial frequen-
cies of modes belonging to the same band coinciag,,
= wypg=wpq - Therefore the modes are strongly mixed:

1 1
agpng(l_ Eﬂpq)(‘92pq+ O1p)

1
—— 2 (bprpabipra— bpprabapa); (25
‘/ip’ip p'pa¥lip’q pp'a¥Zp’q
~ 1 1
eupng 1= 5 Bpq| (02pg~ O1pq)
1
v > (bprpgBiprat Poprqfapa)- (26)

p'#p

5
nearly linear, and deviations from linearity are observed onl);1

Kuzmenko et al.

0.50

0.25

FIG. 6. The energy spectrum of QBolid lineg and noninteracting arrays
(dashed linesfor quasi-momenta on the diagonal of the Bifie 3 in Fig.
3). Pointsd, g, f in the figure correspond to cornBrof the BZ.

The corresponding eigenfrequencies are shifted from
their bare values

. (27)

~2 _ 2
Dgpg = Ppqg

1+ ¢1p2pqgt E Ypp'q
p'#p

~2 _ 2
@upg= @pg| L~ P1p2pg T % Yop'ql- (28)
p'#p

In zeroth order of perturbation theory, the modgs), (26)
have a definitg-parity with respect to transposition of array
umbersj =1, 2. Due to the repulsive character of the inter-
ction, the odd modesu(p), p=1, 2, (26) correspond to
ower frequencie$28) and the even moddg,p) (25) corre-
spond to the higher ond27). The dispersion curves at the
BZ diagonal are displayed in Fig. 6. The pointse, andf in
Fig. 6 are the same as in the Fig. 5.

At the BZ cornerq;=0q,=Q/2 all four initial modes in
the zeroth approximation are degenerate and have also a
definite p-parity with respect to transposition of band num-
bersp=1, 2. The interwire interaction partially lifts the de-

generacy. In zeroth-order approximation, the lowest fre-
guency corresponds to(g,u) boson, symmetric with respect

o0 transposition of the array numbers, but antisymmetric with
respect to the transposition of band numbers. The upper
curve describes éu,u) boson with odd-parity andp-parity.
Degeneracy of two middle modes with even band parity,
(9,9 and(u,g) bosons, is provided by the symmetry of inter-
action in a square superlatti¢é). Note once more that their
frequency equals to its unperturbed value 0.5.

All these results show that the quantum states of the 2D
quantum bar conserve the quasi-1D character of the
Luttinger-like liquid in the major part of momentum space,
and that the 2D effects can be successfully calculated within
the framework of perturbation theory. However, bosons with
quasimomenta close to the diagonal of the first BZ are
strongly mixed bare 1D bosons. These excitations are essen-
tially two-dimensional, and therefore the lines of equal en-
ergy in this part of BZ are modified by the 2D interaction
(see Fig. 7. It is clearly seen that deviations from linearity
occur only in a small part of the BZ. The crossover from LL
to FL behavior around isolated points of the BZ due to a
single-particle hybridizationtunneling for Fermi excita-
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0.5 P ([3119(1), 351(0)]) = —2ivg g
04 ﬁ X (@110 S D11q8) ~ Bog SIN@2gt) ],
0.3r k& where By, ¢pq and ¢, are defined in Eqq15), (17), (18).
q 0.2 ﬂ Then, for the optical absorptiom’ one obtains
2 , _
0.1 ! Ull(q’w):Wvg(l_ﬁlq)é(w_wllq)
' 1
Il 1 2 _ ~
0 01 02 03 04 05 FmUG2 Ghd(w—D2p0), (30
ay
FIG. 7. The lines of equal frequency for QBolid lineg and noniteracting o0, w)= Wvg¢q[ Sw— z;,llq) —8(w— ’(;,21q)]_ (31
arrays(dashed lines Lines 1, 2, 3 correspond to the frequencieg=0.1,
0;=0.25,03=0.4. The longitudinal optical absorptiai30) (i.e. the conductivity

within a given set of wirgshas its main peak at frequency
®114~v|0q4|, corresponding to the first band of the pertinent

tions was noticed in Refs. 4 and 10, where a mesh of horialray, and an additional weak peak at the frequengy,

zontal and vertical stripes in superconducting cuprates was v|d2|, corresponding to the first band of a complementary
studied. array. It contains also a set of weak peaks at frequencies

@opq~[P/2] VQ (p=2,3,...) corresponding to the contribu-
tion from the higher bands of the complementary array. At
the same time, a second observable becomes relevant,
namely, the transverse optical conductiviB). It is propor-

The structure of the energy spectrum analyzed abovéional to the interaction strength and has two peaks at fre-
predetermines optical and transport properties of the QBsjuenciesw,;q and @,y in the first bands of both sets of
Let us consider an ac conductivity whose spectral propertiewires. For|q|—0 Eg. (30) reduces to that for an array of

6. CORRELATIONS AND OBSERVABLES

are given by a current-current correlator noninteracting wire$29), and the transverse optical conduc-
, - tivity (31) vanishes.
7jj (0, 0) = 0j;,(q,0) +ioy,(q.0) In the case when the quasi-momentebelong to the
1 (= diagonal of the first BZ, the transformations for the field
:;fo dte"”t<[~]j1q(t),3}r1q(0)]>. momenta are similar in form to Eq$25) and (26). The

current-current correlation functions have the form

Here J;,q=v2vgm,q is a current operator of thgth array. + . ,
For simplicity we restrict ourselves to the first band. For{[J110(1):J115(0)])=~ivg(1=B1g)

noninteracting wires, the current-current correlator is re- X[ @1 SINDg1at) + Dyt SINDy1at)]
duced to the conventional LL expressithn, otd 9t it it
1 . . . 2 ~ L~
<[Jj1q(t)a\]j/1q(0)]>0: —2ivgwjyq Sm(wjlqt)‘sjj ! _Ivgpéll ¢pq“)pq Sln((x)pqt),
with metallic Drude peak

([I14(1), 340 ]) = —ivg[ Dg1q SINDg1qt)

a-j'j,(q,a)>0)=Wvgﬁ(w—wjlq)ﬁjjr. (29 _ o
— Wylq Sm(wulqt)]

The corresponding imaginary part contains a single pole at

the resonance frequenay;q, with wpq and ,Br’,q defined by Eqs(3), (18), and the optical
2 2 conductivity is estimated as
L( w>0)=—z—vgwqu Oiir
O'“r q; w(wz_wqu) i’

, mvg , - -
N 711(0,0>0)= —= (1= Big)| H(®—Dg1g) + S Duyag)
For interacting wires, wheré; ;.. # 0, the correlators may
easily be calculated after diagonalization of the Hamiltonian
(8) by the transformationél4) for q off the diagonal of the + wng ¢f,q5(w—wpq), (32
first BZ, or by the transformation@5) and(26) for q lying p#1
on the diagonal of the BZ.

Consider first the quasi-momentplying far from the 4! (q w>0)= ﬂg[g(w_g, )= (0= Dy1q)] (33

. . . . 12\4; 2 alq ulg/1
diagonal of the first BZ. In this case, the transformations for
the field momenta can be obtained in a similar manner to th

Fhe longitudinal optical conductivity32) has a split double
transformationg(14) for the field coordinates. As a result, g b 182) b

peak at frequencie®,,q andw,,q, instead of a single peak.

one has: Again, a series of weak peaks occurs at frequencigs
<[Jllq(t),3’{lq(o)]>= —2ivg(1— B1g) D11 SIN(@11qt) corresponding to contributions from higher bamuis 2, 3,
4,... . The transverse optical conductivity3), similarly to
—2ivgz ¢’23q5)2pq SIN(@ pqt), the rlondlagorlal cag81l), has a split double peak at frequen-
) cieswyyq and w,yg .
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The imaginary part of the ac conductivity];,(q, ®) is
calculated within the same approach. Its longitudinal compo- |
nent forq far from the BZ diagonal equals . » ‘**w\?

2 2
@iq| 1= Bagq Poq
014(9,0)=2vg 2_~2 +2> 7 ~2
w |0°-B], F 0’0y,

Beside the standard pole at zero frequency and the main pole c;.o'o‘
at the resonance frequenay,,q, the real part has an addi- -0.
tional series of high-band satellites. The corresponding ex- -1.0
pression foro),(q,w) can be obtained after the replacement -10™
1+2. For quasi-momenta at the diagonal, the longitudinal -
optical absorption is

vg 2 o2
1 _ glq ulq
012(q,0) =(1=Ba1g) ol o2
glq ulq

FIG. 8. The transverse correlation functi@,(X;,X,;t) for ro=1 andovt
=10.

)

2 =» 2
“1q P
7 p=1 (1)2_ w ' . . . . .

Pa tion of the wave vector. Due to an interwire interaction, un-
It contains two main poles similar to two peaks in the opticalperturbed states propagating along the two arrays are always
conductivity, and the series of poles contributed by themixed, and the transverse components of the correlation

higher bands. The transverse component of the imaginarfunctions do not vanish. For quasimomentum lying on the

+2vg

part of the ac conductivity has the same form for any diagonal of the BZ, such mixing is strong, and the transverse
1 1 correlators have the same order of magnitude as the longitu-
" (q,0)=2 - —. dinal ones.
7140,0) =209 Hge wz_wﬁlq “’2_“’51q
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The dc current through a voltage-biased long transparent SNS junction in a dissipative regime is
considered. The problem under certain conditions is mapped onto exactly solvable model

of energy pumping into a quasiballistic 1D quantum ring driven by time-dependent magnetic flux.

A rich peak-like structure of the subgap current at low voltages is predicted. The maxima in

the current correspond to resonant energy absorption for fractional values of the normalized bias
voltage. © 2002 American Institute of Physic§DOI: 10.1063/1.1496665

INTRODUCTION ment of time when relaxation stops the dynamical pumping
of the system.

The nonequilibrium properties of mesoscopic conduct-  Two different scenarios of dynamical evolution of qua-
ing systems differ significantly from those in bulk materials. siparticles in a normal region are possible depending on the
The reason is the dominant role of quantum coherent dynaniatensity of energy relaxation. In the weak dissipation limit
ics which develops on a time scale, shorter than the relaxthe dynamical drift along the energy lines eventually brings
ation times in the system. As a result, quantum interferencéhe system out of the energy gap. The dissipation of energy
phenomena crucially affect the nonlinear kinetics of mesostakes place in the leadsulk superconductoydar from the
copic conductorgsee, e.g., Ref.)1 junction. This scenario corresponds to the now traditional

Nonsuperconducting mesoscopic structures have bedpicture of current formation by multiple Andreev reflections
shown to be extremely sensitive to external electromagnetiMAR).*~®In contrast, in the strong dissipation linfitzhich
field, producing giant mesoscopic fluctuations of thelS effectively always the case ¥t 0) the coherent dynami-
conductancé.Mesoscopic rings placed in a time-dependentc@l évolution is interrupted by relaxation, preventing quasi-
magnetic flux are characterized by strong resonant selectigf"ticles from leaving the gap region. This is the case where
in the microwave power absorbgéractional pumping of power emission is localized within a Wgak link and the for-
mesoscopic rinds. The origin of all of the above effects is mation of current is totally due to quantized Andreev states.

guantum interference between different paths of dynamicaThIS IS the case we will consider below. . .
evolution of electrons driven by external fields. The interference pattern for energy absorption will be

Superconducting nanostructures in which quantum co-
herence is a “macroscopic” feature of large numbers of elec-
trons should reveal nonequilibrium coherent dynamics in an
even more pronounced way. Energy dissipation in mesos-
copic superconducting weak links is an example of phase
coherence nonequilibrium phenomenon in superconducting
mesoscopics.

In the present paper we will consider the effect of frac-
tional dissipation of electric power in voltage-biased long
ballistic SNS structures. Andreev levels representing the en-
ergy spectrum in a long SNS transparent junction are shown
in Fig. 1. If a small voltageV<fvg /L is applied(v is the
Fermi velocity,L is the junction length the quantum evolu-
tion of Andreev states can be represented as a motion along
the lines of Fig. 1 which is interrupted by scattering events in
the vicinity of the crossing points. This scattering splits the
trajectory and results in the appearance of a number of a'IterfIG. 1. The set of Andreev level€, , as a function of timé in a long
native quantum paths for the displacement of the system iBajistic SNS junction.5E is a level Spacingt, is a “quasiperiod” in the
energy space. The interference of such paths ends at the m@eblem.

1063-777X/2002/28(7)/4/$22.00 547 © 2002 American Institute of Physics
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sensitive to commensurability between the typical time ofing is the smallest {Ug). Therefore, at low voltagesV
interscattering dynamicg,~#%/eV and the periodsty <Uy<< SE the dynamics of quasiparticles in energy space on
~nhlSE (SE is the level spacingcharacterizing the dynam- a set of Andreev levels can be represented as a free motion
ics of quantized Andreev states. Since the absorbed pdiver between the “transition pointsy,=mp and a scattering at

directly determines the average currént the system, the these points described by a unitar 2-matrix S. It is con-
above interference should produce nonmonotdri¥ char-  venient to parametrize the scattering matrix by the amplitude
acteristics with the peaks corresponding to maxima of the- of interlevel transition:

resonant absorptiorg/t,=p/q (p,q are integers The cal- ,

culation of “fractional structure” ofl—V characteristics is 3 ( Vi=r '7 )

the subject of the present work. ir J1— 72
At low voltages the electron transition amplitude is de-
THE AVERAGE ABSORPTION ENERGY scribed by the Landau-Zener quasiclassical form(ske,
e.g., Ref. 8

We begin with the description of a set of bound states in
a single-mode SNS junction. The energies of Andreev levels, _ w° US
EZ, as a function of the phase differenge= og— ¢, be- T T S SEev)
tween the two superconductors are found from the transcen-
dental equatioh

The dc currentl in a dissipative junction can be ex-
pressed in terms of the average energy accumulatiorivate
E( ® 1 Elo) by the standard formula=W/V. To calculate this quantity
o5 =Nt —arccos —, (1) we consider the energy absorption rate averaged over the

OoE 2w A \ (
, ) time interval[ —to/2,to/2],
where SE=whuv /L is the level spacingn=0,=1,+2,...,

ando==x1. In a long(L> ¢y, &, is the coherence length
junction the spectrum Ed1) for E<A (A is the modulus of

the order parametgis reduced to a set of equidistant levels : _ _
that depend linearly o wheret. =t*1ty/2, H=4d,;H(t). The single-electron density
matrix is calculated from the equation

1 (ts .
W(UIgft dt'Tr{p(t")H(t")},

E() T .
;E =N+ ? (2 ap [

L= ple M=o, @)

The terms cross at poinis,= mp (p is the integex. This i . B i N
degeneracy is lifted in the presence of normal scattering if/Nere is the relaxation rate anth=fo[ 7] is the equilib-
the junction. We will model the normal scattering by a weak™Um Fermi-Dirac distribution corresponding to the Hamil-
point-like impurity (Uy<SE, U, is the impurity potential ~ tonian
placed at one of the interfacéssymmetric junctiohn In this 9
case the gapa , that are opened at the degeneracy points are  H=ifvros7s - +A(X){0, COS@/2—Sgnxa, Sine/2}.
small andn-independentA,,=U,. (4)

For a voltage-biased junction the phase differeqcsc-

cording to the Josephson relatiop£2eV/%) depends lin- In expression4) o;, 7; are the Pauli matrices in electron-
Gole and ‘“left-right” spaces, respectively, and(x)

early on time, and the problem becomes nonstationary and . - 4
nonequilibrium. It can be reformulated as a transport prob-_A®(|X|_L/2) (here®(x) is the Heaviside step functign

lem in energy space, where in the general situation both the Th_e solution of Eq’(3) can be expressed in terms of the
bound E<A) and the scatteringg>A) states contribute to  €volution operatou(t,t’):
the dc current. We will consider a long ballistic SNS junction t ,
in a dissipative regime, that is, in the case when dissipation P= Vﬁmdt'e"(t “Yutt) f{ H(t)Jut (L),
influences the dynamics of quasiparticles in the normal re-
gion. In the presence of dissipation the maximum energylhen for the energy absorption rate one gets
gained by quasiparticles in the normal region can be much 1 (. , v .
smaller thamA. In this case only the bound states in a small ~ W(t)= t—f dt’e " H(t’)f dt"e’ F(t"), (5
strip aroundEg are involved in dynamical processes, and 0Jt- o
their spectrum can be approximated as a linear one(Bq. where
Thus, our problem is reduced to a transport problem on a set _
of equidistant Andreev levelksee Fig. 1 H(t)=u"(t,0H(t)u(t,0),
It is evident that for a not fully transparent junction the -
dc current will be zero if one neglects the interlevel tunnel- F(O)=u"(t,0fo{ H(D}u(t,0).
ing. So, to get finite current we have to consider electron  With the help of the periodic symmetry property of the
transitions between the levels. If the ballistic tit@2 of  Hamiltonian(4),
electron motion between the transition poirttss w#h/eV, is
much larger than the characteristic scattering time H(t+t)=osH (o3,
~hlUgq, the interlevel transitions will take place mostly in it is easy to show that the average power absorption does not
the vicinity of degeneracy points, where the interlevel spacdepend on timeW(t) =W=const, and without any loss of
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generality we can put=0 in Eq. (5). It is convenient to
divide the whole time interval of integration-(°,t’) in Eq.

(5) into discrete intervals[ —ty/2—mty;tg/2—mtg], m
=0,1,.... Finally the formula for the average energy absorp-
tion rate takes the form

%]

[

1.3 -
W=—Tr> e Z™HP"FP "+Q, (6)
to m=0

=)

Where71= 1/2Vt0, P= (T3U(to,o)

Normalized absorption
$a

SN
T

to/2 to2
andH=f dte‘”tH(t),F=f dte” "'F(t),

~tgl2 ~tgl2 @

4 7T=03

1 /2 , FIG. 2. The normalized absorption eneriy/W,, as a function of param-
Q=—Tr o dt’e” Vt’H(t/) t dt//evt"F(tH) eter a, 0<a<1, for different Landau-Zener tunneling amplitudesl,
—tg/2 —tg/2 ' = 0E/ty. The valuer=0.05 for the dimensionless relaxation rate was used.

In what follows we will consider the most interesting case of

moderately weak dissipatiodE/A <7<1. the effect of fractional pumping of energy into the quasibal-

~ As one can see from E(f), the only operator associated jistic electron system with equidistant quantized energy
with a long-time dynamics of our system is the unitary op-jeyels.

eratorP. This means that the—V characteristics of a long

dissipative SNS junction at low bias voltage and for a weak
dissipation are determined by a spectral properties 0ofONCLUSION
P:P|B)=¢€'#|8). In the basis of Andreev levels, =) this

1P . L . . In recent experimenis? the effects of quantum coher-
operator coincides with the one studied in considerable detail . o : T
) S . _ence were observed in a dissipative long SNS junction irra-
in Ref. 3 for the problem of energy pumping into a quasibal-

- . ) diated by an electromagnetic field. These experiments clearly
listic quantum ring. It was shown in Ref. 3 that the spectrum L2 )

) : demonstrated that dissipation in a long transparent SNS junc-
of P crucially depends on the number properties of the quan:

. o ) tion is unable to wash out quantum interference effects pro-
E;W a={0E/4eV} (here{x} stands for the fractional part of duced by the coherent dynamics of quasiparticles in the nor-

For an irrationala the spectrum oP is discrete and all mal region. The orthodox thed}y” of subgap structures in

eigenfunctions are localized. In the limit—0 the average |-V characteristics of SNS junction ‘is based on the
9 . ) . 9€  Landauer—Buttiker approach, where it is assumed that dissi-
energy absorption rate can be estimated as

pation occurs only in the lead®ulk superconductoysand
W, = vSER? (7)  does not influence the dynamics of electrons inside the nor-
I oc? . .

_ _ _ o _ mal region. Recentfy a theory of MAR was applied for the
whereR,q is the dimensionless localization rad?t_JAn ana-  description of subgap structures in longs¢ &,) quasiballis-
lytical expression foR,,. was derived in our previous paper: tic junctions(see also Refs. 12 and 113t is clear that for a

o ol real long SNS junction at sufficiently low bias voltages the
RZ — E T (8) dissipation will take place in the normal region, and the junc-

e = sinmral ” tion should be treated as a dissipative one.

We have proposed an approach in which both the coher-
ent dynamics of quasiparticles in a long junction and the
relaxation effects inside the normal region determine the cur-
rent through a weak link.

We showed that the problem under certain conditions
can be mapped onto an exactly solvable model of energy

SE [ eV\? dissipation in a quasiballistic quantum ring driven by a lin-
WFj(%) (1-V1-79+0(w), (9 early time-dependent magnetic flux. The existence of this
mapping can be understood physically from the fact that the
[in the last expression we assume tipat0; if p=0 we  sets of energy levels of the two problems under consideration
must putq=1 in Eq.(9)]. are identical.

To compare the contribution§’) and (9) to the I-V We derived analytical expressions for the dc current
curves, one first of all needs to find the relevant energy scalthrough the junction at low bias voltages in the limit of mod-
to satisfyW,>W, . It is easy to show that the above inequal- erately weak dissipatioaV(SE/A) <% v<JSE and predicted
ity will hold (for not-too-big values ofg) when the bias nontrivial (peak-like subgap structure df—V characteristic
voltage falls in the intervaliv<eV<U, and for eV  atlow voltagesh v<eV<GSE. The peaks in the current cor-
~77U(2)/6E when the amplitude of interlevel transitions is respond to maxima of absorbed power and they are a mani-
not exponentially small. At these voltages theV charac- festation of the effect of fractional pumping of energy into a
teristics of a long transparent SNS junction should demongquasiballistic electron system with an equidistant set of en-
strate specifi¢peak-like structure(see Fig. 2 arising from  ergye levels.

From Egs.(7), (8) one can see that for “irrational case” the
absorption power tends to zero in the limit- 0.

For rational valuesa=p/q (p<q are integers the
eigenfunctions oP are the Bloch functiondIn this case the
absorbed power in the limit— 0 takes the form
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Specific heat study of magnetic excitations in a one-dimensional S=1 Heisenberg
magnet with strong planar anisotropy
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The results of experimental studies of the specific heat of the magnetic chain compounds
Ni(C,HgN,),Ni(CN),4, Ni(Cq1H1gN>,O),Ni(CN),, and Ni(GgHgN,),Ni(CN),4- H,O are reported.

All compounds are identified &= 1 planar Heisenberg magnetic chains with large planar
anisotropy and different values of the in-plane anisotropy constant. The low-temperature specific
heat data are interpreted assuming the existence of noninteracting excitons and antiexcitons

as elementary excitations from the singlet-ground state. The extended strong-coupling model is
used for analysis of the data at higher temperatures. The applicability of the models used

with respect to the value of the in-plane anisotropy is discussed20@2 American Institute of
Physics. [DOI: 10.1063/1.1496666

1. INTRODUCTION N
H= 2 [~23(S;85. 1t SiSh 1t SIS ) +D(S)?),

The physics of one-dimensionéld) Heisenberg mag- =1
netic systems has been of interest during the last three de- (1)
cades, but particularly significant progress in both experi-

ment and theory has been made during last several yeatdnerenis the site indexs, are spin operators at tmh site;

The failure of the description of the thermodynamic proper-J IS the intrachain exchange interaction:is the exchange
interaction anisotropy constant, ard characterizes the

ties of 1d magnetic systems in the framework of the spin-' _ . : o . .
wave model demonstrated the importance of spin fluctuaSingle-ion anisotropy. This Hamiltonian was studied numeri-
tions and nonlinear effects in these systéniar example, Ccally in dependence on the magnitude and sign of the param-

9 .
solitary excitations were used for the explanation of spin€t€rsk andD.” TheD versusk phase diagram for the ground
tate of the Hamiltoniar(l) has been constructéd.It is

fluctuations in the systems possessing a HaIdaneZgap?' ! ! i ] s
whereas out-of-easy-plane fluctuations from the singleEVident from Fig. 1 that the relatively simple Hamiltonidn

ground state, i.e.(antjexcitons, have been predicted theo- POSSesses a variety of physically different ground state
retically in systems with strong planar anisotrGgy. phases with quantum phase transitions between them.

In this paper we report low-temperature specific heat re- 1he spectrum of the Hamiltoniafi) depends strongly
sults of the three magnetic chain compoundsOn the value of the dimensionless parameterD/|J|. Here

Ni(C,HgN,),Ni(CN),,  Ni(C13HiN,O),Ni(CN),, and we are interested _in a so—calledlla@ephase,_ for which
Ni(CygHsN,),Ni(CN),-H,O  (hereafter abbreviated as D/J>1 (gray area in the phase dlagram on Fig. Hor the
NENC, NDPK, and NBYC, respectivelyOur specific heat 'a/geD phase the exchange Hamiltonian @) may be
data measurements together with complementary data of su&€ated as a pgrturpaﬂéﬁ. Consequently, for the strong-
ceptibility, magnetization, and ESR measurements, whiclfCUPIiNg approximation the Hamiltoniafi) can be trans-
were published elsewhefe’ have confirmed that NENC, formed to the form:
NDPK, and NBYC can be considered as a quantgml Vv N
magnetic chain with planar anisotropy and nonzero in-plane _ — Ho— —, Ho= E (SH)?,
anisotropy. Specific-heat data were analyzed within the n=1
framework of the extended strong-coupling theory with in-
plane anisotropy incorporatéd\e focus our attention on the
validity of this model with changing value of the in-plane
anisotropy constant. Moreover, the specific heat of NENC
and partially NDPK below 600 mK can be interpreted as-  In the limit a—o (J=0), the ground state of the
suming the presence of noninteractit@ntijexcitons pre- Hamiltonian(2), H=H,, is given by the product of states
dicted in Refs. 3 and 4. with vanishing azimuthal spif0)=|0,0,...,0 (S;=0 for n
siteg. The ground state is nonmagnetic and disordered even
at zero temperature. The first excited states with one nonzero
azimuthal spin ;= =1) for anyn are denoted ag) and
[n), these are so-called excitdg) and antiexciton€), re-

The behavior of 188=1 Heisenberg—Ising model char- spectively. Both|n) and |n) are eigenstates of the unper-
acterized by the Hamiltonian turbed HamiltoniarH for any n.

N
1 _ _
V=2 |5 (80801t S8 FASIS s . 2)

2. STRONG-COUPLING THEORY FOR S=1 PLANAR
MAGNETIC CHAIN

1063-777X/2002/28(7)/5/$22.00 551 © 2002 American Institute of Physics
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DA strong-coupling expansion to obtain analytical approxima-
tions for the spectrum of elementary excitations, the specific
heat, and the magnetic susceptibility. A comparison of these
results for a uniaxiale = E/D =0, whereE characterizes the
in-plane anisotropyferromagnetic chain with an intermedi-
ate easy-plane anisotropy£5) and numerical data calcu-
lated by Blae® led to the following conclusions: the ex-
panded strong-coupling approximatidB@SCA) takes over
decisively for temperatures larger thén-0.15D/kg, where
the DEA, in which effects from mutual interaction of exci-
Ferromagnetic tons are neglected, begins to deteriorate. The value of the
ordered phase anisotropy restricts the applicability of the ESCA. For rela-
tively low values of the easy-plane anisotropy in the region
|| ;< 2.5, the predictions of the ESCA begin to deteriorate
| §=1/2-like XY phase grgdually, and the disagreement between the theory and
Blote’s numerical data increases. This deterioration becomes
apparent by the formation of a kinklike anomaly on the low-
temperature side of the specific heat. Therefore the results
FIG. 1. (\,D) phase diagram for the ground state of Hamilton{anfor may be applied fofa|,>2.5 (for £ =0) but with caution at
S=1.D andX are in the units of).1° the lower end of this inequality. The in-plane anisotropy (0
<e<1) causes a depression of the specific heat around the
maximum and its enhancement at low temperatures. The lat-
ter is partly explained by the softening of one of the exciton
odes at nonvanishing For reasonably large values of
the theory requires a stronger condition for the value of the
in-plane anisotropy{<1).

Antiferromagnetic
ordered phase

Higher excited states can be obtained by assigning th
value S;==*1 to two or more sites with corresponding en-
ergies D, 3D,.... Generally, excited states fall into the
bands of energie® corresponding ta sites with nonvan-
ishing azimuthal spins of both signs. These bands are highly
degenerate in the limi— . 3. EXPERIMENTAL DETAILS

A finite and sufficiently smalll value may be considered
as a perturbation which will transform the energy levels to
bands of a finite width. The low-lying bands do not overlap ~ NENC crystallizes in the monoclinic space group
for a sufficiently largeD/J ratio. The elementary excitations P2;/n, a=7.104(3) A,b=10.671(3) A,c=9.940(2) A,
from the singlet-ground state carrying total spin momentum8=114.6§2)°, andZ=2." The structure is built of neutral
+1 have been named excitons and antiexcitons, respectivelghains running along the axis. The repeating unit is
Perturbation theory to the third ordewvas used to derive a [Ni(en),—~NC-Ni(CN,)-CN], where er-C,HgN,, and
dispersion relation for a doubly degenerdgmtiexcitonic  two distinct nicke{ll) sites are present. In tH&i(CN) 4]~
mode, yielding: anion, the nickel is in a square planar configuration, being
bonded to four cyano groups through C atoms. This nick-
el(l) ion is diamagnetic. In thgNi(en),]>" cation, the
where w;=-2cosk), w,=1+2sirf(k), wz;=1/41 nickelis in a distorted octahedral configuration, where four
+ 8 sirf(k)Jcosk) — 2\ sir?(k); k denotes the wave vector. In N atoms of two en molecules are in the basal plauiy@_,qen
addition, the energies of two-site excitations fall into a two-=2.107 A), while two N atoms from the cyano group are in
body continuum. Near the Brillouin zone boundary, someapical positions dy;.n, =2.089 A). This nickdlll) ion is
bound states emerge smoothly from the continuum. aramagnetic. For these paramagnetic ions, the intrachain

This exciton dispersion was used for the calculation ofj_Ni distance is 9.94 A, whereas the shortest interchain
the specific heat at very low temperatures, within a dilute\i_N; distance is 7.104 Aalong thea axig. The chain is
exciton approximation(DEA). Since (antjexcitons obey  therefore made of paramagnetie=1 octahedral nickéll)
Bose statistics, their specific heat contribution will be of thejong jinked by diamagnetic square planar NC—Ni(GNEN

3.1. Crystal structure

o =D[1+w;/a+wy/a®+ wzlaz+k], 3

form units. The chains are well insulated from each other with no

Rd (= fiw(K) chemical bonding between them. Consequently, NENC pre-

C=—g7 fﬁ expho(K)kgT)—1 dk. (4) zsgttgn?ll the structural features required for a good quasi-1d
The analysis of NENC specific heat using DEghowed NBYC crystallizes in the orthorhombic space group

that the theoretical approathrequires further extension in Pbcn  with  cell parameters a=14.067(1) A, b
three ways. First, to provide calculations of the specific heat=10.1759(7) A, ancc=15.755(1) A. The structure con-
that are valid beyond the low-temperature region. Second, tsists of infinite zigzag chains containing two kinds of nick-
furnish a corresponding calculation of the magnetic suscepel(ll) ions. The nickgll) ion in the [Ni(CN),]?>~ anion is
tibility. Third, to include the effect of small in-plane anisot- square planar coordinated and thus diamagnetic. The nick-
ropy. All three problems have been addressed by Papanic@l(ll) ion in the [Ni(C;gHgN,),]?>" cation is paramagnetic
laou and Spathis in Ref. 8. They carried out a systematiand is located at the center of the distorted octahedron. Since



Low Temp. Phys. 28 (7), July 2002 Feher et al. 553

the distance between the magnetic ni¢kglions is about 10 7 T ZaF ‘

A, the direct exchange interaction will be of minor impor- 6L g . _;-E}ggk

tance. Although the separation between the chains is compa- Yol

rable to the distances between the paramagnetic ions within - 5 -

the chain, more complicated interchain superexchange paths € , | o

are expected to allow the formation of well-isolated mag- v NG
netic linear chains in this compound. A detailed structure has . 3 [ Ny Temperature, K
been published if? oLl -

The detailed crystal structure of NDPK has not been S A oRestk SR
determinated yet, but from infrared spectrum of the com- r “'E/”i',l}‘.’ff" s
pound we can deduce the main structural features. Similarly T P P gkenesK .
as for NENC and NBYC, two kinds of nickgl) ions are 0 2 4 6 8 10

considered in the structure. More specifically, the nidkgl Temperature, K

ion surrounded by four CN groups is diamagnetic and theFiG. 2. The temperature dependence of the magnetic specific heat of
nickel(ll) ion placed at the center of a distorted nitrogenNENC.
octahedron is paramagnetic.

3 where BT® represents the low-temperature lattice contribu-
3.2. Specific heat tion in the 3d Debye approximation, while tkel ~2 contri-

The Speciﬁc heat measurements of powdered Samp|é§]ti0n describes the high-temperature behavior of the mag-
were performed in two experimental devices. For 50 mKnetic heat capacity. For temperature regionSK<9K, a
<T<25K, the dual-slope method was applied, using arleast-squares fit yieldeda=(69+3.5) JK/mol and g
Oxford Instruments dilution refrigerator. A RyGhermom-  =(3.55+0.165)- 1072 J/(K*-mol). The magnetic specific
eter(Dale RC 550 with nominal room-temperature value of 1heatCy is characterized by a round peak with a maximum
kQ) was calibrated against a commercial Lake Shore thervalue of Cp5,=(5.85£0.05) J/Kmol at Trpa=(2.4+0.1) K
mometer(model GR 200A-3Q which served as the main (Fig. 2. The magnetic entropy was calculated numerically in
thermometer. A silver wirg50 um in diameter and 7 cm the measured temperature region, and standard approxima-
long) was used as a thermal link between the cold thermalions were used for high and low temperatures to cover the
reservoir and the p|atform Containing the Samp]e, the BUOWhO|e temperature interval. The calculation ylelded 8.68
thermometer, and a manganin heater. The resistance of tH&<-mol, which is close to the theoretical valéin(2S+1)
thermometer was measured by an @2 H2) resistance =9.13J/Kmol for anS=1 system. This broad maximum,
bridge. The experimental data were corrected for the contritogether with the absence ofiatype anomaly at least down
bution of the thermometer, the manganin heater, and the vafo 50 mK, indicates the presence of short-range correlations
nish (GE 7031 used to anchor the powdered coin-shapedn the studied system. In the first approximation, if in-plane
sample to the measuring platform. This additional contribu-2nisotropy is neglected==0), our system can be described
tion was measured in a separate run and was found to H& Hamiltonian(1). The specific heat of a system represented
maximum 10% of the total heat capacity. by this Hamiltonian fora =1 was calculated numerically by

At higher temperatures, 2€T<10 K, standard adia- Blote® The best agreement between the numerical predic-
batic calorimetry was used in“ale cryostat equipped with a tions and the experimental data was obtained Boikg
mechanical heat switch. A 220 and 1 K2 nominal value =6 K andD/|J|=10-20. The resultard/|J| ratio indicates
Allen Bradley thermometer was calibrated against the Lakdhat NENC can be considered a quantGm1 system with
Shore thermometefGR-200A-1000CD and served as the Strong planar anisotropy.
main thermometer in this arrangement. The weights of the The sudden drop o€y, observed below 1 K, suggests
samples used for the heat capacity measurements weréte existence of a gap in the energy spectrum of the spin
NENC-800 mg, NBYC-345 mg and 1050 mg, andSystem, and this effect is most likely associated with mag-
NDPK-97 mg. The overall accuracy of the dual-slope data i§ietic anisotropy. The comparison of the low-temperature
better than 5%, while a 3% accuracy was achieved with thépecific—heat data with the theoretical prediction for DEA
quasi-adiabatic technique. (taking into account a small in-plane anisotrppysing
D/kg=6.15K, J/kg=—0.65 K andE/kg=0.7 K is shown
in the inset in Fig. 2. Clearly, the trend from<0.8 K is not
followed at higher temperatures, since the DEA begins to fail
4.1. NENC due to exciton interactions. The temperature at which the

. . excitonic interactions are significant in NENC 1 K) co-
Heat-capacity measurements were performed in the tem- g 1K)

: . . incides with the value 0.13/kg= 0.9 K estimated for a sys-
perature region from SQ mK to 10 K. Sl_nce NE.NC. 'S & MaYtem with D/|3|=5 in the theoretical worR. The experimen-
netic insulator, only lattice and magnetic contributions to thetal specific-heat data abevi K can be well described by the
total specific heat are assumed for the present discussio P y

The lattice contribution was subtracted by finding the tem—ESCA using the same set of parameys), andE (see Fig.

. : . 2). We can conclude that the magnetic specific-heat of

perature region where the data may be satisfactorily de: . :

scribed by the equation NENC can be ascribed to the presence of low-lying elemen-
: y quatl tary excitations, i.e., excitons predicted for lafgesystems

CHT)=pBT3+aT ?, (5)  in the framework of the strong-coupling theory.

4. RESULTS AND DISCUSSION
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O experimental data NDPK 4 =
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------- Bldte: D/k=8.7 K, Jk=-17K N € of
.......... ; T
ab e e e w8t X LA
T DXk, =255K
B ..-E z el EI’:: =16K
E 3 ¢ O I =—02K
b g 5 I o 0.1 0.2 0.3 0.4
¥ . 2F Temperature | K
=) s t
~2F O
=
o & O experimental data NBYC
1 ——ESCA:Di=255K g
1r Ek, = 1.5K .
Jky=—02 K
B y o2 I Bidte : Dk, =1.45 K, D/J = 1
—1 L L L . 4 L N N N L . . . 1 N N N 1
0 0.5 1.0 15 20 25 3.0 3.5 4.0 0 2 4 6
Temperature | K Temperature, K

FIG. 3. The temperature dependence of the magnetic specific heat &flG. 4. The temperature dependence of the magnetic specific heat of
NDPK. NBYC.

4.2. NDPK Experimental data on the specific heat below D.Ag;
The experimental study of the specific heat of NDPK haswerefanalllyzed " thederEarFefw”ork 0]; the [r)]EA using tlr:].e sgme
been carried out with the aim of investigating a system Io-Set orva ue;l?, [, andE. It Ollows rom.t € mset N Hg.
. that the validity of the DEA is also restricted in the presence
cated possibly close to the phase boundary between th(% large in-plane anisotropy in NDPK
Haldane phase and lar@ephase(Fig. 1) and to check the ’
validity of the strong-coupling model for this system. Since
the group G;HgN,O is characterized by a different type of
delocalization of charge density thapHgN, in NENC, we In addition we have tried to modify the magnetic anisot-
have tried to change the surroundings of the paramagnetiopy by replacing the group,gHgN,O by C,HgN, with the
nickel(Il) ion with the expectation of obtaining a system with aim of testing our conclusions on the validity of strong-
different anisotropy in comparison with NENC. coupling model on a system with strong in-plane anisotropy.
The specific heat of NDPK was measured in the tem-  We have studied the heat capacity of NBYC in the tem-
perature range from 100 mK to 2.5 K. A comparison of ourperature range from 100 mK to 6 K. The results of experi-
results on the magnetic part of the specific heat with themental studies of the magnetic part of the specific heat of
numerical prediction of Ble® gives D/kz=8.7K and NBYC are presented in Fig. 4. The broad maximum, together
D/|J|=5 (Fig. 3. This result suggests that although thewith the absence of a-type anomaly down to 100 mK,
value of D/|J| for NDPK is two times smaller than that for indicates a high degree of short-range order in this system.
NENC, the system is still located in the larGephase rather The magnetic specific heat was compared with numerical
than near the phase boundary. The specific heat data wepeedictions of Blee® where onlyD andJ were involved.
analyzed using ESC#with the aim of studying the influence The best agreement between the numerical predictions
of in-plane anisotrop¥ as a potential source of the discrep- and the experimental data was obtained whBiikg
ancy between our results and Bis numerical predictions. =1.45K andD/|J|=1. More detailed analysis of,, was
Above temperature 1.2 K we found good quantitative agreeearried out using the theoretical predictions withJ, andE
ment with the experimental data fdb/kg=5K, |J|/kg  taken into account in the ESCHAIn the temperature region
=0.94 K andE/kg=2.8 K. Note that the value oE (e T>0.38 K, the specific heat data can be satisfactorily de-
=0.56) indicates a large in-plane anisotropy in comparisorscribed using the value®/kg=2.55 K, |J|/kg=0.2 K, and
with NENC. As was already mentioned in Sec. 2, the validityE/kg=1.5 K. As in the case NDPK, the ESCA fails to de-
of the ESCA (for E=0) is limited to |a|,>2.5 and scribe the specific heat data beldw=0.15D/kg as can be
T>0.1D/kg. The appearance of the kinklike anomaly of seen in Fig. 4. Moreover, we have tried to apply the DEA to
the artificial origin on the ascending side of the theoreticaldescribe the temperature behavior of the magnetic specific
curve suggests a significant increase|aef,, for large in-  heat below the temperature O0&g. As is evident from
plane anisotropy. Fig. 4 (see the inset the DEA fails to describe the specific

4.3. NBYC

TABLE I. Values of the exchange constant and magnetic anisotropy constants.

Model
Compound | D/ky K | Il /kg K | E/kg K a=D /| J} E/IJI ¢=E/D (temperature range)
DEA (mK) | ESCA (K)
NENC 6.15 0.65 0.7 9.5 1.0 0.16 50-900 0.9-6
NDPK 5 0.96 2.8 5.2 2.9 0.56 100-600 1.2-3
NBYC 2.55 0.2 1.5 12.7 7.5 0.59 — 0.38-6
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The magnetizatiotM (T) and electrical resistivity(T) of a La,sCa,;sMnO; film have been
studied in the temperature range 5K<320K in the magnetic field intervals 10 &d1
=400 Oe and &H =50 kOe, respectively. It is found that th&(T)/M(0) value is larger

than that predicted by the conventional molecular field model below the Curiepeig67 K, and
that the Inp(T) dependence is close to linear in the temperature range<8DK200 K
(accordingly,d In p/dT is constant in this regionA model of the electrical conductivity and
magnetoresistivity of the system describing qualitatively the experimental results is prdpused
Am7 mode). The model includes a thermally activategith characteristic energs)

mechanism of conductivity, dependence of the concentration and the effectivémazfsthe
itinerant charge carriers on the magnetization, as well as scattgvitigcharacteristic

time 7) of the charge carriers by static breakings of the translational symmetry, thermal fluctuations
of the magnetic order, and phonons. ZB02 American Institute of Physics.

[DOI: 10.1063/1.1496667

1. INTRODUCTION 2. THE Am7 MODEL OF CONDUCTIVITY

Complex oxides containing manganese ions*Mmand : L
Mn** have been attracting much attention in physics and The proposed effective model of conductivity is based

technology in the last 10 years due to the “colossal magne9n the concept of thermal excitation of the charge carriers

toresistanc€ CMR) effect” discovered in them: the electrical from localized states to |t|ne.rant states. We d.o.not s_peC|fy
i " here the type of charge carriers, but for simplicity, without
resistance of the compounds decreases substanialigr- . : S
. o any loss in generality, we call them electrons. In this picture,
ders of magnitudewhen an external magnetic field is ap- : ; : '
. ; L ; above the Curie point the charge carriers are localized, so
plied to a sample in the vicinity of the Curie temperat(gee

reviews.1® The nature of this phenomenon is being Studiedthat their motion between the crystal sites can only be of the

intensively; the main directions of the research are outlineéhermally activated kind. At the same time they appear to be

in the above-mentioned reviews. We note here also the folr)early free in the ferromagnetically ordered state. Thus their

. - . : activation energy has to be dependent on the magnetic order
lowing original papers, references to which will be made
below/ 14 parameter.

The key point in an understanding of the CMR mecha-
nisms is elucidating of the nature of changes of the electrica?.1. Activation energy
resistance on passage through the Curie point, first of all in
the absence of the external magnetic field. The present work Analysis of the results of our present measurements of
is devoted to an experimental study of the problem as well athe electrical resistivity and magnetization of the
to a theoretical modeling of the phenomenon. Lay;sCa,sMn0O; film (see Secs. 5 and ®ias shown that the
The dependences of the magnetization and electricalependence of the activation eneryyon the ferromagnetic
conductivity of a LgsCa;,sMnO; film on the temperature order parameter of the systest=M(T,H)/Mg in a vicinity
and magnetic field are studied experimentally and analyzedf the Curie pointT¢ is close to linea(hereM is the mag-
A model of the electrical conductivity and magnetoresistivenetization,T is the temperaturdsl is the magnetic field, and
behavior is proposedAmr mode). The model includes a M, is the magnetization af=0). On the other hand, the
thermally activatedwith the characteristic energy) mecha-  conductivity must be of the nonactivated kindTat0 (the
nism of conductivity, dependence of the concentration angxperiment gives a finite value of the corresponding electri-
effective mass(m) of the itinerant charge carriers on the cal resistivity of the systerp). Thus we choose the simplest
magnetization, as well as scatterifgith the characteristic dependence\(o) satisfying the above-mentioned require-
time 7) of those carriers by static breakings of translationalments, in the form
symmetry, thermal fluctuations of the magnetic order, and
phonons. A=Ay(1-0), (1)

1063-777X/2002/28(7)/6/$22.00 556 © 2002 American Institute of Physics
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whereAj is the activation energy in the paramagnetic region 2 \2
and will be determined in the model by fitting to the experi-  Ps{(@)=po| 77 (7)
mental data. _
Expression(1) gives for the concentration of the elec- Where Eq(3) and the theory of Ref. 15 have been taken into
trons in the “conduction band” the value account.
o The resistivityp,,, caused by the electron-phonon scat-
n=nae do1-a)T ) . ; p .
0 ' tering, is evaluated by the Bloch—Grisen formuld®
n/]hereno ilstthle co;cerzjtratiotn of tqe conduction electrons in . T SJQD/T x5dx .
e completely ordered systerr€1). Pph=4pp ®—D . m, (8

Note that a dependence of the form in Ef) was es-
tablished for the concentration of the conduction electrons ofvhere the Debye temperatudg, is taken equal to 440 Koy
EuO in Ref. 8. our estimate made using the sound velocity from Rej, 18
which is in accordance with other estimates.
The resistivityp,, caused by the electron scattering on
2.2. Effective mass of charge carriers the disordered local spins is evaluated using the Kasuya

The hopping integral of the electrons in the “conduction €xpressiort,” modified for the present case by replacing the
band” depends on the mutual orientation of the local spins ofonstant effective mass by a function of magnetizafigq.
nearest magnetic ior’s so that their effective mass* also ()]
depends omwr: 2

S(S—So?—o+1). 9

Pm~= Pme 1+ o

m* = mng (3)

o Note that as one can see from E), (7), and(9), all
Herem} is the effective mass of the perfect crystal€1)  three scattering times in E¢5) have the same dependence
and will be considered further as a fitting parameter of the®n n (7xn~*3), 7 and =, have the same dependence on
model. m*(TsTt(%n)“m*)-

The expressiori3) has been obtained by the averaging Exponential dependences of the electrical resistivity,
of the hopping integral over the crystal with a subsequengompatible with Eq(6) (i.e., with the argument of the expo-
transition to the effective mass representation in a model ofential function being linearly dependent on magnetizafion
magnetization in which the local quantization axes for thewere observed experimentally in Refs. 7-9. Other forms of
itinerant electrongi.e., the directions of the local magnetic the p(o) dependence were proposed in Refs. 7 and 11-14. In
moments considered as classical vedtare deflected from our opinion, these last do not have as good agreement with
the easy magnetization axis by the same polar angle at evetpe known experimental dataee Refs. 1-6and with those
Mn site, and the azimuth angles are randomly distributecPbtained in this work.

uniformly in the interval(0, 2m).
3. THE MODIFIED MOLECULAR FIELD MODEL FOR
MAGNETIZATION

2.3. Transport relaxation time The local spinSin Eq. (9) was put equal to 2, and the

The electrical resistivity of the system is calculated inreduced magnetizationr=M/M, was estimated in the
the model by the Drude formula modified molecular field model. This model differs from the
conventional form(see, for example, Ref. 2y the addi-
=——, (4)  tional fitting parameters and h. They formally take into

enr account the effect of spontaneous magnetization on the inter-

wheree is the electron chargen* andn are determined by atomic exchange parameter and the effect of the short-range
Egs.(1)—(3), and the transport relaxation times defined by ~order on the charge-carrier scattering above the Curie tem-

m*

p

the sum perature. The latter is substantial in the case of a short mean
1 1 1 free path of the carriers, because they are localized in the
T ST T Tph T T (3 absence of magnetic order, as is evidenced by the change of

Here 7, 7, and r,, are the characteristic times for the scat- qharacter of .the conductivity from mgtallic to semiconduc'-
tering by the static breakings of the translational symmetnyiveé when going from the ferromagnetic to the paramagnetic
of the systentthis is principally because of the random dis- State of the oxide.

tribution of the La and Ca ions in the crystaphonons, and ~ The ferromagnetic order parameter in the model is de-
fluctuations of the local magnetic moments, respectively. fined by the following equation:

Taking ?nto account Eqg1), (2), (4), and(5), and using h  3S Te(l+ao?d)
the theoretical approaches from Refs. 15-17, we write the o=Bgl =+ ol. (10

. ) e . T S+1 T
expression for the electrical resistivity of the system in the
form HereBg(x) is the Brillouin function for spirS=2, T is the
Curie temperaturdy is a fictive magnetic field modeling the
— A213)/(AIT)
p=¢€ (PsttPpnt pm)- ©) effect of short-range magnetic order abolg, anda is a

Here the resistivitypg;, caused by the static breakings of the magnetoelastic parameter describing the magnetostrictive
crystal-lattice translational symmetry, is given by shift of T¢.?
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Note that the valu&=2 for the local spin used in the
model corresponds to the spin of the #rion but not to the
spin S=3/2 of the Md* ion, which must actually be re- 0.3
garded as the local spin. This is done just because it gives a
better fit (compared toS=3/2) of the experimental data in
the low-temperature region, where molecular field theory, ‘“‘,;
used in the model over the whole temperature range for sim- ]
plicity, is not valida priori. Thus, such a substitution can be E
made without any fundamental significance. In the most im-
portant region, in the vicinity of ¢, the valueS=3/2 gives 0.1
the better result in the conventional molecular field model
and therefore requires a weaker correction for agreement
with the experimental data.

La,,Ca,,MnO,
H=10 Oe

O experiment
linear fit

LJNNL DL B [N R/ S B BN L N R B LI

4. NATURE OF THE ACTIVATION ENERGY A 260 270

As one can see from Sec. 7, this simple mddeill be T.K
referred to below as thAms mode) gives a temperature FIG. 1. Square of the reduced magnetizatiom (T)/M(0))? of the
dependence of the electrical resistivity of the given oxidelaysCa;MnO; film in a magnetic fieldH =10 Oe in the Curie-point region
quite close to the experimental one. Here, however, a d _O); the solid line determines the Curie_porﬁg; the da_shed and dotted_

. . . . . . ines show the expected dependences in the conventional molecular field

tailed microscopic picture of the phen_omen(nre., mamly model for spinsS=2 andS=3/2, respectively.
the nature of the activation energy) is not considered.
Moreover, we do not discuss here the values of all the fitting
parametergthey are physically quite reasonablend their  tance as a function of temperatuiie the range 5-320 K
exact origin. Obviously, behavior of the conductivity similar and magnetic fieldup to 50 kO¢ was measured by a stan-
to that in theAm7 model can be obtained in a different way, dard four-point probe technique. The magnetoresistance
but we suppose that this model is the simplest which take& (T,H)=[p(T,H)—p(T,0)]/p(T,0) was measured in a
into account the most important factors that can influence theansverse geometrith the field perpendicular to the film
magnetoresistive effect in doped manganites. pland. The magnetization was measured by a SQUID mag-

The activation energy in the model can reflect an ef- netometer in the field range 10 &1 <400 Oe in a longi-
fect of localization of the charge carriéfsvhen the magni- tudinal geometrywith the field parallel to the film plane
tude of the fluctuations of their exchange energies exceeds
some critical value, at least for the majority of themTat
=T.. Apparently, a starting point for constructing a model
of conductivity in manganites can be the concept of double ~ Figures 1-7 present the following characteristics ob-
exchangé®~?°In reality the picture of the phenomenon ap- tained for the LazCaysMnO; film studied: the square of the
pears to be more complex. The role of the charge carriers ikeduced magnetizatio(T)/M(0))? in the Curie-point re-
played by magnetic polarons, which are being formed due t@ion, the reduced magnetizatidi(T)/M(0) at magnetic
the interactions between the quasilocal charge carriers arfteld H=10 Oe, the magnetizatio (H) at temperatures of
magnetic moments of the surrounding lattice sites, and du&0, 20, 40, and 60 K, the electrical resistivit¢T), the elec-
to deformations of the atomic structure over distances of th&ical resistivity in a logarithmic scale, the logarithmic tem-
order of the first coordination sphefsee the general discus- perature derivative of the resistiviin p/dT, and the mag-
sion in Refs. 22, 26, and 27 and the manganite-specific oneetoresistanc& (T,H) in magnetic fieloH =50 kOe.
in Refs. 2, 6, and 28 Note that the origin of the local lattice An extrapolation tar=0 of the linear part of the depen-
deformations can be of an exchange-relativistic nattire. dences?(T) (Fig. 1) gave a value o ¢ equal to 267 K. The
There is no necessity, however, to make more precise thgharp growth of the magnetization beldv seen in Fig. 2
character of the charge carriers in the originahr model. ~ confirms the high homogeneity of the film. The magnetic
field dependence of the magnetization is found to be nonlin-
ear in the temperature and magnetic field ranges sty#igd
3). At T=10 K the magnetizatioM is equal to 86 G aH

The La _,CaMnO; (x~1/3) film (about 1500 A thick =100e, and it obeys the equatioM[G]=85+3.75
was grown by pulsed laser deposition on a LapkDbstrate. X 10 2H [Og] in the range 100—400 Oe. The magnetic mo-
A KrF excimer laser operating at 248 nm was used to ablatenent per Mn atom is equal to 0.1z at H=400 Oe. This
the target material, with a nominal composition shows that the magnetization is far from saturation in the
LaysCa,sMnO3. The target was prepared by the conven-field range under study.
tional solid-state reaction method starting from high-purity ~ As one can see from Fig. 4, thgT) behavior has a
powders of LaO5, CaCQ, and MnCQ. An x-ray study of  semiconductive character above . Below T the resistiv-
the target has shown that it is homogeneous in compositioity decreases sharply, falling t@=90.6uQ-cm at T
and does not contain a residue of the starting chemical com=5 K. As is evident from Fig. 5, the dependengfrl) in a
ponents. The film obtained was tested by the x-ray diffraclogarithmic scal€li.e., log p(T)] is close to linear in the
tion method and on an atomic force microscope. The resisrange 80 KsT<200 K. The nearly constant value of the

6. RESULTS OF EXPERIMENT

5. EXPERIMENTAL
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i La,,Ca, ,MnO La,.Ca, ,MnO,

3

M/M,

-
T

" o experiment

o experiment

i model 10% L Amz model
- - — Brillouin, 8=2 - - - Amr, 50 kOe
-....I....I...I.| I B A ST I
0 100 200 300 0 100 200 300
T, K T, K

FIG. 2. Temperature dependence of the reduced magneti24i{@y M (0) FIG. 4. Electrical resistivity of the L#Ca;;sMnO; film vs temperaturéO);
of the Lgy,sCay,sMNnO; film in a magnetic fieldH =10 Oe applied in the film  the solid and dashed lines represent calculations inAher model for
surface plane: experimef®) and calculationgsolid line) in the modified magnetic fields of 0 and 50 kOe, respectively.

molecular field model; the dashed line shows &éT)/M(0) dependence

in the conventional molecular field modéhe Brillouin curve for spin

S=2. L . . .
valid in some neigborhood just below the Curie temperature,

turned out to be about three times larger than the theoretical
value (see Fig. 1 Possible reasons for this are a peculiarity
of the double exchangand an enhancement of the effective
interatomic exchange interaction by the magnetoelastic cou-

The temperature dependence of Biat H=50 kOe pre- pling. The last has been taken into account in the modified

sented in Fig. 7 is of the usual type for CMR manganites offholecular field model by the factor fdac?) (in accordance

fairly good crystal quality. It should be noted here that at theVith Ref. 23, which gives practically complete coincidence
field 5 kOe the= value was positive practically in the whole With the experimental data just beloli. (Fig. 2), in contrast
temperature range studied. to the results of Ref. 7, where the model curve increases

faster than the experimental curve on lowering of the tem-
perature.
Using Egs.(1)—(10) and the experimental data on the
magnetization and electrical resistivity, we obtained the fol-
The magnetization of the film, as one can see from Figslowing model parameters giving the best fit to the experi-
1 and 2, is substantially higher than that predicted by themental data on resistivity presented in Fig. Mg=555 K,
conventional molecular field modgi=0,a=0 in Eq.(10)]:  pp=90.6uQ-cm, pp=400u-cM, Py,.=29.7u)-cm,
the coefficientb in the formulac®=b (1—T/Tc), whichis  h=1K (this corresponds to a fictitious “short-range-order

logarithmic derivative ofp(T) seen in Fig. 6 also confirms
the exponential temperature dependence(df) in this tem-
perature range.

7. COMPARISON OF THE MODEL AND EXPERIMENTAL
DATA

100 La,,Ca,;MnO, 8 4t La,Ca MnO,
[ P 5
- Ve
95[ & £ | .
o i - % C.—’L [ o  experiment //
s - P o Amt model /
oL —8/// o 10K 2 2F --- Am, 50kOe | /
- /§‘ v 20K < [ !
85 ~4--40K : I
i o 60K
EPEFEFETE EPETETATE RTRTOT TS ST ATArE A B
0 100 200 300 400 0 100 200 300
H, Oe T,K

FIG. 3. MagnetizationM (H) vs magnetic fieldH applied in the surface  FIG. 5. Electrical resistivity of the L#Ca;,;sMnO; film vs temperature in
plane of the LgsCa;sMnO; film at temperatures of 10 KO), 20 K (V), 40 logarithmic scalg(O); the solid and dashed lines represent calculations in
K (A), and 60 K(O). the Am7r model for magnetic fields of 0 and 50 kOe, respectively.
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0.10 F whereg, p, g andr are constants, which gives immediately
| La, Ca, MnO, the bending “up” curve:
- AIT=Ag[1-a(T)T=A[—(g—1)/
- i H=0 T+p+qT+rT2+...].
] -
0.05 I i The second is caused by thgy(T) contribution (the
' © experiment contribution fromp,(T) is small in the temperature range

Amzt model ' under consideration, and tipg, value changes weakly there
The character of the temperature dependence of the
model magnetoresistive effe o T,H) =[pmod N, T,H)
= Pmod N, T,0)1/ pmodh, T,0) also corresponds rather well to
the experiment at high magnetic fiel{Big. 7), though the
R accuracy in this case is somewhat lower: the maximal value
PSS B SR BT R T N at H=50 kOe is —0.65 at T=274 K in the experiment,
0 100 200 300 whereas the model gives0.63 at 273 K.
T K A somewhat unexpected finding is the experimental ob-
’ servation of a positive magnetoresistive effect with a maxi-
FIG. 6. The logarithmic temperature derivative of the electrical resistivity of mum nearT ¢ at low fields H =5 kOe). In the framework of
the LaysCaysMnO; film vs temperaturéO); solid line represents thémr  the Am7 model this can imply an increase of the activation
model calculations. energyA and an enhancement of the electron scattering. One
of the possible reasons may be the presence of an antiferro-
magnetic component in the magnetic structure of the system
field” of about 3725 O¢ a=0.26. The model temperature zt |ow fields (see Refs. 14, 27, and B0n this case an in-
dependencen.{T) calculated with these parameters prac-crease of magnetization under the influence of the magnetic
tically coincides with the experimental data fp(T) (see field should be accompanied by a reduction of the order pa-
Fig. 4). The model temperature dependencesdQg{T) and  rameter of the antiferromagnetic component and by a corre-
31N pmoa/ IT also agree well with the experiment in the main sponding increase in the activation energy and electron scat-
temperature regiofsee Figs. 5 and)6 tering.
The numerical analysis has shown that the nearly linear A detailed discussion of this effect is beyond the scope
in T region of the logp(T) dependence, which can be seenof this paper. In general, however, the character of the be-
clearly (Fig. 9) in the range 80 K'T<200 K, as well as the  havior of the model magnetoresistive effét,.H) in the

nearly constant value of theln p/dT derivative in the same jnterval 0<H< 75 kOe atT=273 K is quite consistent with
temperature intervelsee Fig. 6, are caused by the compen- the experiment.

sation of the bending “up” of thé\/T curve in the Eq(6) by
the bending “down” of the curve log[ps(T)+ ppr(T) 8. CONCLUSION
+pm(T)]. The first can be seen from the approximation

o(T)=g—pT—qT?—rT3—...,

dinp/dT, K

1. The magnetizatioM (T) and the electrical resistivity
p(T) of a 150-nm thick LgCa;sMnO; film have been stud-
ied in the temperature range 5KI'<320 K in the magnetic
field intervals 10 Oe&H=<400 Oe and &H=<50 kOe, re-

- spectively. It is found, that th&1(T)/M(0) value is larger
5 La,,Ca,,MnO, than that predicted by the conventional molecular field

0l model below the Curie poinfTc=267 K, and that the
§ logp(T) dependence is close to linear (logT)=A+BT)
o in the temperature range 80T <200 K (accordingly
§ d1In p/dT is constant in this region
= 2. A model of the electrical conductivity and magnetore-
*_0_5 sistivity of the system describing qualitatively the experi-
z mental results is proposdthe Amr mode). The model in-
= cludes a thermally activate@Wwith characteristic energy)

mechanism of conductivity, dependence of the concentration

| 500 - and the effective magsn) of the itinerant charge carriers on
-1.0 the magnetization, as well as scatterimgth character time
ISP B R 7) of the charge carriers by static breakings of the transla-
0 100 200 300 tional symmetry, thermal fluctuations of the magnetic order,
and phonons.
T, K

, ] The authors are pleased to dedicate the paper to Acade-
FIG. 7. Magnetoresistange(H) —p(0))/p(0) of the Lg;CaysMnOs film  — inian v/ \/ Eremenko, whose multifaceted scientific interest
vs temperature in a magnetic field of 50 k@®); the dotted, solid, and

dashed lines represent then7 model calculations for magnetic fields of 5, and achievements in the physics of ma_gnetic phenqmena in
50, and 500 kOe, respectively. the compounds ol andf elements are widely appreciated.
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MAGNETISM. PHASE TRANSITIONS

Anomalous magnetic and dynamic behavior in magnetoresistive compounds: origin
of bulk colossal magnetoresistivity

V. Chechersky and A. Nath*
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Fiz. Nizk. Temp.28, 781-789(July 2002

We present the results of our extensive ddbauer effect studies carried out on a wide variety of
mixed valence manganites as well as other types of magnetoresistive materials, including
pyrochlore T}Mn,O, and the chalcospinels FeCu, Cr,S, and FeCyS, with absolutely different
natures of the magnetism, in a search for similarities linked to their magnetoresistive

behavior. The double exchange electron transfer and coupling between the electrons and
Jahn—Teller lattice distortions invoked by most theories to explain the colossal magnetoresistivity
and associated metal—insulator transition in manganites are not applicable to pyrochlore nor

to chalcospinels. Nevertheless, we find intriguing similarities in the anomalous magnetic and
dynamic behavior among these widely different systems at, above, and below the Curie
temperaturel ¢, which shed light on the origin of bulk magnetoresistivity in general. All these
compounds share the following features. The long-range ferromagnetic order breaks down

even below the Curie temperature, with the formation of nano-size spin clusters. Softening of the
lattice was observed nedk.. The short-range interactions in these spin clusters survive

well aboveT. When an external magnetic field is applied, the spin clusters coalesce to form
large clusters, with considerable lowering of the resistivity. There is a strong evidence

that the existence of nano-size spin clusters with superparamagnetic-like behavidgnsar
prerequisite for the occurrence of bulk magnetoresistivity. 2@2 American Institute of

Physics. [DOI: 10.1063/1.1496668

INTRODUCTION magnetic field, there is a sharp decrease in resistivity due to
The perovskite manganite LaMa@s an insulating an- regenerati(zn of metallicity/ferro'mz.ignetism“. This effept is
tiferromagnet. The Mn—0O octahedra are highly distorted dué«!own as .colossal magnetore5|st|V|(¢MR) . To e>'<pla|n
to the Jahn—Teller effect. When 14 is substituted by a this surprising behawor, several resear_chers_ha\_/e invoked the
bivalent ion like CA*, a corresponding amount of NI is concept that the mobile electron carries with it the Jahn—
converted to MA*. For instance, with the introduction of 'eller (J=T) distortion of the Mn@ octahedron. The greater
holes, the compound La,CaMnO; becomes a ferromag- the dlstor_tlon,_the more I_ocahzed are_the charge cazrrgers; this
netic metal for 0.18x<0.5. The hopping of an electron deformation disappears in the metallic state belgw™" In
from Mn®* to 07~ is accompanied by a simultaneous hopthe ferromagnetic metallic state, there is a strong exchange
from the latter to MA™. The probability of this double ex- interaction between the itinerasy electrons and the local-
change(DE) electron transfer of ar, electron depends on ized tyg spins. The basic pr_ob_lems facing researc_hers are to
the orientation of the neighboring intra-atomic Hund's understand the features driving the ferromagnetic metal to
coupledt,, spins. The hopping is facilitated if the spins are the “paramagnetic” insulator transition and the intriguing
aligned parallel to each other. Thus the ferromagnetic alignobservation of large CMR upon application of modest exter-
ment of spins and the rate of electron hopping which is renal magnetic fields.
sponsible for its metallicity are synergistically tied to each ~ There are other systems, for instance, the spinel chalco-
other! The probability of the hopping also depends on thegenide FeGS, (Refs. 6-12, and the pyrochlore 3Mn,0O;
Mn3T—O—Mrf* bond angle. The latter is determined by the (Refs. 13—1Bwhich exhibit CMR behavior. However, these
size of the rare earth/bivalent substituent ions. Among thé&ystems do not show DE electron transfer nor Jahn—Teller
four 3d electrons of MA*, tgg electrons are weakly hybrid- distortions. In this paper, we will compare the magnetic and
ized and constitute localized spi$# 3/2). In contrast, the dynamic behavior of different families of CMR compounds
eé’x orbitals have lobes directed to neighboring oxygen atand seek commonalities which could lead to a better under-
oms, and hybridize strongly with th®,, orbitals, and the standing of the origin of bulk magnetoresistivity.
electron is itinerant below ¢ in the ferromagnetic—metallic For our studies, we use a local probe, nameigo.
state and is believed to be localized in the “paramagnetic’Emission M@sbauer spectroscopy constitutes a valuable tool
insulating state abové&.. The resistivity increases consid- for exploring the behavior of materials at the microscopic
erably as one approach&g from below. On application of a level. It is a couple of orders of magnitude more sensitive

1063-777X/2002/28(7)/7/$22.00 562 © 2002 American Institute of Physics
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than the regular absorption mode and requires only a few

tens of parts per million of Mn substitution B/Co, with ¥ a b
minimal perturbation of the system. On the other hand, one ) =1_00i§ T/T.=1.00

has to use 1-2%'Fe substitution for the regular absorption ¢ - ¢

mode. The minuscule amount of tR&Co substituent faith- t10%

fully probes the subtle changes in electron density, local dy-
namics, lattice distortions, and magnetic behavior of the
dominant host material. The probe can also sense the forma-
tion of different electronic phases. We have shown

~en—H
earliet’19 that the Auger after-effects do not cause any c
problem in systems having delocalized electrons, since the 0.95
50-100 eV excitation energy deposited at the epicenter/
molecule(incorporating®’Co) during electronic relaxation of 0.95
the multiply charged site goes towards collective excitation
of delocalized electrons. The plasmon decays in less than 0.85
0.85 "‘V" '
N VaVa ) A VoV A
0.77 MW/

Absorption

10 s, transferring practically all its energy to an ejected
electron. The strong coupling between plasmons formed

from delocalized electrons and single-electron continuum 077

states provides a neat mode of energy removal, leaving the ;

5"Fe site virtually unperturbetl"*°The 14.4 keV Masbauer 0.51 0.51

gamma rays which are dressed with information about the , , , . , ,
chemical environment are emitted with10 ' s delay after -0 0 10 -10 0 10
the electron-capture nuclear decay and are therefore oblivi- Velocity , mm/s Velocity, mm/s

ous .to the Auger .event. The formation of a plasmpn_ by ex- IG. 1. Mossbauer spectra of baCa, Mn(*'Co)O, at different tempera-
citation of delocalized electrons by synchrotron radiation an ures, To=198 K (a); computer simulated Wsbauer spectra of a regular

its decay by ejection of an electron has been verified byerromagnet at various temperatusés [Ref. 22.
photoemission studies ofgg and G, (Refs. 20 and 21
Later, we will make use of this feature of emission $4e
bauer spectroscopy to buttress our claim that the CMR maan intrinsic property of manganites that the long-range ferro-
terials are insulating abovk in the macroscopic sense only. magnetic order breaks down even beldyw, and nano-size
On the microscopic scale, small magnetic clusters are formeghagnetic clusters are formed with short-range order. If the
with delocalized electrons. The delocalized electrons protecvailable thermal energy at any temperature is sufficient to
the site from suffering local radiation damage following Au- overcome the anisotropy barrier, then the magnetic vector of
ger ionization. the spin clusters can flip among the easy directions at a rate
faster than the Larmor frequency of the daughtee (about
10% s 1), and the internal magnetic field at the probe aver-
CMR MANGANITES ages out to zero. Manganites exhibit another very interesting
feature which contrasts with regular superparamagnetic be-
) havior. The blocking temperatuighe temperature at which
Typical Mossbauer spectra of manganites as a functionhe sextet collapses completely into a singlet/doublet when
of temperature is represented by,k8a Mn(>’Co)0; in  the rate of fluctuations of the magnetic vectors of all the
Fig. 1a(Ref. 22. Spectra showing similar behavior were clusters exceeds the Larmor frequencpincides with the
reported earlier als’ >’ The anomalous magnetic behavior Curie temperature. This means that as we apprdacfiom
of mixed valence CMR manganites becomes obvious b¥elow, an increasing number of nano spin clusters are formed
comparison with the computer simulated spectra for a regufrom the bulk, and there is always some fraction of the ma-
lar ferromagnet given in Fig. 1b. In a regular ferromagnet,erial exhibiting bulk-like magnetism even up to 0TR9(Fig.
the spectral extent of the magnetically split sextet, which i) 2829 The sextet lines are rather broad evenrAt.~0.3
proportional to the natural magnetization, diminishes conand become broader with increasing temperatéig. 1a.
tinuously with temperature and finally collapses into a singleonly at very low temperaturesT(T<~0.05) does the sextet
line at T¢. On the other hand, for the manganite, the mostook like that of a regular ferromagnégig. 1b). This broad-
important difference consists in observation of two compo-ening occurs partly due to collective excitations of clusters in
nents as one approach&s from below, a sexteM and a  directions close to the easy ones. Moreover, the exchange
central pealC. In a regular ferromagnet we would expect to interactions also depend on the degree of spin alignment,
see theC component only abovéc . which varies with the cluster size, resulting in a distribution
In manganites, the coexisting central component growsf internal hyperfine magnetic fields experienced by the
at the expense of the sextet with increasing temperatureigssbauer probe, which tend to increase with temperature.
Such behavior is typical for superparamagnetic behavior of
nano-size single-domain particles with a distribution in size. o
The grain size in all our polycrystalline samples is larger thag"Muence of external magnetic field
1 um. Moreover, a single crystal of kgCa, ;Mn(°>'Co) 0, The question arises whether the collapsed singlet both
also shows similar behaviéf,and so we conclude that it is below and abovd . is really due to “superparamagnetically

Superparamagnetic-like behavior below and above Tc



564 Low Temp. Phys. 28 (7), July 2002 V. Chechersky and A. Nath

S | TMe=118 Mo =35T
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FIG. 3. Effect of Hg,=18T on the Masbauer spectra of
Tﬁ/—— Lag ¢Cay Mn(>Co)0; at T/T¢=1.18 and 1.54T =198 K [Ref. 26].
sample perpendicular to the gamma-ray direction. These ob-
servations clearly indicate the presence of pre-existing nano
- spin clusters, each with an adequate total spin to react to a
-% very modestH,,; at temperatures comparable to room tem-
5 perature, and which consolidate into larger clusters as indi-
é’ cated by the relatively robudt;, (Fig. 3). The interaction
between spin clusters aided Bl is synergetic, i.e., a better
alignment of spins results in an improved DE electron
T=175K transfer/metallicity, which in turn enhances the spin ordering.
Heq=1.8T Therefore, a direct correlation exists between the change in
H; = 260 kOe the abundance of the ferromagnetic fraction and the magne-
toresistivity as a function of temperature on application of

—_t He. (Ref. 26. Also a linear dependence of the resistance on
-5 -0 5 0 5 10 15 the magnitude of ferromagnetic fraction in zek,,; in
Velocity, mm/s xt

Lag ¢Ca ,Mn(>’Co)O; was observe® These observations
FIG. 2. Mossbauer spectra of the d.4&Ca, ,Mn(>’C0) 0, single crystal with ~ are based on simultaneous measurements of resistance and
and withoutH=1.8 T atT=175 K (T/T¢=0.99). The computer fits are emission M@sbauer spectra. The observed correlation sug-
shifted upward for clarityRef. 28. gests that the current flows almost exclusively through fila-

mentary ferromagnetic regions surrounded by superparamag-

netic nano spin clustef3:*>31t may be mentioned that the
relaxed” spin clusters or due to ordinary paramagnetic speabove-discussed evidence for the existence of nano spin clus-
cies. We can get the answer by observing thesshauer ters(magnetic polaronsaboveT can be further reinforced
spectrum neall ¢ in a modest external magnetic fiett],,. by the following technique. If spin clusters really exist above
One can see from Fi@ a dramatic change in the Msbauer T, there is a probability that some of them could be rela-
spectrum with the application éf.,;=1.8 T. One observes a tively large and fluctuate slowly enough with relaxation time
regular magnetically split spectrum characteristic of a bulkin a range centered at about F0s. The Mmssbauer spectra
ferromagnet with an induced internal magnetic fi¢figh,  originating from such clusters may consist of a semicol-
=260 kOe. This is very graphic evidence of the coalescenciapsed central part with very wide wings It is easy to
of the pre-existing nano-size clusters to form large clusteréose these extensive wings in the background during com-
with well-ordered ferromagnetic alignment. puter analysis, while the central part can incorrectly be ana-

The next question is whether these nano spin clusterlyzed to be a part of the completely superparamagnetically

survive well above ¢ . If they do not, one will not be able to relaxed component originating from the major fraction of
rationalize the observation of magnetoresistivity above thesmaller spin clusters. If the energy scale during the measure-
Curie temperature. Figure 3 depicts changes in thessvio ments is deliberately adjusted to cut the extensive wings and
bauer spectrum aff=1.18T:. and T=154T; in Hg, accommodate only the collapsed central component, it be-
=1.8 T. The spectra can be fit by a magnetically split sextetomes possible to determine indirectly the existence of such
with H;,= 60 and 35 kOe, respectively, and the line intensitytype of clusters abov&. by observing the normalized area
ratio 3:4:1:1:4:3 corresponding to magnetization of theof the spectrum as a function of temperature. Experiment
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shows that as the temperature is lowered towdgd the T

. . ) ) Mng 20% St
abundancegnormalized areainstead of increasing, as ex- - T,ci”‘?K T
pected according to the theory, goes down—the closer to 100 [~Mng 10% Ca—— et
Tc, the greater the observed loss. This suggests that by ap- T 187K ’7*77
proachingT ¢ from above and keeping a narrow energy win- X 80 _MTHG_a%’é Ea - } /( /J;":
dow, we lose gradually increasing amounts of spectral area & BN . 7# ,'i’
associated with the fraction of clusters whose fluctuating rate § M{'quo;/g" ﬁa — T [ | ’Ié 2
becomes less than about®1® ! (Ref. 29. < 60T /

De Teresa and coworkéfsmade measurements of the § ~Mng 30% Ca. - {/ "/"' -
volume thermal expansion with and withadt,,, the mag- g 40 | SER . S —/— /A
netic susceptibility, and the small-angle neutron scattering  § | Mng30%sr— / '/‘Tu}/,/
(SANS). They interpreted their observations by invoking the 00 |_lc= 345K /1—‘-9""7
presence of magnetic polarons dispersed in a paramagnetic .:ﬁ'.'_'f"_""é'.-------o- £ ag "
matrix. Our observations given in Figs. 2 and 3 do not bear "":";:iﬁ. 1’ o
out the presence of a paramagnetic matrix: all the nano spin 0 5
clusters present are equally affected and grow under the in- 0.7 0.8 : 0.9 10
fluence ofH.y. It may be mentioned that a specific spin /T,

does not belong always to the same spin cluster, but there is
a continuous exchange of spins between the clusters. THdG. 4. Plot of superparamagnetically collapsed fractio¥&¢ for vari-

dynamics of the exchange has to be slower than the Larmdus CMR manganites, obtained by computer analysis of the temperature
evolution of their emission Mssbauer spectra. The differefii.’s for

; 57 -8 i i
period of >"Fe (~ 1Q s), otherW|§e t.he pmbe_ nuclei samples with the same degree of substitution is a result of the different
would not sense the internal hyperfine field, and instead oéxygen content.

the sextet one would observe a completely collapsed

spectrunt?®® Related to it are the observations made by
Raquetet al®®in LaysCay MO films of giant random tele-  the more-homogeneous clusters it will have, with a narrower

graph noise in the resistance fluctuations well belGw. distribution in size. At the same time, it is known that the
They attribute it to the dynamic mixed-phase percolativeCMR effect decreases with the increaseTef. We also ob-
conduction process, where manganese clusters switch bagRTve a smaller effect oH, on Maossbauer spectra of
and forth between two phases that differ in their conductivityS@mples with higher Curie temperature. We attribute this to a
and magnetization. Similar observations were made by Pomaller average cluster size in compounds with higher
zorov et al3” and Zhanget al3® In this compound, apart

from two ferromagnetic phasé$*°we also detect nano size Model

magnetic clusters well belowc (R(_af. 39, Wh'Ch. can help Now we have to address the question as to how the long-
one to understand the observations made in the above-

. range ferromagnetic order breaks down with formation of
mentioned research.

Taking int deration th tic-like b nano size magnetic clusters bel@w and the survival of the
raking into consideration the Superparamagnetic-ike eéhort—range order in the spin clusters up to a temperature
havior of mixed valence manganites at different

temperaturég2°% and the interaction energy between q close to Zc.*#% his behavior contrasts sharply with

modestH,,; and the nano spin cluste(Big. 3), we estimate
the average size of the magnetic clusters as roughly 20 A in

—r—— :
diameter(if approximated by a spherecontaining a couple '_O M%:&@?; Tl s

of hundred MA"/Mn** atoms. The distribution of cluster 62000 P iy
size and the temperature range in which clusters are formed 2 Mg O il | ‘: {
from the bulk neaiT ¢ varies with the fraction of bivalent ion % S | \\““N\-},’ ! }‘
(Ca&*,SrP™) substitution for LA*. For the 30% Ca/Sr sub- g 15009 20% ca 0 li
stituted compound it was found to be narrower than forcom- g Te7238K I —— HEE
pounds with 10 and 20% Ca substitution, as discussed below. & pckrihat A o
Figure 4 shows the supermagnetically relaxed fraction as a % 1000—C+ T -y /\‘ ",." '
function of T/T¢. The derivative of this plot gives a quali- g .x,.Mng’w‘% Ca 7C R ',i\‘ \ \
tative feel for the distribution of cluster siz€&ig. 5. How- L chf1§7P§ +_/ y '.',',\ \ {
ever, we have to keep in mind that at any given temperature, & 500 - izoi‘ys; TN ‘\\‘ :
we are not dealing with pre-existing magnetic clusters with a " . Tcg=170°|(r T )24 a2’ ?\ K
large distribution in size, but rather a quite narrow distribu- - ~L_ M/’:Z"“""' N
tion with increasing number of clusters being formed from 2 Ol Hi e LS S N
the bulk as the temperature is increased. As is seen from Fig. a ; ;

4, there is a definite correlation between the magnetic quality 0.7 0.8 0.9 1.0
of the compoundrepresented by the Curie temperajuaad /e

the te;mperature range in which transformation takes placql'IG. 5. Derivatives of the results presented in Fig. 4 which reflect the rate of
the h'gher theTC' the n_arrower _th? ran_ge- It seems _th_at thecluster formation from the bulk with temperature as well as the width of the
better the ferromagnetic materiglith higher conductivity  cluster size distribution.
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of Hg,, Which in turn depends on the initial cluster size. Our

s +— Linear

:312 approximation work seems to suggest that the cluster size increases with

= :: decrease in Curie temperature of the material.

24l 2.10 Now the question arises whether these magniefias-

< = ters polarons are dressed with lattice distortions. Thesso

Qm_ g bauer spectra abovie: for all studied manganites show very

E 2.05% small quadrupole splittingabout 0.18 mmj€%2° (and which

9l - becomes even smaller beldli:), indicating that the distor-

g tions imposed on the octahedron containing thesshauer

< g} 12.00 probe by the surrounding Mn—0O network is quite small. The
probe senses distortions in a10s period. Our observation
of a single major species abovig: is supported by ESR

7 ) ) . ) ) D
100 200 300 400 500 600 studies on La ,Sr,MnO; (x=0.1, 0.2, and 0.8by Lofland
Temperature,, K et al®® They find that all Mn spins contribute to the spectrum
FIG. 6. Plot of normalized total area under the ddbauer spectra of al?o‘,’e Tc, indicating tgle formation  of mag,”e“C Clu.SterS'
Lag ¢Ca Mn(5’Co) O, as a function of temperature. The solid line is a guide SiMilarly, Kapustaet al>" report the observation of a single
for the eye. 5Mn NMR line both below and above the Curie temperature
for La; _,A,MnO; (A=Ca,Sr), providing direct evidence of
) , _magnetic correlations on a time scale greater than® &)
that of r'egular ferromagnets like Fe and Ni, where magnet'cl'hese results obtained by techniques which operate on a
co_rrelatlons are obser\_/ed only up toLel, and there is no relatively slow time scale are in apparent contradiction with
eV|der!ce of the for_matlon of spin clusters belii\_gy. Avery observations made by much faster methods. The x-ray ab-
riveallgg ob_ser\riatlon r|n|'\a'/g§bby sisbauer TtUd'eS V\;]as the sorption fine structure spectroscopy and pair distribution
S arph. ro_ﬁ)_ |r]1 the gofawzs,as _?#er spec_tre:j ar(feahw I'\;atcr:]s aP"function studies on CMR manganites show lattice distortions
proachingic Irom below. e magnitude of the " aboveT..2"®Neutron scattering investigations also give evi-
bauer area is indicative of how strongly the $ébauer probe dence of distortion in the insulating state abolg.*'~%7
'_? bound tlo the M—O—Mr;netyvork.fAhsharr? decrease pelow Moreover, the spin stiffness coefficient does not go to zero at
c str'ongy suggests softening of the phonon spetfig. _T¢, a fact which indicates the existence of short-range mag-
6). Th|§ softening occurs presumably due to the anhgrmonlietic interactions as in magnetic clustéoslarons. Two re-
strchhmg of_Mn_—O bonds and the enhanced amplitude o ent reports which bear directly on our model are worthy of
torsional oscillations of the Mn—O octahedra. The anomas, . nvion. Daiet al®2 and Adamset al 53 using neutron scat-

lous increase_ in Mn—-O bond lengths, bending of thetering have demonstrated the presence of polarons even be-
Mn—-O-Mn moiety, and the enhanced Debye—Waller factor%w Tc in La, ,CaMnO; (x=0.2 and 0.3 They also ob-
x . .

for Mn and O atoms .belovT_rC have .als_gwbeen observed by serve short- range polaron correlations with a coherence
x-ray and neutron dn‘fraphon studiéS. Thgse opse_rva- length of ~28 A just above the Curie temperature. Here the
tions have also been attributed to anharmonic oscillations bﬁme scale of observations is several orders of magnitude
Dai et al:™ .and Rodrigues—Martinex .and Attfiefd. The shorter than that for the Mwsbauer method. We feel that
anqmalous Increase ln'therrﬂazlsaxpans,lon ﬁQanan a's‘? be " ineir results are consistent with our model; they are observ-
a‘t”b‘%md to anhgrmonlmﬁf: o 9T_he localized distortions ing magnetic clusters but with larger distortions than us just
resulting from aliovalent substitution, e.g., Caand Sf*, because the distortions detected on a time scate 12 s

are presumably responsible for the anomalous anharmoni(‘;\-lOuld be averaged out on the bauer time scale of
ity. The stretching of bonds and the larger amplitude of tor-__ 107 s, if they are of a dynamic nature. Since the fre-
sional oscillations between Mn—0O octahedra would decreas uency c;f Jahn_Teller oscillations is reduced riBadue to

the exchange interactions and also the rate of DE electrogy, in qown of the DE electron transfer, neutron scattering

hopping; the two parameters are intertwin(_ad synerg_istipallycan detect the distortions. However, they are still fast for the
For instance, if the amplitude of the torsional OSC'”at'Onsll\/I('jssbauer time window

increases with temperature, the rate of electron hopping wil
decrease, as the neighboring spins will have to wait u_nt|lOTHER CMR COMPOUNDS
thermal fluctuations allow them an appropriate configuration

for a double exchange hdjrranck—Condon factpr There- Recently there have been reports of some non-
fore, with increasing temperature below. the long-range manganite-based systems which also exhibit magnetoresis-
ferromagnetic order breaks down, and nano size ferromagdivity. Among them are the pyrochlore ;NMn,0O; and the
netic clusters with short range interactions andchalcospinels RgCuy, Cr,S, and FeCsS,, in which neither
superparamagnetic-like fluctuations appear. The fluctuationSE transfer between aliovalent ions nor Jahn—Teller distor-
are responsible for strong electron scattering. On applicatiotions occur. The pyrochlore I¥n,O; shows CMR without

of an external magnetic field, the nano spin clustersich ~ Mn3*/Mn** DE. Its formal oxidation states as detected by
survive even well abovd ) tend to coalesce and grow in x-ray diffraction are ﬁ*Mn‘z”O7 (Refs. 13 and 14 Calcu-
size. If the clusters become large enough to exhibit condudations show that the Fermi surface is derived from strongly
tivity by percolation, CMR will be observetf=2°2%3!0ne of  mixed combinations of TI, Mn, and O orbitai¥2® Our pre-

the parameters determining the magnitude of CMR dependaminary emission Masbauer investigations show evidence
on the degree of alignment of spin clusters upon applicatiof the existence of nano-size ferromagnetic clusters in this
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FIG. 7. Massbauer spectra of the pyrochlore,Nh,(3'Co)O, (Tc Velocity, mm/s
=123 K) (Ref. 22. ’

FIG. 8. 5"Fe Mdssbauer spectra of Fe3; taken at selected temperatures at
and below the magnetic ordering temperatufg=€ 180 K) [Ref. 56.

compound at and below the Curie temperature

Tc=123 K225 The Massbauer spectra of J¥n,(5'Co)O, We have recently studied another chalcospinel F8Cr

at 78 and 120 K without external magnetic field and at 120 Kusing the>’Fe absorption methdlin the temperature range
with H,;=1.8 T are shown in Fig. 7. One can see a coexist78—-300 K (Tc=180 K). FeCsS, is a p-type semiconduct-
ence of collapsed and magnetically split components. Whemg ferrimagnet with a Curie temperature above 175 K. The
the temperature is raised from 78 K to 120 K, the area of thdormal charges are Eé, Cr**, and $~, with considerable
sextet decreases from 31% to 15%, with the correspondingovalent character. The ¥e ions occupy tetrahedral sites
increase of the area of the collapsed component, and ttend CP* octahedral ones. They are aligned antiferromag-
internal hyperfine magnetic field decreases from 390 kOe toetically. Double exchange electron transfer in this com-
180 kOe. Upon application dflo,=1.8 T atT=120 K, not  pound is ruled out. Some representative experimental data
only does the area of the sextet increase to 21% but, mostre shown in Fig. 8. Features previously discussed can be
importantly,H,,; increases to 300 kOe. We expect that low-clearly seen from this figure. At low temperatures one ob-
ering the temperature f6/T-~0.15 would result in a spec- serves only one component—a well defined sextet. As the
trum consisting mainly of the magnetically ordered compo-temperature increases, a central collapsed component
nent. In short, the changes observed in thesthmuer spectra emerges, gradually growing at the expense of the sextet. We
of TI,Mn,(*’C0) 0, as a function of temperature and under also found that the total area of the spectrum shows a sharp
the influence oM, are similar to the case of the mangan- decrease between 145 and 170 K, indicating softening of the
ites, discussed earlier. It allows us to assign with confidenctattice, a feature similar to that observed by us for all CMR
a superparamagnetic nature to the central collapsed compoanganites. At a temperature of 186 K, i.e., abdye ap-

nent originating from the existence of nano-size magnetiglication of an external magnetic field of 6 T restores the

clusters. well-defined sextet typical for the bulk ferromagnet, indicat-
Lang et al®>® have reporte®’Fe Massbauer spectra of ing the coalescence of nano spin clusters.
the CMR chalcospinel leCu, Cr,S, at temperatures rang- On the basis the these observations one can infer that in

ing from 4 K to 300 K.From their figures one can observe many respects CMR pyrochlore and chalcospinels demon-
the coexistence of a central peak and a sextet at all temperatrate similar behavior, namelyi) the long-range ferromag-
tures below 300 K. The central peak increases in intensity atetic order breaks down gradually when approaching

the expense of the sextet as the temperature is increased. Tihem below, with the formation of spin cluster§j) nano-
authors do not discuss this behavior. However, we would likesize spin clusters survive well abo¥e ; (iii ) application of

to attribute it to superparamagnetic-like behavior of spinan external magnetic field at or aboVg causes coalescence
clusters which form in increasing amounts from the bulk asof those clusters, with restoration of bulk-like ferromag-
one approaches. from below. netism and lowering of the resistivity. These common fea-
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The crystal structure and magnetic properties of the LBi,MnO;,, system (G=x=<1,;

A=<0.08) are studied as functions of the oxygen and bismuth contents. In oxidized samples
La; ,Bi,MnOjs., a phase transition from a ferromagnetic st@t@mbohedric phagdo

a state of the spin glass typquasitetragonal phases observed with increase of the bismuth
concentration. The reduced samples L8i,MnO; are weak ferromagnets down xs=0.6

and then transform into a ferromagnetic state. It is supposed that thei@is stabilize the

dy2_,2 orbitals in the nearest M ions whereas the,2 orbitals of the LA" ions are stabilized.
The orbitally disordered phases adg 2-orbitally ordered phases are ferromagnetic, the
d,2-orbitally ordered phases show antiferromagnetic ordering, and the state of the orbital glass type
corresponds to a state of the spin glass type.2@2 American Institute of Physics.

[DOI: 10.1063/1.1496669

INTRODUCTION lowering its symmetry, which lifts the degeneracy of the
electronic levels.

Recently considerable interest has been attracted to Despite the numerous works devoted to research on
strongly correlated systems with perovskite-like structuremanganites, many problems remain subject to discussion.
The variety of triple perovskites such as RMI@R is a rare- The unusual magnetic behavior of bismuth-containing man-
earth metal, M is a transition meldb quite great, but with ganites is one such problem. While the lanthanum-based
variation of the rare-earth elemefR=La, Pr, Nd etd.and  manganitesLn-La, Y, rare-earth ionare antiferromagnetit,

the addition of the practically unlimited set of solutions bismuth manganite is a ferromagnetic insuldfor: More-
R;_«AMnO;, the number of combinations becomes ex-0ver, while substitution of the lanthanoid by an alkaline-earth
tremely large. metal leads to a transition from the antiferromagnetic to a

Manganites R_,A,MnOs have interesting and unusual ferromagnetic metallic stafé, a similar substitution for
properties. These compounds contain ions with orbital deB”V'”1033'1t5’a~'*7ed manganites destroys the ferromagnetic
generacy or Jahn—TellédT) ions (in our case MA").! Thus order.”" _ _ -
their properties differ appreciably from those of the corre-  1he &im of the present work |53to_study phase transitions
sponding substances with the “ordinary” ions: the crystal! & System of manganites where“Laons are replaced by
structure turn out to be distorted, structural phase transitionS! ~ 10NnS- Formally upon such a substitution the valence of
and transitions in a magnetic subsystefare frequently the manganese ions should not change.
observed in them, and in many cases they have anomalously
strong magnetic anisotropy and magnetostricibrSuch ~ EXPERIMENT

phenomena are connected with an interaction of the JT ions  gamples of the La ,Bi,MnOs.,, system were obtained

and are called the cooperative Jahn—Teller eff€ITE.  py three different methods: in air, under a high pressure, and
Distortions of the crystal lattice are caused by the fact thatn vacuum. The initial reagents were oxides of0g, Bi,O;

ion Mn** is degenerate with respect to tdeorbitals: the  and Mn,O5, mixed in the desired proportion. The manganite
crystal field splits the atomid level into two- and threefold of lanthanum was obtained &t 1500 °C in air. Synthesis of
degenerate sublevety andt,, (the e, state is characterized Bj-containing samples was carried out in the temperature
by the real wave functiond,> andd,2_,2). The first of them range of 900-1150°C with a subsequent slow cooling
lies above the second one, and consequently thed@lec- (100 °C/h. The temperature of synthesis decreased with in-
trons of the MA™ ion occupy the levet,q completely and  creasing bismuth content from 1150 °€=0.2) to 900 °C

the leveley only in part. This also makes CJTE possible, (x=0.7). According to x-ray phase analysis, in a sample
which reduces the energy of such a degenerate system lith x=0.7 there were traces of extraneous phases; therefore

1063-777X/2002/28(7)/5/$22.00 569 © 2002 American Institute of Physics
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TABLE I. Unit cell parameters of La ,Bi,MnO; 4; compounds obtained in air.

Composition Symmetry a A ¢ A o, deg v, A3

LaMnOam R 7.8105 — 90.46 59.55
La048Bi0.2MnO3.07 R 7.8165 — 90.45 59.69
LaOJBiO.SMnOS.O? R 7.8191 — 90.34 59.75
La.oﬁBi0'41\’lnoa'07 R 7.8198 - 90.27 59.7
LaO.SBiO.SMnOS.m T 3.9098 3.9352 - 60.156
La, ,Bi, MnO, - T 3.9048 3.9409 - 60.09

in these states the saturated concentration of bismuth is limt. According to structural studie'$,the excess over stoichio-
ited to a value of 65%. A chemical analysis has shown thatetric oxygen in the system LaMnQ, is a consequence of
all compounds obtained in air have an excess of oxygen ithe formation of an equivalent number of vacancies of'La
comparison with the stoichiometric ratio. Substitution of theand Mr?* ions. Apparently this mechanism of nonstoichiom-
La®" ions by BF* has only a weak influence on the oxygen etry is pertinent to system La,Bi,MnOs., also, as the
content. The chemical formula is LaBi,MnO347:001.  OXygen ions cannot occupy interstitial positions in the close-
The samples prepared by the method described were reducpdcked perovskite structure.
in quartz vacuum tubes at 900 °C in the presence of tantalum  Field curves of the magnetizatidn(H) at liquid helium
metal for absorption of allocated oxygen. Control of the oxy-temperature for several samples prepared in air are shown in
gen maintenance was carried out by mass weighing of thgig. 1. LaMnQ, o, is ferromagnetic, as the specific magneti-
sample before and after the reduction process. The chemicghtion corresponds to a parallel orientation of the magnetic
formula was “squared up” on loss of the mass. Compoundsmoments of the manganese ions. With increase of the bis-
with x=0.7 were obtained using a high-pressure techniquenyth content up tx=0.65, a gradual decrease of the spon-
(pressure 4 GPa, temperature 900 °C, duration of synthesigneous magnetization was observed. In compounds swith
20 min). These samples were characterized by the chemical g g andx=0.65 the magnetization remains unsaturated in
composition La_,Bi,MnO;3. ¢ o;. fields up to 16 kOe, as is typical for magnets with weak
X-ray structure studies were carried out on a DRON-3¢qggperative exchange interactions. Ferromagnetic solutions
diffractometer in CrK, radiation. Single-phase structures (x<0.4) are soft magnetic materials whereas in samples
were selected for measurement of the magnetic and electrigjth x<0.5 the coercive force sharply increases. The tem-
properties. Magnetic measurements were carried out on gerature curves of the magnetization obtained in a rather
commercial vibrating Foner magnetometer. The electroconsmall external magnetic field of 100 Oe are shown in Fig. 2.
ductivity was measured by a standard four-probe techniquéere measurements were performed in a mode of heating af-
Indium contacts were used. They were applied using ultragg, cooling in a field FC) and without a fieldZFC). It fol-
sound. lows from the diagrams that the Curie temperature decreases
with increase of bismuth content. The ZFC magnetization of
a sample withlk=0.6 has a wide maximum, which is typical
According to the x-ray data, the samples of thefor a magnet near the concentration transition from a ferro-
La, _,Bi,MnO; o7 series obtained in air were characterizedmagnetic state to the state such as a spin glass. On further
by rhombohedral distortions of the unit cell up to a concen-increase of the bismuth content the magnetic susceptibility
trationx=0.4. In samples witlx=0.5 the type of distortions sharply decreases. The ZFC magnetization in a sample with
changed to tetragonal. The compounds reduced in vacuumr 0.65 has a well-defined maximum. Near the temperature
and obtained under a high pressure had a monoclinic cof the maximum the ZFC and FC magnetizations diverge.
orthorhombic deformed unit cell. Taking into account the form d¥l(H) curve we believe that
Upon substitution of lanthanum by bismuth, the volumein solutions withx=0.65 the long-range magnetic order is
of the unit cell varied only slightly, apparently because of theapparently destroyed.
similarity of the ionic radii of L& and BP". The unit cell The compound LggBigsMNnO;4; Was reduced under

RESULTS AND DISCUSSION

parameters of some solid solutions are given in Tables | andarious conditions. As a result, two compounds—
TABLE II. Unit cell parameters of La ,Bi,MnO;,, compounds obtained in vacuum.
Composition Symmetry a A b A ¢ A v, A3
La, Bi, MnO, T 3.9098 3.9352 - 60.15
Lao,sBioAsMnosm O 5.5456 5.5879 7.7862 61.095
LaO.SBiO.SMnOZQQ O 5.501 5.8266 7.6635 61.41
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FIG. 1. Magnetic field dependence of the magnetization in the

La; _,Bi,MnO; o7 System. FIG. 3. Magnetic field dependence of the magnetization in the

Lay sBigsMnOs, , System.

L8o sB10.MnOs.04 and L3 sBiosMnO, 9 are obtained. The g g 1y jg necessary to note that the growth of the sponta-

fo??eiz”ﬁnirte SEI(I: eg<sc"ilgglg) hsv(:]ea;gasoj[ﬁreth;gggsif:cl:zcgif'neous magnetization correlates with a change of the unit cell
had O -orthorhombically deformed unit cele¢2<<a<b). It ?))(/quga;ry type from orthorhombicx(=0.8) to monoclinic

should be noted, that'@rthorhombic distortions in manga-
nites indicate orbital orderintf. The field curves of the mag-
netization at liquid helium temperature for reduced sample
are plotted in Fig. 3. The magnetizations of compounds wit

?:O'O.:L ?\n_diz%gﬂhdlﬁer slightly, :/Ivhereatls the comp05|-t. temperature of magnetic ordering for structures with0.4
1on wi o as a very smail spontaneous magnetl, ayimum of the magnetoresistance was obsefupdto

zation (about 0.2ug in formula unitg. With loss of oxygen 40% in a field 9 kOg but magnetic ordering did not change
the critical temperature at which a spontaneous magnetiqu\ﬁe type of the conductivity,

tion appears at first decreased and then increased again and, Figure 5 presents the magnetic phase diagram of the

moreover, the transition to the paramagnetic state becan]_eal,xBianO3 .- System with an excess of oxygen. The fer-

sharper(Fig. 4). . ; I ith i £ th
It should be noted that with decrease of the oxygen Con[omagneUc state is gradually destroyed with increase of the

. . . : . bismuth content, until in the solution witk—=0.65 the state
tent in the reduced manganites the magnetic anisotropy N5 the cluster-type spin glass is not stabilized

creased sharply. Compounds with stoichiometric oxygen ( The magnetic phase diagram of the stoichiometric struc-
=<0.65) are hard, strongly anisotropic magnets. The CoerCiVﬁJres La_,Bi,MnO; is shown in Fig. 6. LnMnQ@ is a weak
forceH at helium temperature reaches 15 kOe, whereas foirerromag_nxet Xwith 3Ne| temperature:I'N.z 144 K. With in-

the ferromagnetic ox!dlze_d compositiohg, =100 Os. crease of the bismuth content up xe=0.65 the stoichio-

As c_ompo_und_s with b'S”?“th content abqve 65% may no etric structures still show the properties inherent to a weak
be obtained in air, synthesis of solutions in the range 0. erromagnet. The R temperature gradually decreases to
=x=<1 is performed at high pressures. We have found ou 7 K (x=0.65), apparently is because of a decrease of the
that the Curie temperature increases smoothly with increasg 5" \in bon,d angles. The lower the -O—Mn angle,

Of bismuth content from 87 Kx= O'.65). up to 108 K for the lower are the width of thedBband and the temperature
BiMnO;. The spontaneous magnetization grows sharply on¢ magnetic ordering® 2! It is well known that in LaMnQ

going from a solution withx=0.8 to a solution with antiferrodistortion ordering of thd,> orbitals occurs in the

Measurements of the electrical conductivity are carried

out in a temperature range of 77—-350 K. All of the com-
ounds under study had a semiconductor character of the
emperature dependence of the electrical resistance. Near the
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FIG. 2. Temperature dependence of the magnetization in theFIG. 4. Temperature dependence of the magnetization in the
La; _Bi\MnO; 7 system(ZFC curve—filled symbols, FC—unfilled sym- La, Bi, MnO;, , system(ZFC curve—iilled symbols, FC—unfilled sym-
bols). bols).
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i to overlapping of the bands formed mainly by &nd 2o
150 _\- P states.
~~nm In manganites containing a large quantity of Biions
\I\ the appearance of tetravalent ions of manganese does not
1007 .\ induce ferromagnetisrtFig. 3). The presence of M ions
Ft+ P L] promotes the destruction of cooperative orbital ordering and
50t : the occurrence of properties inherent to spin glasses. Thus
the compounds remain insulators. We believe that in com-
. . SG pounds with a large content of Bi ions the local static
0 0.2 0.4 0.6 Jahn-Teller distortions are not removed. This is explained by
X the tendency of Bi" ions to form strongly anisotropic cova-

lent ps bonds. These bonds promote local crystal structure
distortions, which is the reason why the local Jahn—Teller
orbital ordering is preserved. Indeed, the temperature of the
charge and orbital ordering in iSrpsMnO; is unusually

. . high, above 500 %4 whereas the characteristic tempera-
ab plane as the exchange interaction becomes ferromagnettlc

in this plane and antiferromaanetic alona thaxis® The ure of charge and orbital ordering in the structures
b nag g exis. INe  RpsShaMNO; is 150 K528 Due to the local static Jahn—
magnetic moments are oriented along theaxis. In Bi-

substituted stoichiometric manganites~(0.6) another type _Teller d_|st0rt|ons, the anisotropic charaqter of the_ exchange
. . . . ( L o interactions between the manganese ions persist. On the
of antiferromagnetic and orbital ordering is in principle pos-

. . . other hand, in these samples, due to fluctuations of the com-
sible. However, in order to ascertain the features of the mag-_ - . . L : .

. . . . osition, microareas may exist in which the static Jahn—
netic and structural state, neutron diffraction studies are re: ; : )

. . . . . eller distortions are removed. These microareas are ferro-
quired. In bismuth manganite the orbital stadg_,2 is . I i

i X . . ; magnetic. The competition between ferromagnetism and
stabilized, leading to an isotropic ferromagnetic stafe. ; . ; i

: . . . . .. antiferromagnetism results in a spin glass state of a cluster
BiMnO; is a soft magnetic material, despite the orbital . ST
NPT . . . . type. It should be noted that orbital and charge ordering in
ordering-™““ In solutions with a high bismuth content the . o .
: ) . manganites are transitions of the martensitic /& There-
magnetic state is most likely a two-phase one. The sampl . . .

. . : ' ore orbitally two-phase states in manganites should be real-
consists of ferromagnetic and antiferromagnetic areas. We . :

. ) . . 1zed at the concentration and temperature boundaries of the
believe that each type of magnetic state is characterized bg . . .
: ; rbital order-disorder transitions.
its own type of orbital state.

It is well known that in manganites the substitution of
the rare-earth ions R and L& by an alkaline-earth ion
results in orbital disordering and stabilization of the ferro-  The crystal structure and magnetic properties of both
magnetic state. This process is caused by two factors. Firsgxidized La _,Bi,MnO; oy and reduced La ,Bi,MnOj; per-
vacancies appear in the orbitally ordered lattinet Jahn—  ovskites have been studied. It is shown that oxidized
Teller ions Mrf*), and that destabilizes a cooperative orbitalLa, _,Bi,MnOs 4; series exhibit a concentration transition
ordering. Second, distortions of the crystal lattice decreasfrom ferromagnetic state to spin glass>at0.65 whereas
due to optimization of the cation’s sizes, whereas theeduced La ,Bi,MnO; perovskites transform from weak
Mn—O—-Mnbond angle which describes the width of thé 3 ferrimagnet state to ferromagnetic onexat 0.7 through a
band, is increased. Under these conditions the static Jahnmnixed magnetic state. The results obtained are discussed in
Teller distortions transform to dynamic ones, and theterms of interplay between orbital ordering and type of mag-
exchange interactions of the M—-O-Mr** and netic ground state.

Mn3*—O-Mrf" types become ferromagnefitThe estab- . _
lishment of magnetic order in structures with a large enough ~ 1his work was supported in part by the Belarus Fund of
width of the 3 band leads to transition in metallic state due Basic ResearckProject F00-22B

FIG. 5. Magnetic phase diagram of the ;LgBi,MnO;4; system.
P—paramagnetic state, F—ferromagnetic, SG—spin glass.
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On the transverse magnetization of the anisotropic superconductor 2 H—-NbSe,
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Torgue measurements were performed on a high-quality single crystal of the uniaxial
superconductor B—NbSe in a tilted magnetic field 0-200 kG, in the temperature range
1.5—-4.2 K. The transverse component of the absolute magnetization was derived in a

magnetic field directed at an angle of 77° to the axis of anisotropy, and its field dependence was
analyzed in a reversible domain of the mixed state. The penetration depth and anisotropy
characteristics were obtained for the sample under study20@2 American Institute of Physics.
[DOI: 10.1063/1.1496670

1. INTRODUCTION were performed on single crystals of HTS&2°and organic

L superconductor¥' In those works the thermodynamic prop-
Measurements of the transverse magnetization of Magsyties of the equilibrium Abrikosov vortex lattice were exam-

netically anisotropic media have proved to be an effectivg,qq in the framework of London electrodynamics on the
tool for the study of spatially inhomogeneous magneticy . cis of angle dependence of the tor¢iegan modef) and
states. As a result of such investigations V. V. Eremenko an@%inzburg—Landau phenomenolog@lem model.1517 In the
co-authors have discovered intermediaied mixed states present work the field dependences of the equilibrium torque

in antiferromagnets, like t_hose existing in type-I and _type'”are analyzed for the first time for the uniaxial superconductor
superconductors, respectively. Torque measurement is a tech, _NbSe

nique for registration of the transverse magnetization of a
crystal in a gnlform_magnetlc field, wh|ch has begn usedz_ EXPERIMENTAL PART
successfully in studies of the magnetic anisotfogsited

from* and the Fermi surfaéefor a long time. The torque The measurements aimed at observation of transverse
value 7 in Gaussian units is determined by the simple equafmagnetization in equilibrium region of superconducting
tion mixed state placed the following specific requirements on the

samples and experimental techniques employed.The
7=-M.HV, @ sample should be an anisotropic superconductor. Our sample
whereH is the magnetic fieldy is the sample volumeéd , is  under study meets this requirement, as its anisotropy param-
the transverséwith respect to the applied magnetic fipld eters are close to those of the yttrium HTSC, which was the
component of the absolute magnetizatio, =M, cosd  first object used for reversible torque observatithe ratios
—M,sin g, zis the direction along, xis the direction along of effective masses along tleeaxis and in the superconduct-
thea or b axis in theab plane, i.e., normal to the axis, and ing plane are 10 and 25, respectively, which means that both
0 is the angle between theaxis and the external magnetic of them are moderately anisotropic supercondugtdviere-
field direction(insert in Fig. 1. over, the superconducting compoundl 2NbSe is charac-
Observation of a sample’s torque suggests a nonzerterized by uniaxial anisotropy, and, consequently, one does
component of the magnetization off from the magnetic fieldnot need to assume negligibility of the orthorombicity in the
direction and, consequently, an orientational dependence afystallographic planes responsible for superconductivity. 2
the sample’s free energy in a magnetic field. Torque meaPinning effects should be minimal. Actually, the high-quality
surements on conventional superconductdreere made in  single crystals of Bl—NbSeg under study are characterized
connection with an investigation of magnetic flux pinning by by a ratio of critical currents attributed to pinning and to
crystal lattice inhomogeneities. Since the discovery of highdepairing of j./jo,~10 8, which describes them as the
temperature superconductivitHiTSC) and the observation cleanest type-Il superconductors. Their field dependences of
of the orientation of fine particles of these anisotropic com-the magnetization have two reversible regions, viz., weak
pounds in a magnetic fieft;2° the possibility of intrinsic  fields H<H,, and near the upper critical field., (Ref. 18
torque in anisotropic superconductors in the region of equiand the references thergir8) As the magnitude of equilib-
librium magnetization has been assumkdExperimental rium magnetization is not large compared to the applied field
evidence for the existence of transverse magnetization an@ee, e.g')), the torque should be amplified by the sample’s
intrinsic torque of anisotropic HTSC was obtained for thevolume according t§1). This was realized in our case due to
first time in Ref. 12. Later on, intrinsic torque measurementghe opportunity of obtaining large crystals oH2 NbSe.
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FIG. 1. The measured and calculated dependendé} for T=4.2(a); 3.5
(b); 2.5 (c); 1.5 (d) K, plotted in semilogarithmic scalélnsert: c is the

crystal lattice spacing and d is the interlayer distance.

The volume of the crystal under study was 2970 ° m®,
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tion of 2H—NbSe, the torque signal near the upper critical
field H., should be of the order of 1IG dyn.cm

(107 1°N-m), if the transverse magnetization were equal to
full magnetization. The available torque measurement
techniqué® gave an accuracy of I0 dyn-cm. It was
achieved in the following way. The torque on the sample was
transmitted to the registering unit by a Cu—Be spring, the
rigidity of which was chosen taking into account weight of
the sample. The signal was registered by the capacitance
method of Griesséh using a bridge scheme. This method
allowed us to measure the capacitance with an accuracy of
10 # pF. The large-scale magnet M7 at the High Magnetic
Field Laboratory in Grenoble provided a highly uniform field

in the sample region. Calibration of the signal was performed
using a miniature coildiameter 4.8 mm, length 1.4 mm,
number of turns 20mounted in the region of the sample in

a field of 12 T, to an accuracy of 3%. The out-of-plane angle
of the external field direction was 23°, which was estimated
with an accuracy of 1°, satisfactory for measurements of the
magnetic-field dependence of the torque.

The experimental geometry is presented in Fig. 1a. The
measurements presented in this figlagypical field depen-
dence of the torque, measured at a temperature of 4.2 K
clearly show the occurrence of transverse magnetization of
the 2H—NbSe single crystal in the field rangél ;<H
<H,,, whereH, is the lower critical field. A thermody-
namic data analysis follows below.

3. DISCUSSION OF EXPERIMENTAL RESULTS

The measured field dependences of the torque are pre-
sented in Fig. 1 in a comparison with those calculated using
the equatiort!

DHV y?—1 s 6
~64m°\, v e(0)

ynHco(llc)
He(0)

7(H) , @

where® is the magnetic flux quantum, amsdand y are the
anisotropy parameters,

e(6)=(sir 6+ y? co 6)*?, ©)

and n~1.

Relation(2) was derived on the basis of London electro-
dynamics. It was already proved by experiments on HTSCs
with moderatgY-Ba-Cu-O and strongBa-Bi-Ca-Cu-O and
Tl-superconductops anisotropy>*®* The compound under
present study is a classic London supercondifétass the
magnetic field penetration depihin it sufficiently exceeds
its coherence length (for the component oM normal to the
ab plane, which is responsible for superconductiviky,,
~1000 A and the coherence lengih~10 A although it is
nevertheless larger than the interlayer distandesatisfac-
tory agreement between the measured and calculated depen-
dences is observed in a limited low-field range. The field of
apparent deviation of the measured curve from the calculated
one(the field of the maximum in the field dependence of the

which was estimated to an accuracy of better than 1% byorque is a function of temperature. This may suggest that
weight measurementd27 mg and using the density value the fieldH,, is related to the influence of intervortex inter-
6.44 g/cm, calculated from the atomic distribution in the actions on the magnetization. It can be calculated taking into
unit cell of 2H—NbSe, determined from the x-ray measure- account that this interaction becomes considerable when the
ments. 4 According to the published data on the magnetiza-vortex lattice spacing equals to the penetration depth:
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D, B2 B In(Bag/&)
= = = — 4 — [ ——
2= Vi, M @ P8 " 4n g ©
where B is a parameter that depends on the vortex lattice
3.1. Transverse component of equilibrium magnetization symmetry. For a triangular lattigg= 0.381. Considering this
Though the occurrence of the transverse component Jelation, the equation for the magnetization was obtaffied:
the equilibrium magnetization of uniaxial superconductors — _ ;M =(d/8mA2)In(H,B/H). (10)

was predicted before the discovery of HTSC, and the esti-

mates were made forl2—NbSe (Ref. 23 itself, until now In this equationB is determined from experimental data. Ac-
the related measurements had been performed on HTSd@lly the field range consider&is narrower, as it is re-
only. The satisfactory agreement between the measuremeritficted below by the fieldd'>H; above which the irre-
and calculations in this work may be used for estimation ofversibility effects may be neglected, i.e., relatioh0) is
the thermodynamic properties of the compound under studyulfilled in a field range of

Initially _the transverse magnetizati_on will be deterr_nir_led N HrcH<H,,. (11)
the basis of London electrodynamics and the restrictions for
its application will be established. The London equations may be generalized to the case of
In Gaussian unif€ a uniaxial anisotropic superconductor through substitution of
the isotropic effective mass by an anisotropic mass tefisor.
Gi=F(T.B)— E ®) Then Eq.(9) transforms to the free-energy equation for a
bR A7’ vortex lattice at an anglé to the symmetry axis:?’

whereF; andG, are the free energy and Gibbs potential for ~ 87F =B+ (®o/4m\?)

the specific volume of thigh phasgbelow, the indices and 2 2\1/2

j correspond, respectively, to the mixed state or Shubnikov X (mBict mgB2) T In(Heo 5B, (12

phase and to the phase will=H, where the major part of wherem,;=m, are the components of the mass tensor along

the sample remains in the normal sjate the in-plane crystallographic axeb, ms is that along the
The relation between field and induction in the mixedaxis. Minimization of(12) with respect td gives® the mag-

state follows from the condition of minimum & at fixedH netization components:

andT: .
M= M m3 Cos6O Mo =M m; siné 13
- = O—l - = 0—1
iF-(T,B-)zi. (6) ‘ vym(6) g vm( 6)
8Bi : ! 4
where
The thermodynamic Gibbs potential for the system of
interacting vortices is determined by the following equation: M= ®o In Heof8
0 2y 2 ’
327N\ H
BH . (14
G=nL7:+Z Uij_ﬁa (7) m( ) =m, sir® #+ mg co< 6.
ij

An expression for the magnetization components measured

wheref is the free energy of an individual vortem, is the i, 3 girection perpendicular to the applied field was also

number of vortices per unit voluméJ;; is the potential of  yarived in2®
repulsive interaction between vortices, and
B=n, 8) M, =M, cosd—M,sin =My sin g cosd
=n . =M, cosf—M,sin =M ———sind cosé.
L0 1 X z 0 m
Therefore, the first term i1G7) is the sum of the individual (15

vortex energies.

The second term iK7) describes the energy of repulsive
interaction between the vortices. It will be examined below  The measured dependendés(H) are presented in Fig.
for different field ranges, following!23-2° 2. The slopeM | (In H) allows one to find the magnetic-field

The third term in(7) considers influence of an applied penetration depth, using Eqs(13) and(14). Applying the
field H. It tends to favor large values of the inductiBnThis ~ following relation, which follows from London theory,
means that the fielt stands for an external pressure which .0 2
tends to increase the vortex density. Nap=m"C7/4mnee’, (16)

The following analysis of the measurements will use aone obtainam* ~7m,. Herem, is the mass of a free elec-
guantitative estimate of the vortex interaction in the rangeron, andng is the density of superconducting electrons. For
Hoa<H<Hg, or é<ay<\ (¢is the superconducting coher- the sample withh = 1200 A the valuen* = 13.5m, (Ref. 30
ence lengtha,= \®,/B is the vortex lattice spacing, and  was obtained. The cyclotron mass obtained from analysis of
is the penetration depthor 1A2<n, <1/£2. In this range of the high-field oscillation amplitude with the lowest fre-
fields and vortex lattice parameters ofuaiform supercon- quency(which corresponds to the in-plane field orientation
dulgtor in the London limit > &) the free energy is equal following,! appeared to be lower by an order of magnitude:
to m* ~0.6m;.

3.2. Transverse magnetization of the crystal under study



Low Temp. Phys. 28 (7), July 2002 Sirenko et al. 577

25 0.30
cl m-15K
R 225K 02| :
20t i v-42K w
4 !, v ",
s E0.20]
(5__ AAAA“ v.;" - a /’ ———— *.\'b
< 15 N Amf“b- 5-0.15 L A ‘-\\
R o ~
0.10p 7
10¢ /28RN
0.05} 7 N
C
5 - : : e \\ e
1 2 4 8 16
H, kG 0 0.2 0.4 0.6 0.8 h

. . FIG. 3. Calculated torque as a function b&=H/H_,: from Ginzburg—
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Fig. 1. o

Thus the cyclotron mass* at a field orientatiorH. ¢~ 32 the dependencelo(T) = o/2m°v3p? was derived for
is close to the lower component of the mass temsprwhile materials with a cylindrical Fermi surface, which is the case
31 H
the mass derived from the penetration depth of the field nofor 2H—NbSe (see, e.g)). Unfortunately in our case an
mal to the plane of the sample, i.éllic, is close to the large €*@ct estimation oH(T) is not possible, because of the

component of mass tensor,. lack of reliable _data on the electron mean free path in our
o . o sample. According to early data on this matetfalhe most
3.3. Restrictions of London electrodynamics application optimistic estimates give its value as 250 A. At the same

The London model is in reality responsible only for the time, estimation of this characteristic from the oscillatory
logarithmic prefactor- M, and for the linear dependence of component of the reversible magnetizativhfor a sample
M on InH in (13). The factor atH., under the logarithm with all the measured parameters being similar to ours gives
appears initially as a fitting parameter. In such a form the~1000 A% If these data are true, we are working with an
M (In H) dependence allows one to obtain reasonable valuedven cleanerlg-£) single crystal than suggested. Then the
of H, from the field dependences of equilibrium magneti_possible contribution from nonlocal effects should increase.
zation in a temperature rangdT,~0.4—1 (Ref. 32. The Taking into account that the magnetostriction follows the
same is true for comparison of our torque measurements with@me laws as the magnetization and using equéfiémsthe
equation(2): a satisfactory agreement is observed down tghagnetization components along the principal crystallo-
T~2.5K (for the material under study.=7.2 K) (see Fig. ~9raphic axes together with our data on magnetostriction
1). along a and ¢ (Fig. 5 one can obtain independently the
The limitation of London electrodynamics is connectedratio of the anisotropic mass tensor components:
with the fact that it does not considgr the contribution of the ms  dM(0)/dInH
energy of the vortex coresuppression of the order param- S dM27dIne
eten to the total energy of the Abrikosov vortex lattice. The my (m/2)/dIn

situation can be improved at the moment in two ways: 1 d\e(0)/d In H/ d\ e 7/2)/d InH
= ~3

using a procedure proposed in Refs. 16 and 17 which is
based on the phenomenological Ginzburg—Landau approach
and is strictly valid near the upper critical field and in the 17)
vicinity of T., which is not the case here) 2aking into

account the nonlocal correction after the method described in

Cn Css

Ref. 32. That is important for estimation 6f;, from mag- 60

netization measurements. In the lower limit of the interme- =

diate fields neaiT. the calculations of the torque function 50t

7(H) by techniques based on the Ginzburg—Landau and

London models practically coincidsee Fig. 3 That corre- "6

sponds our data on(H) at T=4.2 and 3.5 K(Figs. 1a and T 40 a

1b). It should be noted thaT~3 K is the quantum limit g O 5 0

temperature for our sampl(él'q,zTglEF, whereEg is the 30t o © ©

Fermi energy, below which the nonlocality radiug(T) c 8 ©

must be an important parameter in all of the microscopic 20 L : . .

calculations® 0.4 0.5 0.6 0.7 0.8 0.9
The temperature dependence of the fidldat which the =T/Te

nonlocal effec.ts- “switch on’(Fig. 4?! accor(jing to Ref. 32 it FIG. 4. Temperature dependence of nonlocality parant¢}€f/T.) of an-
can have a minimum that is consistent with our data. In Refisotropic superconductors: Bi-22121), TI-2212 (O) (Ref. 32.
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