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Quantum interference effects in the conductanc8MEsystems formed in type-l superconductors

in the intermediate state are investigated. The investigation is extended $0NBsystem of

the intermediate state of indium in a macroscopic hybrid sample with single-crystal copper, for a
sample configuration corresponding to a doubly connected “Andreev interferometer.”

Quantum oscillations of the resistance are detected in ultrapure samples of Pb, Sn, and In of
various geometries and are investigated as a function of temperature, or of critical magnetic field,
in the normal regions of domains of the intermediate state. It is shown that the nature of the
oscillations observed is analogous to that of the Aharonov—Bohm dissipative oscillations for the
ballistic trajectories of coherent excitations nearN®boundary. ©2001 American

Institute of Physics.[DOI: 10.1063/1.1430842

1. INTRODUCTION fundamental theoretical treatments. However, the most
widely studied case is that of coherent transport in the dirty

tance of normal conductors upon the appearance dl@n Simit (e.g.,.correspond'lng to the situation in mesoscopic
samples with an elastic mean free path of the order of a

boundaryt a finding which pointed to the need for a deeper ' ) . . . -
understanding of the properties of systems Wit bound- fragtlon .of a_mlcrom orina non-—three-d|men5|onal ballistic
aries, the study of the unconventional behavior of the elec[eg'me('r.‘ microcontacts, two-dimensional systems, jetc.

In this paper we present research results on quantum

tron transport in such systems has taken on a broader scope T
P y h terference effects due to the dissipative transport of coher-

and that has led and continues to lead to the acquisition df e i in the ol imi d und
fundamentally new information about the role of coherent®t e_x_0|tat|ons IMNS systems_ n t € clean Imit an under
excitations inNS systemg conditions such that there is an insignificant contribution

It is known that the early experiments detecting thefrom the mechanisms of decoherence due to inelastic scatter-

phase-coherent contribution of quasiparticles to the kineti¢"9: . )
properties of normal metals fap7<1 (w is the cyclotron In pure metals at temperatures for which scattering oc-
frequency in the magnetic field, ands the relaxation timp ~ CUrs mainly on elastic centetbelow 4 K), the spatial scale
were done on samples that did not conti®boundaries. In  OVer which conditions of the clean limit can be realized is
that situation this contribution, due solely to the mechanisninacroscopically large, corresponding to the macroscopic
of weak localization of electrons, is manifested as a smalvalues of the elastic mean free paths of the electrons. Be-
quantum interference correction to the diffusional caUse of this, the use of pure metal\Sstructures is one of
contribution® Nevertheless, the existence of coherent transthe most accessible means of realizing conditions for the
port under those conditions was proved by the observation dixperimental study of coherent transport in the clean limit.
quantum interference oscillations in the field of the magneticthe first studies of three-dimensional phase-coherent trans-
vector potential for metallic samples with a doubly con-port at distances from thAS boundary of the order of the
nected geometry, which selected for transport along closefhacroscopic elastic mean free path of the electrons
self-intersecting trajectories whose coherent character was-100um) revealed a number of previously unknown fea-
manifested in oscillation$® tures in the scattering of coherent excitations in metals inter-
In systems withNS boundaries the contribution of the facing with a superconduct8r? In particular, it was con-
coherent transport in the normal metal can turn out to bdirmed that, as predicted by the thedfy' enhancement of
dominant, since it arises in a natural w@yd is independent dissipation can occur near the boundary inNalayer with a
of the probability of realization of trajectories of a special thickness of the order of the thermal coherence lehgig a
form) as a result of Andreev reflection. This circumstance toresistive contribution, oscillatory with respect to the mag-
a certain extent relaxes the requirements on the size and geetic field, from coherent excitations in tiNS structure of
ometry of the samples for investigating this contribution. Forthe intermediate state of superconductors, is also obsérved.
example, it makes it realistic to do experiments on the study In this paper we enlarge the group of superconductors
of quantum interference effects in the normal near-interfaciaivhose critical temperatures permit investigation of the afore-
regions ofNS systems on the scale of the elastic mean freamentioned effects in th&\S structure of the intermediate
path of the electrons, i.e., in the poorly studied “clean” limit state at helium temperatures. We present experimental results
of three-dimensional transport, which is pertinent to manyon the observation of oscillations of the resistance with re-

Since the discovery of an unusual increase in the resi
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spect to temperature, which corresponds to the value of the a

. L . . 550 G
critical magnetic field in the normal regions of thN& struc- Uap T e [520 G :I
ture of the intermediate state, in ultrapure samples of the ——
type-l superconductors Pb, Sn, and In, with an elastic mean Pb Lo ¢Be [480 G ]
free path of the electrons of the order of 0.1 mm, for three
radically different configurations of the samples. This value | — a®bo y —_ |
of the mean free path, which is greater than the dimensions I ; I z
of the normal regions of the structure and is comparable to fe— L —] )_ «
the distance between probes, ensured a clean-limit transport y

regime within the boundaries of the measuring probes. We
show that the nature of the observed oscillations can be ex-
plained by the existence, in these regions, of a closed
(impurity—NS boundary dissipative coherent trajectory of a
certain length, the extremal value of which is determined by
a criterion of coherence that depends on the value of the
magnetic field.

2. SAMPLES AND EXPERIMENT

/l

Insulation

The objects of study wer8lS structures arising at the
temperature of the transition of the type-I superconductors to
! , ) S Uap
an intermediate state in the presence of a magnetic field, ‘
either an external field or the self-field of the measuring cur- a [
rent. The temperature dependence of the potential difference d‘
in slabs of pure lead, across a neck of pure tin, and in a
doubly connected hybrid system with a normal métalp-
pen and an indium slab, was investigated at constant mea- I
suring currents. The geometry of the samples and the posi- / Solder
tion of the potential probes are shown schematically in
Fig. 1.

The lead slab$Fig. 13, rolled from a pure material, had FIG. 1. Configuration of the samples and the position of the potential
a length (along x) L=3mm, a width (along y) W  probes:a—lead slab; b—tin neck; c—doubly connected copper—indium sys-
—0.23-1.5mm, and a thicknesalong z) t~20um. The 8T See textfor explanation.
distance between the measuring proleand b, mounted
alongx in the middle part of the slab, was,~250um. The
samples were placed in a transversely oriented external magie end boundaries close t9. The lengthL was chosen so
netic fieldB., which was applied alonpz] at values of the that it did not exceed the phase coherence length in the cop-
induction equal to 520 and 550 G and aldngz] at 480 G.  per. Of the interesting properties of such an interferometer in

The tin neck(Fig. 1b was prepared by touching a cop- this paper we shall address only those that are observed in
per tip having a curvature of 5am to a massive drop of the small self-magnetic fielB,~5 G of a measuring current
pure molten tin and had final dimensions not larger than 20=0.7 A.
pm in diameter and around 5@m in length, with a distance In all the systems studied the initial stocks of the metals
between measuring probek,,~100um. The potential in the normal state had a ratio of resistances at room and
probeb was soldered to the edge of the neck on the side witthelium temperatureR RR not less than 1%) which corre-
the tin mass, while proba was soldered to the copper at a sponds to an average bulk elastic mean free path
distance of approximately 56m from the other edge of the ~100xm. In comparison with this value the effective elastic
neck. The intermediate state of the tin neck was brought omean free path in the samples studied had decreased by not
by the self-magnetic field of the measuring curréntlts  more than a factor of two in the Pb and In slabs and by an
value at the surface of the neck was around 100 G atrder of magnitude in the Sn neck; these findings agree with

I~1A. estimates taking size and magnetoresistance effects into ac-
The configuration of the hybrid Cu—In sample is showncount.
in Fig. 1c. A rolled indium slab with dimensiorlsx WXt In the normal state the resistance of a layer of metal with

=1.5mmx0.5mmx50um was soldered at its ends to one |o~100xm and a volume of the order d)i| lies in the range

of the faces of a copper single crystal and was separatetdD 8—10 ° Q). For resolution of mesoscopic resistive effects
from this face by an insulating spacer around#@ thick.  in such a layer at reasonable values of the measuring current
The potential prob@ was mounted on the copper and probe(=<1 A) it is necessary to measure the potential differedce

b on the In slab, at distances from the soldering sltes with a resolution of6U=10-10 %2V or better. In the
=1,~0.6L andl;=1,~0.4L. Thus the indium slab and a experiment this requirement was met by using a null method
part (of lengthL) of the copper single crystal formed a dou- of measuring the potential differences with the use of a ther-
bly connected hybridSNSsystem acting as an Andreev in- momagnetic superconducting moduldforith an enhanced
terferometer with “strong” couplingwith a transmittance at sensitivity of SU~5x10 V. It was taken into account
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that the deviation of the potential differendgJ from the

(monotonig meanU can be taken seriously only in that re-
gion of temperatures where the maximum relative deviation
AU ,a/U(T) is at least an order of magnitude greater than
the measurement erréy,= sU/U(T) + s . HeredU/U and
os are, respectively, the relative errors of measurement of
the potential differences and of all the remaining parameters
(temperature, currents, and values of the magnetic)field
Since the ratio olbU/U to &y depends on temperature, the
condition for reliable identification of the deviationd) as a
manifestation of some effect which is regular in temperature
can be satisfied only in limited temperature intervals: below
abou 3 K for the Pb slabs, and below 3.5 K for the Sn neck
and the system with In. Indeed, fbr 1 A we have for a lead
slab:

at 3 K

AU naU(N)=2%; 5y~ 8UIU(T)~0.2%;

dR/dT, 1077 Q/K

0 -
~ 0% | | — —81\ /. A R T S R

93~0.03%;U=587x<107"V, 15 2.0 2.5 3.0 35

at2 K T K

AU a5/U(T)=200%; Sy~ SU/U(T) ~10%:; ’
5E< Sm; U: 3.24< 10 10v; FIG. 2. Temperature derivative of the effective resistaReeU(T)/I of a

For a tin neck: lead slab in the intermediate state in an external magnetic figtc4BO0 (1),

at 3.5 K ' 520(2), and 550 G(3). Curves2 and3 have been shifted along the vertical

_ axis relative to curve.
AU 1a/U(T)=0.1%6,,<0.03%;
8s=06UIU(T)~0.01%; U=4.3402<10 °V;

at2 K below the critical temperature of 1"~ 3.4 K). The form of
AUmax/U(T):l%; S~ 65~0.1%; 6U/U(T)~0.01%; the curve, which seems unusual at first glance, actually does
U=4.0029¢<10 6 V. not contain anything out of the ordinary and is due entirely to

We see that it is only in the temperature intervals conthe choice of the arrangement for mounting the probes for

sidered that the conditioﬂUmaX/U('l')Bloém is satisfied measuring the potential difference, in a geometry in which

and it is only in those temperature intervals that it is mean-the Cu and In are connected in parallel. One can easily see

— this by solving the corresponding system of Kirchhoff’s
ingful to discuss the deviations a&fU from U, which are(at y J P g 5¥

; : ~equations for the voltage across probes mounted at paints
leas) greater than 3,,, there. We will not consider the devia- d g P P

andb in Fig. 1c, with coordinates,, |, andl, 5. The so-
tions of AU for the lead slabs at higher temperatures, Since{'ution has '?he form 8.4 bs

AU o/ U(T)~ 8~ S in the interval 3—4.2 K.

3. EXPERIMENTAL RESULTS

Sn

Figure 2 shows the behavior of the temperature deriva- 4.4
tive of the current-normalized potential difference,
d[U(T)/1]/dT=dR(T)/dT, for one of the Pb slabsW
=0.23 mm) when the temperature is an appreciable distance
from the point of transition of Pb to the superconducting
state; the curves indicate the existence of an oscillatory com-
ponent. We do not show the temperature dependence of
U(T)/I for the Pb samples, since it does not reflect the pres-
ence of resistive anomaliesU because of the large differ-
ence betweedU andU.

TheU(T)/I curve for the Sn neck, shown in Fig. 3, does
reflect these anomalies, because of the smaller difference be-

tweenAU andU(T).

Although for the hybrid Cu—In sample, as for the Pb
samples, the oscillatory anomaly cannot be discerned against
the background of the total temperature dependence of
U(T)/I, in view of the nonstandard form of the latter, which — —

. . . 1.5 20 25 3.0 3.5
is due to the special arrangement of the measuring probes
(Fig. 10, we show a complete plot of this dependence in Fig. T. K

4. The curve spans both temperature int_erva|S: before anglg. 3. Temperature dependence of the effective resistRrce (T)/I for
after the formation of th&Ssystem(respectively above and the tin neck in the self-magnetic field of the measuring curtent A.
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FIG. 4. Temperature dependence of the effective resistai{@@/| for the FIG. 5. Temperature dependence of the effe.ctive resistanidg/| for the
Cu-In hybrid system. Cu-In hybrid system at temperatures beld{ in an enlarged scale.
aRéu— (8- 7)ReuRin realizing, in partlcularz either a diffusive or a balllstl_c regime
Uap/l = R TR ; (1) of electron transport in the normal metal, depending on the
Cu™ M position of the probe on ithe values of, andl, in Fig. 10.
a=lolyl(Ip414)% B=1lol5/(I1+13)(Ip+14); Here we describe an experiment in which the position of the
probe a corresponds to the first of these regimes, with
y=lala/ (11 +13) 1o+ 1,). I, 1,18,

Here we have taken into account that, according to Matthies- The oscillatory temperature dependenceUdfT)/I be-
sen’s rule, the total resistan&of the metal can be written low T¢' is shown separately on an enlarged scale in Fig. 5.
as the sum of the residual resistarR® and a part with a The data presented in Figs. 2, 3, and 5 indicate that in a
power-law dependence on temperature: certain temperature interval the measured potential differ-
el . el N enceU(T) for all the samples has an oscillatory component,
Reu=Rout Ceu™  Rin=Rip+CipT which indicates that the dissipation is of an oscillatory char-
Expression(1) describes precisely the nonmonotonic behav-acter. The fact that the accuracy of the measurements on Sn
ior of the curve in Fig. 4 under the inequaliti8§u< R and and In samples permits resolution of the oscillations even at
m>n, which held in the experiment as a result of the differ-temperatures above the superconducting transition point but
ence in the cross sections and purity of the Cu and In. Analythat none were observed allows us to conclude with certainty
sis of the part of the curve in theN state of the system is that the appearance of oscillations is directly due to a transi-
rather trivial, although it might be of some interest. However,tion of the superconductors to an intermediate state.
that part of the curve is not relevant to the problem addressed Figures 6, 7, and 8 show the oscillatory parts of the

in this paper. current-normalized potential diﬁerenceU(—Umor)/I (we
In the limit R;,<Rc,, corresponding to aBNSconfigu-  will refer to these a¥) oscillations, obtained by subtracting
ration of the system, expressi¢h) goes over to the corresponding mean monotonic part for each of the
U/l = R?;'U+ARCU—AR|W @ samples. We note that for samples with probes mounted di-

rectly on the superconductdthe Pb slabsthe monotonic
whereARq, andAR,, are the effects we are seeking. If they part does not contain a “residual resistance,” whereas for
exist, then, in accordance witR), they should appear addi- samples with one of the potential probes placed on the nor-
tively. mal metal the monotonic part of the resistance does contain
This leads to some characteristic features of the methoduch a residual component. A comparison of the temperature
of measuring the potential difference in a doubly connectedehavior of theU oscillations and the corresponding mono-
NSsystem, employed in the case of the Cu—In sample. Theonic parts permits the conclusion that the oscillations and
chosen arrangement of the probes confers the following adhe temperature-dependent component of the monotonic part
vantages: first, it permits simultaneous observation of thare of different natures. While the amplitude of the oscilla-
temperature dependence of the conductance of both metalstions AU/l for all the samples is weakly temperature de-
the normal state; second, it enables one to clearly identify thpendent(except in the immediate vicinity of the point where
point in temperature at which the transition of the systenthe intermediate state arigesthe temperature-dependent
from the NN to the SNSstate occurs; and, most importantly, components of the monotonic parts vary independently over
using a single pair of probes, one in each arm, one can studyide limits (not less than two orders of magnitude in the
the anomalous low-temperature resistive effects in both théemperature interval in which the oscillations are exhibited
superconductor and in the normal metal at the same timelhe amplitude of the oscillations in the Sn neck are an order
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| 2| .-e at temperatures beloW!" in the self-magnetic field+5 G) of the measur-
2 d ing current.
] 480G = B®
" S . in a 550 G field by approximatelyr, while the phases in
0 L. ol L fields of 520 and 550 G coincide.
» -
-1 t w’ R 4. DISCUSSION OF THE RESULTS
11

1620 24 28 32 4.1 Theory

T, K It is known that in the intermediate state of a type-I
superconductor in a magnetic field, a laminar domain struc-

FIG. 6. Oscillatory partU—Umon)/I of the effective resistance of a Pb slab ture arises, with alternating normal and Superconducting re-
in the intermediate state in an external magnetic /e 480, 520, and 550

G, as a function of temperature. At the top is the corresponding scale of th_glons' In normal regions O.f. this _Strucwre the magnetic field
critical magnetic field. is always equal to the critical field of the superconductor,
B.(T)=B¢(0){1—[T/T,(0)]?, independently of the value
of the external fielB, (Ref. 13. Let us use this expression
to construct the scales of the critical fields for Pb and In in

of magnitude higher, and that in the Cu—In system an orde

of magnitude lower, than in the Pb slab. The character of théhe temperature regions of thkoscillations(taking the val-

oscillations in the Pb slab for differef®, (Fig. 6) indicates ues .OfBC(.O) andT(0) from Ref, 1.4 and_ consider the os
o . cillations in terms of the new coordinatéSigs. 6 and 8 For
that the phase of the oscillations depends on the magnitude . ) .
T P ' the Sn sampléFig. 7) instead of the scales of the critical
and direction of the external magnetic field: in a field of 480.. o - )
N . . . fields we show the scale of variations of the critical field at
G the phase of the oscillations is shifted relative to the phase - . :
Several characteristic points. Let us make it clear that the

difference of the absolute values of the critical ﬂalgC for

any pair of points separated by one oscillation period will
50 G vary only slightly as the value of the critical field changes

sn considerably over a range of one or two oscillation periods
(for the Pb and Sn sampledhis is characteristic of a func-
tional dependence of the phase of the oscillations on the field
rather than on the inverse field. This can be seen particularly
L well in the case of a large number of oscillation periods and
, o a large scale of variation of the critical field, as for the Cu—In
0 - — : . Awretete sample, for which the oscillations are shown in Fig. 9 both as
; Vo Lo a function of the field itself and as a function of the inverse
field.
L ‘ Thus the period of the observed resistance oscillations is
: % : directly related to the value of the critical magnetic field, and
-2 r : the oscillations themselves, showing no connection with the
' N geometry of the samples, appear only after the transition of a
N i,‘f._’o.G.'l. N simply connected superconductor or of a superconductor in a
1.5 20 25 30 35 closed hybrid system to the superconducting state. All of
T,K these facts, and also the very existence of resistance oscilla-
tions, indicate that after such a transition a lamiS&tSdo-

FIG. 7. Oscillatory part ~Upoy)/I of the effective resistance of the tin i o4 cture of the intermediate state is formed, the normal
neck in the intermediate state in the magnetic field of the measuring current

I=1 A, as a function of temperature. The period of the oscillations is indi-'€9I0NS _Of which WO_UId be a |ike'_y Plac_e to |09k for the
cated in units of the critical magnetic field. mechanism responsible for the dissipative oscillations. As

(Uab_Umon) /1, 10
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FIG. 9. Oscillations of the effective resistance of the Cu—In system as a
function of the directlower curve and inversgupper curvg critical mag-
netic field at temperatures belofy .

FIG. 10. The criterion of coherent interaction of an electeoand an An-
dreev holeh with the same elastic scattering centekpression(3) in the
text) establishes a distribution of areAsof quantization of the flux of the

) o magnetic vector potential. The maximum admissible &g&g., bounded by
will be shown below, the conditions for the appearance ohaliistic trajectories passing through the imparitrasof maximum cross

this mechanism in all of the samples correspond to theection~ g}, at the positiong xge.y,Z] for Ogge= /2 is selected.
“clean” limit, i.e., the ballistic transport situation, for which
the elastic mean free palth is greater than or comparable to
the sizedy of the normal region.

Having just this situation in mind, we propose below a
quasiclassical mechanism for describing the obsetveas-
cillations in the normal regions of the domains of the inter-
mediate state.

=2(elvg)n (wheren is a directional unit vector, angis the
excitation energy measured from the Fermi energy’ so
that there is an angular divergence between the directions of
the momenta of the excitation and thén excitation corre-

sponding to it at the point of reflection at tiNS boundary;

The fact that the fields at which the oscillations occur are,, . . . .
small and the characteristic features of the oscillations sugbr;stgévﬁg%i?grerr:iac?/p/oF;Fth;V |::Oz?n|(e)x\$:ﬁb55r2ﬂ/?\rd)p iet

gest that the origin of the observed oscillations lies in a—th/s (\, is the coherence lengthit follows that the

quantum—mtelrfer.ence mechanism .Of mterac;uon between th%ngth of the trajectories under consideration in the thermal
coherent excitations and the elastic scattering centers of ”]8

. . er depends om, being the same for trajectories with im-
normal regions of the domains of th¢S structure of the y P g )

. ) I : purities of equal cross section. In the absence of magnetic
intermediate state. Indeed, only one typdJobscillations is field the distribution of lengths does not play a role, and

known in which the phase varies directly with the magnetlcupon averaging over all impurities the region selected by the

f'ilritvlygle;Egsaemg:guggcﬁ;%ir;isJﬁleatge%g\'?nizlze?g:s:étrermal coherence length turns out to be the entire layer of
P ’ ormal metal, with a decreased conductance on the

coherent excitations having a direction of motion counter tOWhO|e.lO‘18|n a magnetic field, however, the features of this

the magnetic vector potential on closed dissipative trajecto~. ., . .. . : . S
. - ! . istribution shoul manif immedi luding in
ries of a rigid configuratioh>® Near anNS boundary the distribution should be manifested ediatéiycluding

largest contribution should be from imourity—boundar bal_the self-magnetic field of the measuring curjeiihe reason,
9 ‘outl u impurity—bou y of course, is that in the presence of a magnetic vector poten-

listic trajectorie; containing elastic scattering centers, in 3ial the main role in the change of phase of the wave func-
no;]m?lnlayelr r:N'ttI; ig"cﬁle?s (Of tihet;‘)rd'(ir r?]:itcelthﬁrmaltions is played not so much by the length of the closed tra-
;cridi eiscgoﬁz%anTn’s CUanschfoliFl f>)\ ) i ee at d?s?;ngé jecto_ry as by a quantity related to th_e magnetic f@»{Ref.-

; ‘?[h bound h that the el q tTl-,t = ita 15) i.e., the area bom_mdpd py the trajectory, al_1d, acc_ordlngly,
rom the boundary such tha an ype EXCHAlONS 4 s not the length distribution but the more highly differen-

\évcl)t: dir(]:?or?)fa; ksi-ill-l<inAt0er(aAc% ';::3 teagi?gs?a?/v:?htr:ﬁesig?rz-e tiated area distribution that is important. The aforementioned
y angular divergencé of the momenta of the andh excita-

Impurity (Fig. .10)' As we know, on t-he given trajectories yonqin a magnetic field is additionally enhanced by the Lar-
elastic scattering of coherent excitations will lead to an al-

t twofold i in th tiofD tteri mor divergence, which alters the ballistic criterion of coher-
mos WO.Olo INcrease in the cross sectiofor scattering on = o p0q - Ap elementary calculation shows that the distance
an impurity,~ while the change in the conditions of interfer-

N f coherent excitation miaht b d will | from an impurity to the most remote point on the boundary at
t60 gic()illgt(i)or?seof tﬁeccgrrzsf),oisc,iinggresisetiigpcp:riﬁb,u tion €aQhich the particle after Andreev reflection can still return to
) _ .. _the same impurity in a magnetic field under the stated con-

It is not hard to understand that the distribution of purtty 9

- . : o ... __ditions of angular divergence of theeand h excitations de-
lengths of the ballistic coherent trajectories with impurities 9 9

: ) . creases to a value
in the thermal layer is nonuniform. Indeed, upon Andreev

reflection the momenturp acquires an additional pa&p r=2vgR (B(T)). 3
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Hereq=\o; R _=|cp, /eB| is the Larmor radius, and is o L BA (X,1)

the speed of light. AR=AUs /1 — >, f co{zwv) J-
Thus for each impurity in the plang=const the mag- x=0 Jrj=x 0

netic field selects a finite region of coherenandh trajec- ' ; BA (X,

tories originating at points of Andreev reflection at tN& ~f dxf cos( 277#) dr;. (6)

boundary and terminating at an impurity. The size of this o Jx /2

region is bounded by the position of the two extreme pointssince even foit y~0.1 mm an arbitrary layer parallel to the

of reflection, the distance of which from the impurity is houndary, with a thickness of the order of the size of the
specified by criterion(3). Figure 10 shows an example of jmpyrity and an area-12,, can contain, according to the
coherent trajectory regions of different area for impurities of ;5 ,al estimate of the concentration- (1) ~ %, not less than
identical cross section at the positions, ;. Because the 108 impurities, including impurities of maximum cross sec-
cross sections of the impurities are identical, so is the Iengtlﬂon, the summation can be replaced by integration. The cal-
of the extreme trajectories determined by criteri@n Also  ¢yjation reduces to the evaluation of integrals of the Fresnel
shown is one of the regions bounded by an extreme coheregfpe (see, e.g., Ref. 19 For the coherent trajectories con-
trajectory of shorter length, corresponding to impurities ofpected to an impurity with coordinate the integration over
smaller cross section at the positians r; determines the uncompensated contribution of the cross

As we know, because of the presence of quantuMsectionsAgqedX) at the edge of the integration for=r,
mechanically dependericoherenk excitations on the dissi- \ynere the phase is stationary, i.e., where

pative trajectories, the total scattering amplitudg+ f|?

(fen are the scattering amplitudeacquires an interference Aj(X,ry) oxr
correction 2 Reff}), which determines the interference cor- ar | N

rection to the conductance, and the change of the phase of
the wave functions on these trajectories leads to oscillation&hile the integration ovek determines the uncompensated
of this correction with respect to the parameter responsibl€ontribution of the extremal arefggqe under the trajectory
for the change of phasgt®1>16 with an impurity of maximum cross Section g2y, for
The total change of the phasg of the wave functions the maximum value allowed by criteriaB), rq . at which
on closed superconducting dissipative ballistic trajectories of

lengthA;=2r; in a magnetic field B with allowance for both MLQ‘(X) =0.
types of excitations, with energg=eU, is given by the 2
expressiotf 't This condition corresponds to an area
1 EA; BA-(X,I’-) max 2
i i\ = i
Q= @et oh=2m ;ﬁ_v,:—i_ W , (4) Amax edge qumax’
here which is realized at9= /2 for an impurity of maximum
wher cross section lying a distancg,,,=(V2/2)r nax from the NS
1 boundary.
Aj(x,rj)zx\/rjz—xzz ~r?sing Thus the calculations show that in the system of coher-

] . . . . . .
2 ent trajectories under consideration there exists one trajec-

is the area bounded by the coherent trajectory, with a vertegpry’ bounding by the extremdmaximum in magnitude

angle ¢ in the z plane passing through the impurity, which area of quantization, which can bring "?‘b"”t an uncompen-
has coordinategx.y,z] (see Fig. 10 ®y=hc/e=4.14 sated change of phase upon a change in the magnetic vector

X 1077 G- cnP potential.

The contribution of the first term can be neglected, since " TheA valwue Of/ Amax IIS det?ﬂmmTjZ t% /_«'\in aCCE{JhratCy
at the characteristic values of the potential difference for ou edge/ Aedge™ dmax/Tmax- 1N metals g~2-5A, so tha
experimentU<10"8V, it does not exceed IG of a com- 6Aedgd Aedge<1 and the change a, which determines the

plete period of variation of the phase in the temperature in_number of oscillation periods, can, in a certain regiorBef

terval in which several oscillation periods are observed in thé/alues, depend mainly on just the change in flux of the mag-

experiment. Consequently, the behavior of the interferencgetiC vector potential through the'uncompensated extremal
correction to the scattering amplitude in the interval ofdread bounded by the coherent trajectory of extremal length.

changes of the magnetic fluxd > /2 for any of the co- Thus the quantum character of the interaction of interfering
herent trajectories of length < 2r (seoe Fig. 10will depend coherent excitations with elastic scattering centers in the nor-
=< :

mainly on the change of the second term. The latter als5nal layers of the domains of the intermediate state upon a

governs the behavior of the interference contribution to thechange in temperature, which specifies a change i

scattering cross section and to the resistande .3,10,15,16 cal) magnetic field in these layers, should lead to dissipative
" oscillations of the charge transport through 8Sstructure:

BAmax
D2

The net result is obtained by averaging over all coherentCq, is the concentration of impurities of maximal cross
trajectories for each impurity and over all impurities: section.

2

)

(I)J BA](X,rJ) )
AR;~cog 27 —=| —co ZWW. (5) AUgsd/lCq  Sin

Dy/2
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The maximum number of oscillation periodss_that  4.2. Comparison with experiment

can be observed upon a change in temperature clearly de- Estimates of the characteristics of &NSstructure of
pends on the scale of the variation Bf, from the value  the intermediate state of type-I superconductors according to
Bc(To) =Be, at the temperaturg, at which theSNSstruc-  the phenomenological theory of superconductiiff for

ture of the intermediate state arises, to the v&ly€l) atthe  or samples give the following results. The change of the
given temperature. Therefore, the phase of the oscillations fjyes ofB, in the normal regions of the domains for the

a given temperature should depend on the values,ot lead slabs corresponded to a change in the characteristic pa-
rameter of the theoryh=B./B.(T), in the range 0.5h
om 7_r[Bc(T)—Be,|]'°~max (8 =1 for temperatures in the interval 1.5-4.2 K and in the
b2 ' range 0.65-h=0.83 for the interval 2—3 Kshown on the

upper scale in Fig. 6 are the change®8gffrom the value of

Estimating the interval 0B, values in which one can B, at T=2.9K). For the Sn neck at a value of the self-
neglect the change @44 with a change iB., we find on  magnetic fieldB,~100 G the temperature interval in which
the basis 0f(8) and the differential of the parameterfrom  oscillations are exhibited corresponds to a variatiorn af
expressior(3) that this interval isAB.~3Ag , whereAg_is  the range 0.5h=<1. Finally, the widest range of variation of
the oscillation period. Furthermore, this order of magnitudeh on account of a smalB, in the analogous temperature
of AB, corresponds to the value &, at which the oscilla- interval is realized for an In slab in the Cu—In system: 0.03
tions begin to be observable, and it differs from the valuesh=1. According to Refs. 13 and 22, the expression for the
corresponding to the point at which th&Sstructure appears, domain size has the form
B.(To)=B,, . It is useful to take this feature into account
when identifying the temperature region of the oscillations.

Since the interference of coherent excitations can alter the d=[AW/f(h)]Y2

dissipative contribution of an impurity interacting with

them1® one expects that the amplitude of the oscillations,HereA is a dimensional constant of the surface tension at the
AU /1, will be determined solely by the concentration of NSboundary, andV is the width of the Pb slab in the case of
elastic scattering centers of maximal cross section, which ign external field or the effective width, equal to the thickness
proportional to the total concentratiarin the case of a more 0f Snor In, in the case of the self-field of the current. Taking
or less uniform distribution of scattering centers, and is ininto account thaf (h)=(In 2/)(1—h)? ath—1 andf(h)
dependent of temperature, as is reflected in expre$jon =(h?/)(0.56h) ath— 0,2 we find that the number of do-

It is appropriate here to compafaithough qualitatively ~ mains within the boundaries of the measuring probes for our
the order of the interference contributions to the conductanceéamples in the intermediate state can range from about 12 at
in the absence of aNSboundary, in the approximation of a 3 Kto 26 at 1.5 K for a Pb slab, from one to two in the entire
weak-localization mechanism, and in the presence diign interval of oscillations for the Sn neck, and from 3 to 10 for
boundary, in the framework of the mechanism considered in In slab below 3.3 K. These values correspond to a varia-
this paper, since such a comparison has not been done piigen of the widthdy of the normal layers in the domains
viously (except in the case of a narro8NScontact in the betweenNSboundaries in the range 5—2an for Pb and Sn
diffusional limit®®). Using a qualitative method of estimating and 6—70um for In, which is less than or comparableltp
the probability of formation of coherent trajectofié¢or of ~ for the investigated metals and permits treating the regime in
self-crossing trajectories in the weak-localization th¢ome ~ Which dissipative oscillations are manifested as being the
find that the probability that coherent trajectories will arise in“clean” limit for all the samples.
the case of aiNSboundary in a layer with a characteristic Expression9) gives an estimate of the amplitude of the
size of the order of the mean free path is larger by a factor ogscillations for a region of normal metal with a volume of
(r/\)2~10® (\~ /o is the de Broglie wavelengthhan the the order oflg|. A more or less concrete estimate for our
probability of formation of self-crossing trajectories, since it €xperiment can be made only for a Pb slab, where the probes
is determined by the area of the base of the cone formed b§re placed directly on the superconductor:
accessible coherent trajectories arising as a result of Andreev
reflection, the base of the cone resting on the superconductor

and the vertex at an impurity. Hence the expected relative AR le/vr
purty P —°S°~f T er2(dytw) ldr~10"2—1
0

interference contribution to the resistance folNgisystem is R
ﬁw(m\)z()\” )2 ) for dy~20—1um, W~ (t<lg is the thickness of the
p ell slab. This estimate agrees with experiment.

For the magnetic fields used to study the Pb slahs,
where the second factor is the main quantum correction o&5.5K lies outside the helium temperature interval, but for
the weak-localization theory in the absenceNf bound- reasons having to do with the measurement ggee Sec.
aries. As will be seen from the exposition below, this agreeshe oscillations below this point, down to 3.2 K, are not
completely with the value of the amplitude of the oscillationsbeing taken into consideration here, and we are restricting
which we observed in a Pb slab if the estimg@gis done for  discussion to approximately two oscillation periqésg. 6).
the specific relationship of the parameters corresponding t€omparing the amplitude of the latter with the amplitude of
the experimental conditions. the oscillations observed in the Sn neck, we find
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1.000 Al GO O e Orrend The significant distortions of the shape of the oscillations
' Q0 __..-3----""? in the Pb sample is most likely due to variations of the value
-l L AL ol . . . .
< 0.995L ™" Cu fop of gmax When the number of domains in this sample in the
< .nd.""'lr investigated temperature interval changes, altering the posi-
2 0.990 - tion of the NS boundaries. Upon such a change the whole
= _.,.-fo" interval of possible variations af,.,=2-5A is apparently
= - . .
¢ 0.9851 s realized for metals, the scale of which, however, can only
.- .(‘)K}§).¥3'. distort the shape of the oscillations without eliminating the
0.980[ o-O;f. ‘;@ overall picture of their periodicity.
0.9750 o - o . | . . Finally, the most important features of the behavior of
' 20 22 24 26 28 3.0 32 34 the oscillations, which agree with the fundamental properties
T, K of the proposed quantum mechanism, are those which are

inherent to all the metals and sample configurations consid-
FIG. 11. Temperature dependence of the monotonic component of the '&red. These are that the oscillation period is of the order of
sistance of doubly connectéddiS systems Al-In(Ref. 5 and Cu—In(lower ) .
curves, measured when the probe in the normal mé#d) Cu) is with- same order of magnitude<50 G) for a comparable order of
drawn to distance from the contact with the superconductor of the order omagnitude of the critical field in the normal regions of the
the inelastic mean free path. The upper curves show the temperature behayomains of the intermediate state, and that the oscillation
ior of the resistance of the same metals in the absence dbfStyoundary. - . . -,

amplitude is temperature independent. From the condition

For comparison of the curves the data are presented on a single scale . ; .
relative units. ABCAmaX=CI>0/2 we find that this period corresponds to the

interaction of coherent excitations with impurities found at a
distance of the order of &m from theNSboundaries, which
accords with the theoretical treatment. The absence of tem-
(AU 1) RRRy, pgrature dependence of the amplitude qf the oscillations in-
osc Jsn__ b>S"_10 dicates that they are not connected with the temperature-
(AUosc/l)pp  RRRsn Cpp dependent parameters of decoherence, such as the inelastic
. . . . electron—phonon and electron—electron mean free path and
(Csn, ppare the impurity concentratlo)jsgnd.tms result "."ISO the thermal coherence length. This means that the dissipative
corresponds 1o the feature_s of the OSC',”atlor? mechanism Uscillations can be due to only those closed trajectories of the
der con&dgrapon. It explains the.relatlc_)nshlp_ of t.he phaseéoherent excitations which lie in a layer adjacent to N&
of Fhe oscﬂlaﬂons for a Pb slab in various fieldsig. 6), boundary, with a thickness less than the indicated decoher-
which follows directly from expressiof6): ¢ssoc~Pasoc ence lengths. The indicated layer thickness and the experi-

~7, @506~ Pagoct m=37 [here we have taken into ac- 1o conditions corresponded to these requirements
count thatB(520 G)= — B(480 G)]. P q '

In the sample containing In, because of the small B
~5 G, the values offy and T.(0) are extremely close, so
that in the same temperature interval as for Sn and Pb one
can observe more than 3 oscillation peridéfgy. 8), i.e., @ 5. CONCLUSION
number for which, as was estimated above, the change of
Anmax @nd, hence, of the oscillation period, is hardly notice-  We have investigated experimentally the conductance of
able. It follows from the data presented in Fig. 8 that for aNS structures of the intermediate state of type-l supercon-
large enough number of oscillation periods a certain deperductors in simply connectetPb and Shand doubly con-
dence of the period oB. appears. In the interval of variation nected (Cu—In) configurations of the samples, with large
of B, indicated in Fig. 8 the period doubles, a finding thatelastic mean free paths of the electrons. Dissipative oscilla-
agrees completely with the features of the oscillation mechations as a function of temperature and critical magnetic field,
nism under study. The decrease of the oscillation amplitudevhich are oscillations of the Aharonov—Bohm type, are ob-
in the Cu—In system by another order of magnitude in comserved. The phase and period of the oscillations vary in a
parison withAU ../l for Pb is due to the fact that the probe direct relation with the value of the magnetic field. The os-
in the normal region is at a considerable distance cillation period corresponds to a change in the magnetic flux
(=600um) from the Cu—InNSboundary, although this dis- by one flux quanturhc/2e within an area of the order of
tance is only a few times larger than the mean free path i1 um?. The phase of the oscillations is sensitive to the ori-
the Cu single crystal. For this position of the probe there ientation and magnitude of the external magnetic field. The
another independently manifested quantum dissipatiomamplitude of the oscillations is a weak function of tempera-
mechanism, which is due to relaxation of the phase withirture in comparison with the monotonic component, which
the inelastic mean free pathand has been considered in varies by several orders of magnitude. A quantum-
detail in our previous papéiit is responsible for the increase interference mechanism is proposed for the scattering of co-
in the temperature-dependent contribution of inelastic scatherent excitations on elastic centers in a magnetic field,
tering to the conductance of the normal metal as a wholavhich explains the nature and features of the observed resis-
upon the appearance of &l8boundary and is manifested as tance oscillations. It is based on allowance for the criterion
an enhanced temperature dependence of the monotonic cowi-spatial limitation of the interaction of coherent excitations
ponent in comparison with that in the absence of N®  with elastic scattering centers under conditions of Andreev
boundary(Fig. 11). reflection.
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ELECTRONIC PROPERTIES OF METALS AND ALLOYS

Influence of temperature, magnetic field, and high hydrostatic pressure on the
resistivity and magnetoresistance in La  ;9Mn4 ;03 5 ceramics and laser-deposited films

V. P. Pashchenko, S. S. Kucherenko, P. I. Polyakov,* A. A. Shemyakov,
and V. P. Dyakonov
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(Submitted July 13, 2001

Fiz. Nizk. Temp.27, 1370—-1375December 2001

The influence of the magnetic field strengti €0, 2, 4, 6, 8 kOg high hydrostatic pressures
(P=0-1.8GPa), and temperaturé £ 77— 300 K) on the resistivityp, magnetoresistance

(AR/Ry), and phase transition temperatures in ceramic and thin-film samples of the lanthanum
manganite LgMn, 105 5 is investigated by x-ray-diffraction, magnetic, and resistive

methods. It is found that with increasim) and P the resistivity decreases and the temperatures
Tms of the metal-semiconductor phase transition dpdf the magnetoresistance peak

increase. The differences in the resistivities, magnetoresistances, and phase transition temperatures
in the ceramics and laser-deposited films are explained by their different nonstoichiometry

and defect density. The observed linear dependengeanid T, on P suggests that lanthanum
manganite ceramics and films could be used as pressure and temperature ser2dpd. ©
American Institute of Physics[DOI: 10.1063/1.1430843

INTRODUCTION METHODS OF SAMPLE PREPARATION AND STUDY

Rare-earth manganites with the perovskite structure, The ceramic samples used as targets for laser sputtering

thanks to the colossal magnetoresistance etféeire among were obtained after a 20-hour two-staffi90 and 950°¢C

the most interesting and intensively investigated functionaﬁggézziﬂrlgoasnl\r)lizll) fatmhelgs\gf i‘i’s; ?g 1% rSIZrl:er:Ic?L?rsoifntze
materials. In spite of a large number of publications, includ-" ' P

. . . - . . . metal press form. From a ceramic target 24 mm in diameter
ing review articles; ® the nature of the unique interrelation P g

: : T . I d ited ingle-crystal film of O3
of the magnetic and electrical properties in these manganltgvﬁvﬁh ?tehri ckig(;:snlli 10a0§ I}ggoi ;%zngla&%SE?;zlh ;\7{; g

remains in d|§pute. One of the promising thrusts for eluudat—a lattice parametea=3.84A and oriented in thé100
ing the physical nature and the creation of new magnetor(;ﬁlane
;

sistive materials is to study their structure and properties ne Tﬁe phase composition of the samples and the type and

phase transitions under the influence of magnetic fields a”ﬂarameters of the crystal structure were determined by an
high pressures over a wide temperature interval. x-ray diffraction method on a DRON-2 diffractometer in Cu

The influence of temperature and magnetic fields hag,giation. The resistance was measured in direct current by
been the subject of a rather large number of studies, whilg,e four-probe method at magnetic fields=0, 2, 4, 6, and 8
high isostatic pressurg¥’ and especially the combined in- | oe. The temperature was determined from the resistance of
fluence ofT, H, andP on the magnetoresistance have beery pjfilarly wound copper coil. High hydrostatic pressufes
studied considerably lessThere have been practically no =0—2.2 GPa were produced in the high-pressure chamber
such studies done simultaneously on ceramic targets angkscribed in Ref. 15 and were measured by the method indi-
single-crystal thin films obtained from them. Therefore, thecated in Ref. 16.
goal of this study was to solve a topical problem, viz., to  The errors of measurement of the parameters did not
establish the character and degree of influence of the tenexceed 3% for the phase composition, 1% for the crystal
perature T=77-350K), magnetic field strengthH( lattice parameters, 0.7% and 1.5% for the resistance and re-
=0-8kOe), and high hydrostatic pressuresP ( sistivity, respectively, 0.1% for the temperature, 1.5% for the
=0-2.1GPa) on the resistivity and magnetoresistance in canagnetic field, and 3% for the hydrostatic pressure.
ramics and laser-deposited films.

Unlike the majority of studies done on doped lanthanum

) ‘ . EXPERIMENTAL RESULTS AND DISCUSSION

manganite  perovskites without excess manganese,
Lad® Me2"Mn3t Mn}t 03~ (Me?t=c&t, SPt, B&T, According to the x-ray diffraction data, the ceramic
PE**,) here we have studied ceramic and film samples of theamples are single-phase with a perovskitefkemastruc-
autodoped magnetoresistive metal oxideSWnl_lO§; s ture. The lattice parameters of this structure aae
containing superstoichiometric mangan&$s¥': =5.505A,b=5.552A,c=7.796 A. According to the NMR

1063-777X/2001/27(12)/4/$20.00 1010 © 2001 American Institute of Physics
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the phase transition temperatures and the oxygen nonstoichi-
ometry, we can determine the value &% between the ce-
250 ramic and film. According to Refs. 19 and 205/AT=4

of x 10~ for Lay-SlhMnO;_; and, according to Ref. 20,
AS/IAT=6x10"* for La;_sMn;_;0;. Then for the ce-
ramic and film in our casd 6~6x 10 4x 12~0.007, since
ATme=Tms— Tms=12K. It is noteworthy that the sensitiv-

ity of the phase transition temperatures to the nonstoichiom-
etry in magnetoresistive manganites is substantially larger

200

5 150 than in cuprate higfi-. superconductors. For example,
d AS/IAT~6x10"2 for YBa,Cu;0;_ 5 (Refs. 21 and 22
o The sensitivity of the phase transition temperatures to

the oxygen nonstoichiometry in manganites is an order of
magnitude higher than in ferrites. In magnefitefor ex-
ample, on going from F®, to F& V{302~ (A5=0.5)

the Curie temperature increases from 858 to 948 K, i.e.,
AS/IAT=5x10"2, which differs from the value for our
manganites by an order of magnitude.

According to our result$®?! the real structure of au-
todoped lanthanum manganite perovskites
el La; «Mn;,,05. s has deficiencies in both the cation and

100 150 200 250 300 anion sublattices and contains more complex defects of the
T.K cluster type. The composition and structure of the clusters is
FIG. 1. Temperature dependence of the resistivity of ceramjicafd film close to MO, and/for Y'ano?’ Wlth_ a su_perposmor! of
(f) samples of LgMn, Os. 5: 1—P=0, H=0: 2—P=0, H=8 kOe;  heterovalent manganese ions and with catiéil ¥nd anion
3—P=1.8GPaH=0; 4—P=18 GPaH=8 kOe. V® vacancies: M§it Mng cMn3 V903~V In the x-ray
diffraction studies these clusters are manifested in the form a
halo at angles;=50-55° andd,=60—65° (Cr radiation
data, for53Mn the frequency for MA* and Mrf* ions inthe ~ for the (134) and (233 planes and for th¢420) and (413
octahedral B positions in rf electron exchange was  Planes, respectively.
=375MHz. This, together with the frequency of Rin The magnetism of these planar clusters can be repre-
(F,=420 MHz) and MA* (F,=310 MHz)!"'8made it pos- sented as antiferromagnetic formations with a slightly canted

sible to determine the averaged intermediate valence of thalructure, with a Nel temperature J=42-45K. It is re-
manganese ions in thB positions: w~3.5. The NMR of markable that the total magnetic moment of the samples de-
55Mn in the film could not be determined by of its too-small creases in low fields and increases in high fields, and by
mass and®Mn content. The crystal structure of the film was Practically the same amount. This behavior can be explained
close to cubic with a lattice parametar3.906 A. by a three-sublattice structure of the clusters containing het-
The temperature dependence of the resistipityf the  €rovalent manganese ions and cation and anion vacancies.
ceramic targetd) and laser film ¢) at the lowest and high- Here the magnetic moments of M Mn** and Mr* in
est values of the magnetic fiellH=0 and 8 kOg and at  the cluster are apparently directed oppositely analogous
high hydrostatic pressure®E 0 and 1.8 GPpare shown in ~ Situation occurs in Cr-doped manganftys
Fig. 1. The resistivity of the ceramic is much smaller than  Itis natural to suppose that the influence of temperature,
that of the film, possibly because of their different porosity, magnetic field, and high hydrostatic pressure on the proper-
the presence or absence of intercrystallite zones, and, mokgs, including the phase transition temperatures and the mag-
importantly, the different nonstoichiometryd of the  netoresistance, should depend strongly on the structural qual-
Lag gMn, ;05_ 5. According to Refs. 19 and 20, the resis- ity and, primarily, on complex defects of the cluster type.
tance decreases with decreasing nonstoichiometry. It must WhenH is increased to 8 kOe d? is increased to 1.8
therefore be assumed that in the films, which were not addiGPa the temperaturg, increases: by 6 or 15 K for the
tionally annealed and were therefore underoxidized, the oxyeeramic and by 6 or 24 K for the film, respectively. These
gen content is lower than in the cerami& £ ;) and, hence, data show that, first, the high hydrostatic pressure has the
its resistance is higher. Increasirgto 8 kOe or increasing greater influence on the resistance and metal-semiconductor
P to 1.8 GPa causes the resistance of the ceramic to decregglgase transition temperature, and, second, while the influ-
by a factor of 1.1 or 3.0, respectively, and that of the film byence of the magnetic field strength ®ps is about the same
a factor of 1.1 or 2.3. This indicates that the influencéldé  in the ceramic and film, the effect of pressure is more pro-
comparable in the ceramic and film and that the influence ofounced for the film.
P is greater in the ceramic than in the film. The temperature  The influence of the magnetic field strength on the mag-
of the metal-semiconductor transitiontdt=0 andP=0 is  netoresistance in the ceramic and filmRat0 is shown in
“Ts=270 for the ceramic and considerably lower for theFig. 2. The magnetoresistance increases substantially with
film: "T,=258K. increasingH. It should be noted that the temperature depen-
Using our data and published data on the interrelation oflence of AR/R, is of a different character for the ceramic
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FIG. 2. Temperature dependence of the magnetoresistance in cgemic
and film (b) samples of LggMin; 105, s at P=0 for various values of the ~FIG. 3. Temperature dependence of the magnetoresistance of céemic
magnetic fieldH [kOe]: 2 (1), 4 (2), 6 (3), 8 (4). and film (b) samples of LggMn, O05.. s at P=1.8 GPa for various values of
the magnetic fieldd [kOel: 2 (1), 4 (2), 6 (3), 8 (4).

and film in the temperature interval 77-200 K, i.e., belowz97 82-31.06° for the ceramic andp=198 2555 6P
Tms- One also notices that the peak of the magnetoresistangg, tﬁe film.. ' '

is substantially higher for the cerami€T{, =269 K) than for
the film ('T,=210K). Thus forP=0 andH=8 kOe one

C _ f _ - . . .
gas Tp—ﬁ69d*§ and'T,=219 K-h',” our opinion, this is a'soh ramic (unfilled symbols and film (filled symbol3 is shown
ue to the different nonstoichiometry on account of thej rig ‘5 | contrast to Ref. 24, where strong variations of

g?ghgr ?txygeln content in the ceramic, I\lNh?CE is SIC(;le 0ifi'the temperature of the thermopower peak in the
ized after sintering. Herd, is practically independent of | " " \ho " single crystal were observed o

H. The temperature interval of the phase transitiakis,, >0.9 GPa, in our caséys andT, increased noticeably over

like ATps, is substantially wider for the filfsee Figs. 13 the entire pressure intervaPE0—-0.18 GPa) T, increases
which is unusual but may also be due to its larger oxygelr:ﬁ1

The effect of high hydrostatic pressure on the metal-
semiconductor phase transition temperatlig of the ce-

ichi : b h q ractically linearly withP in both the ceramic and film. The
nonstoichiometry. Figure 3 shows the temperature deperyyimm values of these phase transition temperatures are

dence of the magnetoresistance of the ceramic and film afss,ciated with the maximum values of the magnetic field
P=1.8 GPa for different values of the magnetic field ( (H=8kOe) and of the high hydrostatic pressur® (

=2, 4, 6, 8 kOg. At P=1.8 GPa(Fig. 3) the magnetoresis- —1.8GPa). The linear trends ofP). T-(P). andT.(P
tance in a fieldH =8 kOe has decreased in comparison with ): PP), TmdP), o(P)

P=0 (Fig. 2) by 4.3% for the ceramic and by 4.7% for the

film. The temperaturel, has increased: by 14 K for the 210
ceramic and by 24 K for the film. Thus the pressure has a \
greater effect on the magnetoresistance &pdor the film, 180+ \,\-
in which the oxygen nonstoichiometry of the real structure is ~
higher. % 150r \'\2

The influence of high hydrostatic pressures on the resis- % 120l \_
tivity of the ceramic(curvel) and film (curve2) atH=0 is - \_
illustrated by Fig. 4. Increasing the pressure from 0 to 1.8 @ 90 '_’\.,\u\q \.\.
GPa decreases the resistivity by a factor of 2.6 for the ce- TP~ 1 -
ramic and by a factor of 2 for the film. This decrease 60 N\“\n\u
amounts to 61% for the ceramic and 51% for the film. It is ol X . T~
particularly noteworthy that the resistivities of the ceramic 0 0.5 1-0P GFlés 20 25

and film have a practically linear dependence on the high

hydrostatic pressure, making _these materials promising fogiG. 4. Influence of high hydrostatic pressures on the resistivity of lantha-
use as pressure sensors. This dependence has the®dorm num manganite ceramid) and film (2) samples aH =0.
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A new mechanism is proposed for the binding of two carriers of the same sign in a two-layer
system in crossed electrie and magneti® fields of a special form. A field configuration

for which the electric and magnetic fields in the layers are equal in magnitude and opposite in
direction is considered. In this geometry of the fields an additional integral of the motion

arises: the pair momentui. For the case when the masses of the carriers in the layers are
considerably different, a method is proposed for calculation the states of a pair without

making use of the assumption that the Coulomb interaction between carriers is small. The character
of the dependence of the energy of a pair on its momenk(R), is determined by the

ratio of the fieldsE/B|. For |E/B|=A~e?/#c the energy of a pair is a monotonic function of

|P| and there are no bound states in the system.A=siA .., however, the functioft(P)

is nonmonotonic. A local maximum and local minimum appear on this function, indicating the
appearance of bound states of two carriers of the same sign. The physical mechanism

leading to the appearance of bound states in crossed fields is investigated, and their main
characteristics are calculated. Ways of realizing these bound states in concrete systems and their
possible experimental manifestations are discusse®0@L American Institute of Physics.

[DOI: 10.1063/1.1430844

By now quite a few mechanisms for the pairing of elec-  We consider two two-dimensional semiconducting lay-
trons in metals and semiconductors have been proposed. Tlees, separated by a narrow insulating layer of thickreess
overwhelming majority of these mechanisms are based olMVe assume that the current carriers in layers 1 and 2 are
the attraction between electrons due to the exchange dfarticles with effective masses, andm,, respectively. The
quanta of some boson field.g., a phonon or plasmon field charges of the carriers are the same in both lagieoth in
After the discovery of highF, superconductivity a number Mmagnitude and in sign We place this two-layer system in
of new pairing mechanisms were proposédrhe question crossed electric and magnetic fields of a special configura-
of whether superconductivity can arise in systems in whicHion. We shall assume that the magnetic field is applied per-
the interaction between electrons is of a purely repu|3ivé)endicular to the layerghe field direction coincides with the
character has also been addressed in the literdfukater ~ Z @i9), uniformly in each layer, but the fields, andB; in
other mechanisms for the appearance of superconductivity i€ tWo layers have the same magnitude but opposite orien-
systems with repulsion between electrons were also proposd@tion: i-€..B1=—B,. The electric fields are uniform over
(see, in particular, Refs. 5 and,éut all of these mecha- the layers and lie in the plane of the layers, and for them we

nisms have been based on analysis of the behavior of 3'50 propose the relat|_051=—E_2=E._The _possmll_lty of
: . implementing such a field configuration will be discussed
many-particle system. In the present paper we consider

two-particle problem and propose a mechanism for the bindgelow'
P P prop Under the assumptions adopted, the Hamiltonian of the

ing of carriers of the same sign; to our knowledge this . . . )
mechanism has not been discussed in the literature. We sho?k//Stem 's written in standard form:
that in a two-layer system placed in crossed electric and
magnetic fields of a special form, there can arise metastable
bound stateMBSs) of carriers of the same sign. Let us
emphasize from the start the important circumstance thawvhere

makes the appearance of MBSs possible despite the repul-

sion between particles: the presence of an additional integral [P+ (eBl2c)y;]? [Ply—(eB/ZC)Xl]Z

of the motion, viz., the pair momentul® This integral of Hy,= om, + m, : (2
the motion arises for a special configuration of the external
fields applied to a pair of carriers. The mechanism of forma- ) ’
tion of the MBSs will be discussed later, after we have given HZZ[sz_(eB/ZC)yz] N [P2y+(eB/2c)x;]
a description of the system considered. 2m, 2m,

H=H;+H,+V.+Hg, (1)

N €)

1063-777X/2001/27(12)/4/$20.00 1014 © 2001 American Institute of Physics
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g2 2 where|k| = VKZ+ k7.

= = - —, (4) Let us give the final result of the projectideee Ref. 7
ri=rel Vo —x)?+ (y1—y2)2+d for details:
e 2 ~|K|d
Hg=€eE-(r{—r,). ) Vc:e_ dzke e_\k\2|g/4eikx(xl—x2)+iky(Yl—y2), (9)

The charge of the carriers in layers 1 and 2 is assumed, 2m |
for the the sake of definiteness, to be equat t@lectron$.  \where
Between the layers the dielectric constar$ assumed to be
unity. For the vector potential in layers 1 and 2 we choose
the symmetric gauge

By Bx
l:

2 2

IO IO
zﬂly and Yl:yl__Hlx (10)

h
are the coordinates of the center of the orbit of the light
particle.X; andY, obey the commutation relatidiX,,Y]

= —ilg and commute witiI,, andIl,,. The result of the
As we shall see, the effect of MBS formation arises in aprojection ofHg is also expressed in terms ¥f —x, and

wide range of parameters of the problem and is determineg, —vy.,:

mainly by the ratio of the fields applied to the systé&/B]|. _

Therefore, we make the additional assumption, which will He=eE(X;—xz) +eE/(Y1—Y>). (11
substantially simplify the calculation, that the masses of the

carriers in the layers are very differerg>m;). AS We  ht of the behavior of an electron-hole pair in uniform elec-
have shown previouskfor calculating the characteristics of tric and magnetic fields. Gor'kov and Dzyaloshirski their

the system in this case one can employ a method that doggmqys papdrfirst noted the existence in such a system of a
not make use of the assumption that the Coulomb interactiofgstor integral of the motion, which plays the role of the

between carriers is small. In other words, instead of the a

Xl:Xl+

By Bx

0 7,—7,0

_717!

and Azz(

We now call attention to the similarity of this problem to

: e ) Shomentum of a pair in the magnetic field. The presence of
Sl(Jlr;](gt)lonsz usuaz"y usedag’>lo and ag’>lo, where i integral simplified the classification of the states and
ag’"*'=h"Im, £7is the Bohr radius of the carriers in layers jowed them to find an analytical solution of the problem.
1 and 2, respectively, anth=c#/eB is the magnetic por g pair of particles with like sign of the charge in uniform
length, we will use the less stringent restriction crossed fields such a quantity does not exist. It turns out,
ag1)>a§32)zlo. (6) however, that the vector integral of the motion reappears for
our chosen configuration of the field84{=—-B;, E,=
Let us briefly recall the key features of the method of —E,, andB, ,L 2bE; ,). The role of the conserved momen-
calculation usedsee Ref. 7 for details|t follows from Eq.  tum in our case is played by the quantity
(6) that the states of the light particle 1 can be assumed to

belong to a specified Landau lev@r simplicity, the lowest P=li# 9 EA(rl) +lis 9 EA(rz)}
one, withn=0.) We project the pair Hamiltonia(l) onto ary ¢ dara ¢
this subspace of states. The result of the projection will be e
denoted by a bar over the operator. Cleady=H,, while — g[BaxXry] = C[BaXra]. (12
for H, the relation
) ) The existence of the integrél2) makes it possible to
:(Hlx) +(I1yy) —lholatat E @) reduce the number of independent variables of the problem.
' 2my ! 2 For this we express the kinematic momentdiz of the

heavy particle in terms of the momentuPnand the relative
coordinatex=X;—x, andy=Y;—Yy,. We note thafx,y]
=—il2.

Using expressiongl2) and(10), we find

implies thatH,=%w4/2 is a constant quantity, which will
henceforth be dropped. In E¢/) we have used the follow-
ing notation:w;=eB/m,c is the cyclotron frequency of the
carriers in layer 1,IT1,,=Pq,+(eB/2c)y, and II,,=P,,

—(eBl/2c)x, are the components of the kinematic momen- h h
tum of the light particle, anda™ = (1/v2#) (113, —ill;,) =Py + 2y and H2y=Py—|—2><- (13)
anda= (lo/v2#) (I3, +ill,,) are the creation and annihila- 0 0
tion operators of an electron at a specified Landau level. Substituting(9), (11), and (13) into (1), we obtain the
From the commutation relation fdi,, andlIly, desired representation for the Hamiltonian of the system:
if? y [Pyt (Bl1§)y]? [Py—(A13)x]? €
[Hlx'Hly]:E' B 2m, * 2m, 2m
—|k|d

it follows that[a,a+]=1, as it should. ' Xf dzke “ ef\k\zlgmeikxxﬂkyy_'_eEXX+eEyy.

Projection of the Coulomb energy operator is conve- [K|
niently done by going to the Fourier representatiori4n (14)

2 ~|k|d . : . . .
Ve(fimty)= e dzke K ef\k\2l§/4eikx(><r><z>+iky(yryz> Expre55|on_(14) is the starting point fpr s_tudylng the
it 2 o K| ' states of a pair of carriers of the same sign in a two-layer

(8) system in crossed fields of the given type under condition
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(6). Equation(14) can be rewritten in a different form by E=|p|®+(e;+p)z+ (e, +P)Z* +]z|?
introducing a pair of creation and annihilation operators 122
o z
andb, respectively: +er|12/2|0<7)' (16)
X—i X+ i
= y; t= y; [b,b*]=1. Here we have used the notatiary=\/7/2(€*/|o)/hw,;
V2lo V2lo 1o(X) is the zeroth-order Bessel function of imaginary argu-
Using operatord andb*, we can write Hamiltonian rr:cent, a_nd we have introduced the dimensionless momentum
(14) in the form ot a par
H=H0+2—mz+V1(P, E), (15) P Vamlohw,
where and the dimensionless electric field
1 e2 o Ikid elgE
— + - . 2, e]_: .
|k|2|2 il Kb* il kb We seek a minimum of expressigh6) in the space of
><ex;< i 0 exp 0 exp 0 states|z) with respect taz and with respect to the momen-
V2 V2 tum p. It is convenient to do the minimization ¢16) with

is the Hamiltonian of a pair foP=0 andE=0, the spectrum respect top first. The conditiond&/dp=0 gives the relation

of which is known(see Ref. Pmin=—2", and the energE(z,z*)Eminpé‘ takes the form
eEly  ifP E-ze+zv8;+ p( |Z|2)| (|Z|2) (7
Vy(P, E)=zb+Zb* and Z=-——+ , T2 ZeTvoeXn T 5 ol )
v2  V2lgm,

_ _ Now we minimizeE with respect toz. The condition

and E:EX+|Ey_, P=P,+iP,. _ o 9El9z* =0 gives the equation
Before turning to a calculation of the characteristics of

the states of the Hamiltoniafl5), let us discuss on a quali- 2le|? _[oF
tative level the physical mechanism that, despite the Cou- _002_: FEa
lomb repulsion, leads to the appearance of bound states. First . L
let the Coulomb repulsion be “turned off.” Then one can I (18) we have introduced the notatidn-Z*/2 and
write the energy of the system exactly as a functioPpg,  F(r)=e "lo(r).

andB. The corresponding expression for the energy has the L€t us examine expressidag). On the right-hand side
form (cf. Ref. § in (18) is the functionr (9F/dr)?, which has a single maxi-

mum atr =ry and goes to zero at-0 andr —oo. It follows

that for 2e|?/v3>r(mF/mr,)? Eq. (18) does not have so-
lutions, and therefor&(p) is monotonic and there are no
bound states in this region of parameters. This condition for

(B andE should be taken in the same laydt follows from  the absence of bound states can be rewritten in terms of the
this expression that for a fixed configuration®andE there  fields applied to the system:

always exists an orientation & such that with increasing

|P| the corresponding field contribution to the energy, E ~
2 . - « " C-«a, (19)

—(c/B9)P-(BXE) will be positive. We now “turn on” the B

Coulomb interaction. It follows from relatio(6) that for P

=MV -—(elc)[BX(r,—r,)], and therefore near the extrema

of E(P), whereV=gJE/JP=0, the growth ofP means a In the case whefiE/B|<c-a, Eq. (18) has two solu-

growing average distance between particles in the pair, i.e., ‘ . —r < It h h
is accompanied by a benefit in Coulomb energy. We see thfitltons' fiandry (ry<ro<ryp). Itis easy to show that,

a competition arises between the energy of Coulomb repuf_:orrespor?ds to a maximum &, andr, to a minimum. The
sion and the “field energy,” and that can give rise to a |oca|character|st|cs of the bound states are easily calculated in the

minimum in E(P). case of low electric fields, when the following condition

Let us now fortify this qualitative picture with a concrete holds:
calculation of the states of the Hamiltoniah5). Here, for E
simplicity, we consider only the casgé=0 (this actually g <Ca (20
means thatd<l,). We seek the ground state ¢f5) by a
variational method, using a space of coherent statesA Using (18), we findE as a function of the parametes
basic property of the stateg) is expressed by the relation alone:
b|z) = z|z). We consider the dimensionless energy of the sys-
tem,£=(z|H|z)/hw,. Averaging(15) over the statéz), we E0=E(r2)=vo[F(r2)—2rza—T. (21)
get drp

2
(18)

2E2

E(P)=——gz~

C
—gP(BXE)

wherec is a numerical factor-1, anda=e?/#c is the fine-
structure constant.




Low Temp. Phys. 27 (12), December 2001 E. D. Vol and S. I. Shevchenko 1017

Sincer,>1 when condition(20) holds, one can solve unusual configuration of electric and magnetic fields neces-
Eq. (18) explicitly for r, using an asymptotic expression for sary for observation of the manifestations of MBSs. Since
the functionly(r). Let us give the result of such a calcula- achieving the required configuration of low electric fields in

tion. The minimum of the energl is reached for

20 (22)
Mo~ ———o,
4\/;|el|

and the corresponding energy is given by

V2uoley]

0:T<Uo. (23)

the layers is not a particularly complicated problem, the

question basically reduces to the creation of an antiparallel
configuration of magnetic fields perpendicular to the layers.

Here it is appropriate to mention as a precedent the experi-
mental study reported in Ref. 9, in which the transport prop-

erties of a 2D electron gas were studied in a periodic mag-
netic field. The periodic magnetic field, witB,,~1T, in

that study was produced by depositing magnetized strips of a
magnetically hard materigtysprosium on the surface of a

In this same approximation we find the energy maxi-conducting layer. We think that a similar method of creating

mum, E,, which corresponds to, :E;=E(r;)=v,. Thus in

magnetic fields of the required strength and orientation is

low electric fields the ratio of the energy of the metastablepromising for a two-layer system as well. However, the final

bound state& to the barrier heighE, is

Eo el
—=—<1.
E: o

answer to this question still remains open.

The final question is, how does one create a state of a
pair with a specified momenturR, corresponding to the
minimum of &(P)? A possible answer to this question is as

From Eq.(22) it is easy to obtain an expression for the follows. If the necessary field configuration is created in a

mean square distance between particles in the (R,

1 UO'S
(R2>=(’2|x2+y2|'2>:2I§< 7|2+ S |=4ldr,=——
2 |91|\/;
e
- 24

Curiously, if by analogy with the magnetic length
=/cfi/e|B| we introduce an electric lengtix= \c#i/e|E|,

then(R?) can be written in the form
(R =alZ,

wherea=e?/#Ac is the fine-structure constant.

We also note that the value of the momentBgcorre-
sponding to the minimum dE(P) is given, under condition
(20), by the expression

(29)

eB
Po=—(R)' (26)

We conclude this article with a discussion of two ques-
tions of importance for all of the above analysis. The first

bounded region, then pairs with the required values of the
momentumP, will accumulate in that region. Indeed, pairs
for which P differs from P, have a nonzero velocity and will
therefore move out of the region of interest in a microscopic
time. Thus the field configuration described, among other
things, plays the role of a sort of selector of carrier pairs with
respect to their momenta.
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According to band calculations of the electron energy spectrum of the organic complexes
(BEDT-TTF,MHg(SCN),, where M is one of the metals of the group K, Rb, TI, there should

be, in addition to the main group of charge carriers with a quasi-two-dimensional spectrum,

a group of charge carriers with a quasi-one-dimensional spedtRurRossenaet al, J. Phys.

(Parig 6, 1527 (1996]. We consider galvanomagnetic phenomena in quasi-two-

dimensional conductors with a multisheet Fermi surface, and show that it is possible to determine
the degree of quasi-one-dimensionality of an additional sheet of the Fermi surface having

the form of corrugated planes. @001 American Institute of Physic§DOI: 10.1063/1.1430845

Organic charge-transfer complexes based on tetrathiafutics of degenerate conductors in high magnetic fields (
valene are layered structures having a metallic type of con<l) are sensitive to the form of the energy spectrum of the
duction with a pronounced anisotropy. The conductivitycharge carriers, and by studying them experimentally one is
transverse to the layers is several orders of magnitude lowedtble to completely recover the Fermi surface, the main char-
than that along the layers, and there is every reason to agcteristic of the spectrum of conduction electrons. The pres-
sume that the electronic energy spectrum of these organignce of open sections of the Fermi surface by a plage

complexes is quasi-two-dimensional. =const leads to pronounced anisotropy of the magnetoresis-
The energy of the charge carriers in a quasi-twotance in a high magnetic field. By studying this anisotropy
dimensional conductor, one can completely recover the topology of the Fermi
» surface’°
8(p)=2 Sn(px,py)COS{a;—pzﬂLan(px,py) ’ In quasi-two—dimgnsion.al conductgrs an appreciable
n=0 number of charge carriers with the Fermi energy are involved

(1) in the formation of quantum oscillation effects. At low tem-
an(PxsPy) =~ an(= Py~ Py) peratures, when the temperature smearing of the Fermi dis-
tribution function of the charge carriers is much less than the
distance between their quantum energy levels, and the fre-
=&, is open, with a slight corrugation along the axis.  duency of _dissipative pollision_s ofa conductit_)n electrom, 1/.
Herea is the distance between layetssis Planck’s constant, IS much higher than its gyration frequency in the magnetic
and the functiore ,(py,py) falls off with increasing number ~ field, @ =eH/m*c, the amplitude of the magnetoresistance
n, so that the maximum value of the functigre(p)  ©scillations is comparable_ to the_ part of th_e magnetoresis-
—s0(Px.,Py)], which is equal toper on the Fermi surface, tance that varies monotonically with. Heree is the charge
is much less than the Fermi energy. of the electronm™ is its cyclotron effective mass, ardis

After the Shubnikov—de Haas effect was obsehved  the speed of light.
rather perfect single-crystal samples of the organic conduc- The clear manifestation of the Shubnikov—de Haas ef-
tors (BEDT—TTP),IBr, and (BEDT-TTP,l; at low tem-  fect in the magnetoresistance of a large family of ionic—
peratures in high magnetic fieldts of the order of 10-20 T, radical salts based on tetrathiafulvalene in a magnetic field
it became clear that the mean free phtbf the charge car- H=(0,H sin§,Hcos#) over a wide interval of angles be-
riers in organic layered conductors of can significantly ex-tween the vector$ andn (see the review artice!$™* and
ceed the radius of curvaturg of the trajectories of the con- the literature cited therejrattests to the fact that at least one
duction electrons in the magnetic fields now attainable. ~ sheet of the Fermi surface is a slightly corrugated cylinder,

Quantum oscillation effect4 in such samples are ex- the plane sectionpy=const of which aty not equal tom/2
tremely sensitive to the form of the electron energy specare closed.
trum, and their experimental study makes it possible to solve It is not hard to show that the contribution to the com-
the inverse problem of determining from experimental datgponents of the conductivity tenset, (which in the Ohm’s-
the extremal closed sections of the Fermi surface by a plankw approximation relates the current dengitp the electric
py=p-H/H=cons®® In essence, all the kinetic characteris- field E;) from a group of charge carriers whose states belong

is weakly dependent on the momentum projectiprp-n
on the normaln to the layers, and the Fermi surfaeép)

1063-777X/2001/27(12)/3/$20.00 1018 © 2001 American Institute of Physics
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to a sheet of the Fermi surface having the form of a slightlythe open electron trajectories=const andpy=p-H/H

corrugated cylinder will, in the casey=1/)7<1 and =const appear for any direction of the magnetic field. The
ntan#<1 have the form charge carriers whose state belongs to the corrugated-plane
) X sheets of the Fermi surface undergo drift in the plane or-
Y xx Yaxy Y7 8xz thogonal to the magnetic field, and the transverse resistance,
ou=1 Yayx 72ayy+ o, tart 6 yn2ayz+ o, tand, when the current densifyand magnetic fieléH are mutually

orthogonal, is sharply anisotropic. Thus if the resistance to
7 current flow along the normal to the layers, for example, is

observed to increase quadratically withfor different ori-
where the matrix components, are of the same order of €ntations of the magnetic field in the case<I, it can be
magnitude asr,, the conductivity along the layers in the taken as evidence of the existence of a sheet of the Fermi
absence of magnetic field. surface in the form of a corrugated plane.

The appreciable resistance to electrical current flowing ~ 1he conduction electrons along open trajectories in mo-

transverse to the layers is due to the slow drift of charghentum space cannot be displaced a significant distance

carriers along the normal to the layers, with a velocity ~ @long the normal to the plang, cose+p, sing=0. After
averaging the equation of motion of the charge

7772azx 7772azy+ o, tané Ozz

“.an [anp, e
Uz:_nglTsn(px:py)smT"'an(pxrpy) ) 3 ﬁp/ﬁtZE(VX H) (5)

over a sufficiently long time interval, greatly exceedimg
=ry/vg, wherevg is the characteristic Fermi velocity of
the electrons in the plane of the layers, we obtain the follow-

so thato,, is proportional ton? at least.

The model of the Fermi surface in the form a slightly
corrugated cylinder is in quite good agreement with the ex- X
perimental results on the magnetoresistance of a large familﬂlqg relation:
of tetrathiafulvalene salts. However, the Fermi surface of (7, CoS¢+ vy Sing)cosh=v, sing sing, (6)
layered conductors can also be of a multisheet character. Be- . , ,
sides the corrugated cylinder there can also be sheets in tl’f@"?h specnﬁes the plane of all poss_|ble drifts of the charge
form of corrugated planes with a slight corrugation along the“arrers in real space. In the coordinate system,Xz,Xs)

p, axis. For example, the Fermi surface of the saltsW'th unit vectors
(BEDT-TTF,MHg(SCN),, where M is one of the metals of 1 _

the group K, Rb, Tl, according to band calculations of the 912[1_0052 o Sir? 0]1/2(C05<P cos#,sing cosb,
electron energy spectruth, contains two quasi-one-

dimensional sheets in addition to the slightly corrugated cyl- —sing sing),
inder. To ascertain how well these calculations agree with the —(e.X _H/H 7
experimentally observed dependence of the magnetoresis- &= (83X€y), &= @)

tance on the strength of a high magnetic field  the matrixo!l) has the following asymptotic expression for
=(0,H sin6,H cosé), let us examine the galvanomagnetic y<1 and»<cosé:
effects in quasi-two-dimensional conductors whose Fermi o) , ,
surface consists of a slightly corrugated cylinder and two Yan Yaiz Yais
slightly corrugated planes, with the normal to their tangent  o{V=| ya;; ay, as
plane deviating from th@, axis by an anglep.. We will not / / ,
specify the form of these planes but will assume that they Yan 8 A3
have an arbitrary corrugation in thgp, plane, while the where the matrix componengg, in an extremely high mag-
corrugation along the, axis will be assumed to be of the netic field, wheny approaches zero, does not dependypn
same weakness as for the corrugated-cylinder sheet of thehile (aja3;—as5a3,) is always greater than zero by virtue
Fermi surface. of the Schwarz inequality.

When there are several groups of charge carriers, they all  In this same coordinate system the matrﬁf) at 6 sub-
contribute to the electrical current, so that the total conducstantially different from#/2 will have only one nonzero
tivity is the sum of the conductivity of each group of con- componenta%), asvy approaches zero.

, )

duction electrons: Straightforward calculations forp<<cosfd and vy,
<cosd yield the asymptotic expressions for the resistance
o= +old, (4)  along and transverse to the layers:

H 2
where o{}) is the contribution to the conductivity from _o1Sif ¢+ 500,

charge carriers whose states belong to the slightly corrugated XX 7’300(004r o)

plane sheets of the Fermi surface, arfg is the contribution

from conduction electrons belonging to the slightly corru- poy=

gated cylinder. Y yeoolaot o)
Whereas open sections of the corrugated cylinder are 1 o coosi o

possible only forg=/2, in the presence of an additional [, — = 7172 ¢ >0 7 (10)

sheet of the Fermi surface in the form of a corrugated plane Ozz 90%0

(C)

o8} cog o+ ygo-o
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whereo is the largest contribution to the conductivity along except for those orientations of the magnetic field for which
the layers aH=0 from the charge carriers whose states liec{2)(o.) takes a minimal value. The angular oscillations of
on an open sheet of the Fermi surface having the form of arz";) have been studied in detail theoretically in the case of an
corrugated planes,,= o'+ 02 yy=1/007, andQy is  extremely simple model of the Fermi surfatand also un-
the gyration frequency of an electron in the magnetic fieldder the most general assumptions about the form of the
for #=0. In formula(9), which describes the anisotropy of quasi-two-dimensional electron energy specttdnt®
the resistance in the plane of the layers, and in the last term Thus by studying the angle dependence of the resistance
of formula (10), we have dropped numerical factors of theto current transverse to the layers in the organic charge-
order of unity which depend on the specific form of the elec-transfer complexe$BEDT-TTH,MHg(SCN), over a wide
tron energy spectrum. It is easy to see thatfge=7 it is range of magnetic fields, one can reliably determine the de-
extremely important to take the second term in form@) gree of quasi-one-dimensionality of the additional,
into account. corrugated-plane sheets of the Fermi surface.

The resistance to current transverse to the laygess,
increases without bound &bincreases, even when the mag- *g_n,i ypeschansky@ilt.kharkov.ua
netic field deviates from the plane of the layers, and only for
¢= /2 and 6 quite different from/2 doesp,, reach satu-
ration in a high magn_etlc field and becc_)me .equal.ng'to IM. V. Kartsovnik, V. N. Laukhin, V. I. Nizhankovskj and A. A. Ignat’ev,
good accuracy. In this case, for certain orientations of the ;e1p | etr47 363 (1988,
magnetic field not onlyo'? but also o{Y) will decrease 2. V. Kartsovnik, P. A. Kononovich, V. N. Laukhin, and 1. F. Shchegolev,

sharply. Here the positions of the sharp peaks in the angI%JETPSLitt-g&le(1388. ] o 2101930
1 2 . L. V. Schubnikov and W. J. de Haas, Leiden Comm2@7, 210 (1 .
dependence of{!) ando{?, as a rule, do not coincide.
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The point-contact spectri@he energy dependence of the amplitude of the second harmonic of the
modulation currentof contacts of NjNb; _, metallic glasses are measured at au@i626

Hz) and microwave(9.5 GH2 frequencies. It is established for the first time in rf dynamic
experiments that the low-energy spectral feature due the scattering of electrons on two-

level systemgTLSs) in the contact is observed at microwave frequencies as well. This is direct
evidence of the existence of a fast relaxation process in the contacts, with a characteristic

time <10 1%s. There is also a small contribution from slower scattering processes. It is found
that the videodetection signal contains a component due to a steady-state nonequilibrium
occupation of the states of the TLSs under microwave irradiation. The coupling efficiency of the
contact with the waveguide and rf receiver is estimated to be 5-7%. A slight minimum of

the resistance at zero voltage observed for some of the contacts is attributed to superconducting
fluctuations of the order parameter at a temperafur€.3T,. © 2001 American Institute

of Physics. [DOI: 10.1063/1.1430846

INTRODUCTION do elastic point-contact spectroscopy of the occupations of
the TLSs. Both of these scattering mechanisms give rise to
fow-energy features in the point-contact spectra. However,

o . 2 the proposed electron scattering mechanisms have substan-
cal applications, gives them some specific thermodynam|%a"y different characteristic relaxation times~ 10" !s for

and kinetic properties in the both the normal and supercong, nonmagnetic Kondo scattering, and 301078 s for the

duc_tlng states at low temperature;. T_hese properties are s occupation spectroscopy. This difference in characteris-
plained by the presence of a special kind of structural defectfc,

: . . Ic times makes it possible to distinguish the contributions to
in - amorphous  materials—tunneling _two-level systemsthe oint-contact spectrum from the different scatterin
(TLSs), which are modeled for an individual atom or group P P 9

of atoms by a double-well potentialunder the influence of meclhaglsfmsgby (;Oi%gt: experlm(zlnts. q  the vid
an external perturbation, a tunneling transition occurs in the N REs. 9an € energy dependence ot the videore-

TLSs between the two possible configurations, with characSPonse signal upon rectification of an alternating microwave

teristic energies>~0.1—1 meV. The scattering of electrons MPdulation current by point contacts of metallic glasses of
on TLSs in bulk samples leads to a logarithmic temperaturd@rous compositions, including fb, . However, in
dependence of the resistivity, with a negative temperaturguas'_Stat_'C measurements of th!s sort there is a noticeable
coefficient? In point contacts such scattering gives rise to€ontribution to the measured signal from the steady-state
features on the conductivity at low biase¥— 034 There modification of the current-voltagd—V) characteristic by

are two existing theoretical models describing the interactioth® microwave radiation. More-correct results can be ob-
of conduction electrons with TLSs which are capable of extained in dynamic experiments investigating the generation
plaining the the appearance of low-energy anomalies in th&f the second harmonic of rf pump radiation.

point-contact spectra. In Refs. 5 and 6 an almost symmetric The goal of the present study was to compare directly
double-well potential of the TLSs was used in developing &he energy dependence of the second-harmonic amplitudes in
mechanism of nonmagnetic two-channel Kondo scatteringthe case of pumping at audie (/2= 1863 Hz) and micro-

this mechanism leads to a logarithmic enefggmperature ~ wave (w,/2m=4.75 GHz) frequencies.

dependence of the resistivity of the metal. In Refs. 7 and 8 an  The energy of the microwave photons used in the experi-
alternative model was proposed that considered both inelagaents, #w,=0.02meV, was much less than the energy
tic and elastic scattering of electrons on asymmetric TLSs irsmearing(A ~5 meV) of the investigated spectral feature of
point contacts. As was shown in Ref. 8, because of the difthe 1-V characteristic in the region of low voltages across
ference in the elastic scattering cross sections of electrons dhe contact. Therefore, for interpreting the results one can
TLSs found in two different configurations, it is possible to use the formulas for the classical low-frequency liitf

The spatial disorder in the arrangement of atoms in me
tallic glasses, which are now used in many important techni

1063-777X/2001/27(12)/7/$20.00 1021 © 2001 American Institute of Physics
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the contact is placed in a microwave field of frequengy  mixer, where the intermediate-frequency signa}=2w,
then an rf alternating current is induced between the massive ;=60 MHz was produced upon mixing of the input ra-

“banks” of the contact. Then the total current through the giation with the heterodyne signal. After amplification, the
contact will bel =lo+1i, coswt, wherel, is a dc bias trans-  jytermediate-frequency signal was sent to a videodetector.
port current. In the small-signal limit, <l the dependence g yoltage at the output of the detector was directly propor-
of the amplitude of the second harmonic of the modulationjgng (with an error of~1%) to the power of the rf radia-

current on the dc voltag¥, across the contact is propor- tion from the point contact at the input of the receiver. The
tional to the second derivative of the 1-V characteristi&® pump radiation fed to the point contact was amplitude-

d2v modulated at a frequency of 2433 Hz. The signal at this same
Vs, (Vg)=—— —2(V0)i§). (1)  frequency 2433 Hz at the output of the videodetector was
4v2 di amplified by a low-frequency selective amplifier with a

The amplitudeV of the videodetection signal in the case of Phase detector and was registered by an XY recorder as a
rectification of an rf alternating current at a nonlinear featurfunction of the voltage across the point contact. A typical
of the 1=V characteristic is determined in an analogous/alue of the registered power of the microwave second har-
way4 monic signal radiated by the contact was (130 *W.

Thus the signal amplitudes in both the rf and audiofre-The second-harmonic signal vanished completely when con-
quency experiments are determined by the second derivd@ct was broken by separating the electrodes or when the
tives d2v/d12 measured at the corresponding frequenciefUmp radiation was turned off.

(see Eq(1)). A direct comparison of the signals gives direct [N €xperiments on videodetectiorectificatior) the high-
information about possible changes of the degree of nonlinfrequency radiation of the rf pump field incident on the con-
earity of the I-V characteristics at different frequencies andact was interrupted at a frequency of 2433 Hz. The change

thereby permits identification of the electron scattering proin the dc voltage across the contact, the videoresponse signal

cesses occurring in the point contact. V4 (the difference between the voltages across the contact in
the presence and absence of irradigtiamas recorded in a
synchronous detection scheme as a function of the dc bias

EXPERIMENTAL METHODS voltage applied to the contact.

Pon conacs were made iecy i i nfum by o 18 POTLONac soctine ampides of e seco

touching the ends of segments of 2@ thick ribbons of 2o /2m—3726 H qi tandard q h y

Ni—Nb metallic glasses of various compositions. The elec- wilem éwas Measured In a standard synchronous

trodes could be moved in two mutually perpendicular OlireC_detecuon scheme’ All of the measurements were made at a

tions by means of differential screws. The sample holder Wagemperature of 4.2 K.

a length of rectangular waveguide with a cross section of

23x 10 mm with two holes 6 mm in diameter into which the " RESENTATION AND DISCUSSION OF THE MAIN

. : EXPERIMENTAL RESULTS
electrodes of the point contact were inserted. A movable

short-circuiting plunger in the lower part of the holder per- NisgNb,,; point contacts
mitted changing the electrodynamic coupling of the contact A typical point-contact spectrum measured at the audiof-

with the waveguide. Several different constructions of therequency 3726 Hz in the absence of the rf pump radiation for

holder, with different orientations of the electrodes relative t_ocontacts of metallic glass of this composition is shown by

the walls of the waveguide, were used in different experi-., e 1 in Fig. 1. The negative values of the second-

ments, but the amplitudes of the measured signals of the
microwave second harmonic were practically the same for all

of the orientations. o6l
Pump radiation from a klystron oscillator at a frequency ' 1
w,l27m=4.75 GHz was fed to the contact via a coaxial cable 04+ 2
with a coupling loop placed close to one of the electrodes of 0.2 ajj
the point contact. A ferrite isolatga rejection filter with an > " oo rooomanomos
overall attenuation of~30dB) was placed in the coaxial < o0
line, preventing the klystron radiation at the second harmonic 3 oo GO0
frequency from reaching the contact. The pump power level > -0.2¢
P, was monitored by a thermoelectric wattmeter mounted at 04t
the output of the klystron oscillator. The radiation generated
by the contact at the second harmonic frequenay/2m -0.6 . . . . L
=9.5GHz was fed via a standard three-centimeter wave- -30 -20 -10 0 10 20 30

guide to a superheterodyne receiver having a sensitivity of
about 0.5¢ 10~ **W/Hz. The waveguide, which was a cutoff
waveguide for frequencyw,, prevented radiation at the FIG. 1. Point-contact spectra of Nb,;, measured at audiofrequency
pump frequency from reaching the input of the receiver. A3726 Hz without microwave irradiation1) and under irradiation by a
cavity filter and a ferrite low-pass filter at the input of the PUMP POWePo=2.4x10"° (2) and 5.5¢10"*W (3). The discrete symbols

y . P P .~ show the values calculated according to form(@a for low-frequency
superheterodyne receiver selgcted a pure monochromatic sigipdulation amplitude®/,;=2.6 () and 4.2 mV(O). The contact resis-
nal at the frequency @,, which was fed to a balanced tanceR=280.

eV, meV
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harmonic voltage/,, and, hence, the negative value of the 1
second derivative of the |-V characteristic at low voltages ~ P(v,)= 3~ v—4(V§,—v3,)- ()]
(V>0) attest to the growth of the contact resistance with ©
decreasing excess energy of the conduction electrons, which The results of the calculation for two values of the
is set by the dc voltage source. This sort of behavior of thénodulation amplitud®/, (2.6 and 4.7 mYare shown by the
resistance is typical for electron scattering on TLSs. The amdiscrete symbols in Fig. 1 and are in good agreement with
plitude of the low-frequency modulation in these measurethe experimental curve? and3.
ments,V,,;=0.35mV, was an order of magnitude less than ~ Knowing the value of the pump power and the amplitude
the half-width of the feature in the point-contact spectrum a©f the alternating voltage induced across the contact, one can
energieseV~2 meV. Consequently, one can neglect theestimate the coupling coefficient of the contact with the co-
modulational broadening of the spectral feature and assunxial line. The average power absorbed by the contact at
that curvel in Fig. 1 is the spectral line with its natural 100% coupling with the transmission line is given By
width. =V2,/2R, whereV,,, is the value of the ac voltage induced

In making the measurements of this contact at high freby the rf field, andR is the contact resistance. Using the
quencies it was found that for reliable and accurate detectiogxperimental parameters for this contact and the effective
of the radiation of the point contact at the second harmonic icalculated values d¢ ,, we obtain a value of around 6% for
is necessary to irradiate the contact at a much higher level dhe coupling coefficient of the contact with the coaxial line.
microwave pump power. This is because, unlike the case of Figure 2 shows the second-harmonic voltage for the
the low-frequency circuit, here the coupling coefficient of thecases of low-frequendigolid curvesl and2) and microwave
contact with the waveguide is substantially less than unity(dashed curve8 and4) modulation for two levels of the rf
and only a small fraction of the rf radiation of the contact ispump power: These voltages were calculated according to
registered by the receiver. The cause of the mismatch may e formulaP=V5,,/2R from the experimental curves of
the holes in the walls of the waveguide with the electroded,,,2(€V) of the output signal of the rf receiver as a function
passing through them; these may act as antennas to extradtthe bias across the contasiee the inset in Fig.)2The
radiation to the outside of the waveguide. In addition, it musterror of measurement of the rf power shown in the inset is
be considered that a certain fraction of the radiation from theletermined from the width of the noise trace at the output of
contact is reflected from irregularities of the waveguide secthe receiver. We emphasize once again that the low-
tion and is not registered by the receiver. The necessary irffrequency curves were measured at the same pump power as
crease in the rf pump power caused the recorded spectralas used when recording the microwave second harmonic.
feature to be smeared and shifted to higher energies. An edhe dotted curves in Fig. 2 show the empirical curves of the
timate of the coupling coefficient will be given below. background signal which were chosen so as to agree with the

In order to get a more correct comparison of the result€xperimental curves in the high-energy region. As we see
of the low- and high-frequency experiments, we measuredrom the figure, the curves of the energy dependence of the
the amplitude of the second-harmonic signal at low fre-
guency with the contact irradiated at the same levels of rf
pumping as was used when recording the second-harmonic
amplitude at high frequency. In Fig. 1 the continuous curves 0.4
2 and3 show the two low-frequency curvés .(eV,) mea-
sured under microwave irradiation of the contact at a fre-
quency of 4.75 GHz for two values of the rf powery:
2.4x10 ° (2) and 5.5< 10 °W (3). The decrease of the am-
plitude and the broadening of the feature of the point-contact
spectrum with increasing power of the high-frequency irra- 02
diation are clearly discernable in the figure.

The value of the alternating voltadé,, induced across -0.4
the contact by the rf radiation can be estimated by comparing
t_he experlme_ntal curves with the o!ependence of the mod_ula- -éo _2'0 _1'0 0 1'0 2'0 3'0
tional smearing calculated according to the theory of point-
contact spectroscopy, with the optimal values chosen for the eV, meV
modulation amplitude. These calculation were done using theig. 2. Energy dependence of the amplitude of the second-harmonic signal

formula of a NisgNb,; contact, measured at aud{8726 H2 and microwave(9.5
GHz) frequencies. The measurement regimes were as follbwhe light
v solid curve—modulation frequencyw,/27=1863 Hz, modulation ampli-
" _ Ry tudeV,,=0.35uV, the power of the microwave pump radiatiéhy=2.4
F'(Vo)= f F"(Vo+v,)®(v,)dv,, 2 X107°W; 2 (heavy solid curve—w,/27=1863 Hz, P0:5.5Xf?5w;
© 3—(light dashed curye—modulation frequencyw,/27=4.75 GHz, P,
=2.4X10"°W,; 4—(heavy dashed curyew,/2m=4.75GHz, Py=5.5
wheref” is the true second derivative of the |-V character-x 10 3W. The dotted curves show the empirically chosen background level
istic, F” is the second derivative at a finite value of the for the two values of the microwave pump power. Inset: The energy depen-

. . dence of the output signal of the microwave receiver for two levels of the
modulation amplitudé/,,, andV, andv,, are the dc and ac pump power,Py=2.4x10"° (1) and 5.5¢<10 ° W (2). The indicated error

v_oltages across the contact. The mpdulational smearing funGnows the width of the noise trace at the output of the microwave receiver.
tion ®(v,) is given by the expression The resistance of the point contact was 28 ).
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second-harmonic voltagas,(eV) for the low and high fre-  metallic glass NjgNb,; with a diameterd~57 nm[d=p/R
quencies have practically the same shape and intensity. ThiRef. 13, where p=160u-cm is the resistivity of the
similarity of the curves suggests that the relaxation processegaterial? and R=28( is the resistance of the given con-
occurring in the point contact through the interaction of electacf]. It follows from this estimate that the microwave
trons with TLSs are quite fast even at a frequency of 9.5second-harmonic frequencyw3 at which the measurements
GHz and have a characteristic relaxation time10 1°s. were made is much greater thas . In that case, forw

It should be noted that the level of the background signak- w+ the second-harmonic signal should vanish, and the am-
is reduced by nearly one-half for the high-frequency meapiitude of the videodetection signal of the rf radiation inci-
surements. This cannot be due to thermal effects, since thgent on the contact should be proportional to the first deriva-
background was not observed to depend on the bias voltaggve and not to the second derivative of the |-V
The lowering of the background in the high-frequency meacharacteristi¢® This is contradicted by the picture seen in
surements attests to the presence of a slow relaxation mechgig. 2, where the measured curves\tf,,(eV) practically
nism in the contact. This process could be the relaxation ofoincide for the low- and high-frequency measurements, at-

asymmetric TLSs, which was considered in Ref. 8. Oftesting to the absence of heating of the contact in our experi-
course, in the high-frequency measurements at frequencigfents.

w7>1 this mechanism will not contribute to the measured  To estimate the matching coefficient of the contact with
signal. the waveguide and the rf receiver we introduce a nonlinearity
Figure 3 shows the curves of the contribution to the dif-parameter of the |-V characteristicsS=(d?V/d1?)/
ferential resistance of a point contact from processes of elegdv/d1)? or, in terms of the corresponding harmonic
tron scattering on TLSs. The curves were obtained by nuyoltages'® S= 2‘/2V2w/vi, For low-frequency modulation
merically integrating curvesl and 3 in Fig. 2 after the nonlinearity parameter at the extremal pointsest
subtraction of the background signal. The discrete symbols-2 meV (Fig. 1) is estimated a§=10V "1 for that contact
show the functional dependence of the calculated resistangg the absence of the rf pump radiation. As the irradiation

for the given contact: intensity increases, the value & decreases to 8.5 and
eV 2 6.7V 1 for the two power levels used in the experiments.
R*(eV)xA—BIn (7 +1|A, B=const. (4)  These values oS are close to those for point contacts of

pure metalg’ The overall form of the curves of the first- and
This form of the energy(temperature dependence of the second-harmonic amplitudes change only slightly for the
resistance is typical of metallic glasse's.The good agree- high-frequency measuremenfsee Figs. 2 and)3and we
ment between the experimental curves in Fig. 3 and the cakan therefore assume th&t=8.5 and 6.7 V! at high fre-
culated dependence of the forR{eV)x —In(eV) allows us quencies as well. Then, using the values\f calculated
to identify the resistance feature at low biases across thabove and the experimental data %6y,,(eV), we can esti-
contact unambiguously as being a manifestation of the scatnate the ratio of the experimental and calculated amplitudes
tering of electrons on two-level systems. of the microwave second harmonic. This ratio comes out to
It is important to analyze how the measured characterisbe ~0.07, i.e., the coupling coefficient of the contact with
tics in the high-frequency measurements would be affectethe waveguide section has a value of around 7%. An alterna-
by the possible heating of the contact by the transport currertive estimate of the coupling constant, using expression
and rf irradiation. It was established experimentally in Ref.with the experimental results in Figs. 1 and 2 and the ampli-
16 that point contacts of pure nickel, Ni—Ni, with a diametertudes of the low- and high-frequency modulations, gives a
d~25nm have a characteristic thermal relaxation frequencyalue of 5%. This weak coupling of the contact with the rf
w/2m~10° Hz. Consequently, the thermal relaxation fre- receiver justifies the need for applying relatively high pump
quencywr can be estimated as10° Hz for a contact of the powers in our experiments when recording the signals of the
microwave second harmonic. Here, as was established in a
special experiment, the general features of the energy depen-
dence of the output signal of the rf receiver are preserved as
the pump power is increasddgee Fig. 4. Only at very high
power levels does some asymmetry of the signal apftkear
upper two curves in Fig.)4 apparently due to the contribu-
tion from nonlinear processes in the massive electrodes,
which have a high resistivity, and to their asymmetric posi-
tion in the rf field. The sharp decrease in the amplitude at
large biasegshown by the arrows in Fig.)4s due to the fact
that the rf irradiation was turned off in order to accurately fix
the zero level of the signal.

-30 -20 10 0 10 20 30
eV, meV

NissNbsg point contacts

o _ _ _ . The experimental results for the majority of the metallic-
FIG. 3. The contn_butlorR to the differential resistance of a po_lnt contact glass contacts of this composition were similar to the data
due to the scattering of electrons on TLSs, measured at dlidiand mi-

crowave(2) frequencies. The dashed cur8evas calculated according to presented ?‘bove for BNby;. The curves for one (_)f the
formula (4). contacts, with a resistand®@=11(), are shown in Fig. 5.
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ductance of a point contact at low energies will be deter-

x 0.5 mined by the scattering of electrons on structural defects of
= 40} various natures, with a whole set of characteristic relaxation
= times.

e By analogy with the high-frequency response of dirty
o contacts(the thermal regime of point-contact spectrosgopy
o 05l to optical radiatiofi* one expects that an additional quasibo-
' lometric contribution to the videodetection signal will be
present(the difference of two |-V characteristics measured
in the presence and absence of rf irradiationder the con-
\ dition w7>1:
00 =320 <10 0 10 20 30 )
eV, meV V(o) =V(1)— V(] )—id—v(l )i2+1 Ry
! dlto)— 00_4‘/2(“2 0w Oaprf rfs
FIG. 4. Dependence of the output signal amplitude of the rf detector on the (5)
bias voltage across the contact for different pump povrs10 > W: 2.5
(1), 7.1(2), 16 (3), 45 (4). The contact resistand@=264). wheredR/JP, is the rate of change of the steady-state qua-

siequilibrium occupation of the excited states of the TLSs

under the influence of irradiation. Thus the videodetection
The nonIinearity of the 1-V characteristic of this particular Signa| has two components of different natures. One of them
contact was less than for the samples in Figs. 1, 2, and 3, and due to rectification of the high-frequency alternating cur-
therefore the curves in Fig. 5 were measured at a high levgknt at nonlinearities of the I-V characteristic, and its ampli-
of both the low-frequency modulation and the rf pumptyde is proportional to the second derivative of the I-V char-
power. All three of the experimental curveg,,i(eV),  acteristic. The second component is due to the steady-state
Vy(eV), andV,,»(eV) were obtained at the same rf pump occupation of the upper levels of the TLSs under the rf irra-
powerPo=10"*W. The high-frequency curves for the vid- diation. This nonequilibrium occupation of the states of the
eodetection signalVy(eV) and the microwave second- TLSs causes a steady-state change in the contact resistance.
harmonic voltageV,,,(eV) were matched by a suitable The amplitude of the quasibolometric contribution to the sig-
choice of scale factor to the low-frequency curve at the maxina| [the second term in Eq5)] increases linearly with in-
mum ateV~4.4meV. In Fig. 5 we see a noticeable differ- creasing transport current through the contact. In the dy-
ence between the amplitudes of the signals in the backgrounghmic measurements ofV,,,(eV) this steady-state
region at high energies. This difference increases monotontontribution in the high-energy region decreases substan-
cally with increasing bias across the contact, at least up t@ally, as is confirmed by the experimental curves in Fig. 5. It
eV~25meV for the two high-frequency curves. To explain should be noted that the low- and high-frequency curves in
this difference in the signal amplitudes we can conjecturerig. 5 have been matched up in an arbitrary way, and, more-
that there are asymmetric slowly relaxing TLSs in the con-gyer, the origin and intensity of the background in the vid-
tact in addition to the fast TLSs. The total number of TLSs inepdetection signal are not fully explained. It will therefore be
the contact can be estimated a$~cd®, where ¢  necessary to conduct further experimental studies for differ-
~10"2-10 “nm? is the typical concentration of TLSs in ent materials in different frequency ranges. It is also of fun-
amorphous materialsee p. 835 of Ref.)6For contacts with  damental importance to do a theoretical analysis of the dy-
a diameterd~50-100nm the number of TLSs i  namics of electron scattering on TLSs in point contacts,
~10°-10". Therefore, one expects that the nonlinear conmuych as the analysis done for the electron—phonon interac-
tion in Refs. 18 and 19, for example.

For some of the NijNbsg contacts a slight minimum of
the resistance was observed at biases near zero, both in the
low-frequency and high-frequency measureme(fitig). 6).

The scale of the high-frequency curvegy(eV) and
V,,2(eV) for 9.5 GHz in Fig. 6 has been modified so as to
match with the low-frequency curvé for 3.7 kHz in the
high-energy regioeVV>20 meV. The second-harmonic volt-
Y age at the audiofrequency was recorded in the absence of the
-0.5 rf pump. The high-frequency curv@sand3 basically repeat
the low-frequency dependen¢® except for some smearing
of the singularities due to the rf irradiation. The complete
. . . . . . similarity of the low- and high-frequency curves lets us rule
-30 -20 -10 0 10 20 30 out possible thermal effects in the point contacts under the
eV, meV influence of the transport current and rf irradiation. The en-
FG. 5 E denend ‘i & ) —— ergy dependence of the differential resistance of this contact,
IG5 cEnery ependerce of e seconcarmonc PSSt Galculated by numerical integration of the cata in Fig. 6, i
microwave(2,3) frequencies for a NiNbsg point contact. The experiment ShOWN in Fig. 7. A minimum of the resistance e/—0 is
was done folV,;=0.6 mV, P,=10"*W, andR=110Q. observed against the background of the broad maximum on

V2(o , Vd , rel. units

-1.0}
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) CONCLUSION

0307 In this study we have investigated the nonlinear
frequency-dependent features of the conductance of point
2 0151 contacts of metallic glasses. We have measured the energy
- dependence of the amplitudes of the second harmonic at fre-

> 0.00 quencies of 3726 Hz and 9.5 GHz with low-frequency and

° microwave modulation for the metallic glassesdNib,; and

= -0.157 NiszNbsg. The results of these experiments give direct evi-
dence of the presence of fast relaxation processes in the con-

-0.30 1 tacts, the conductance of which is determined by electron

. ' : . - scattering on the two-level systems typical of amorphous
=30 -20 -10 0 10 20 30 metals. We have shown that the spectral feature in the con-
eV, meV ductance of NiNb; _, point contacts at low energies remains
FIG. 6. Amplitudes of the second harmorii;3) and of the videoresponse practically unchanged when the second—ha}rmonlc signal is
signal (2) for a NizNbsg contact containing residual superconductivity for measured at a frequency of 9.5 GHz. This attests to fast
measurements at frequencies of 3726 (g 4.75 GHz(2), and 9.5 GHz  electron—TLS scattering, with a characteristic time
). <10 1%,
However, the mechanism giving rise to this feature in the
point-contact spectrum remains an open question. Further

all three of the curves. The nature of this minimum may peclarification is needed to determine whether the parameters
related to residual superconductivity in a certain volume ofof this feature, like the dynamics of the interaction of the
the contact at the temperature of the measurem@fits conduction electrons with the TLSs, are described by a
=2.3 (the transition temperature of NNbgg to the super- model of two-chann_el nonmagn_etic Kondo scattering or by
conducting state is 1.8% It is well knowrf° that supercon- SOMe other alternative mechanisisee, e.g., Refs. 21 and
ducting fluctuations of the order parameter are readily ob22- In principle, it is possible to have interference of differ-
served in metallic glasses up to temperatures of several timé&t Scattering mechanisms. In addition, the contribution from
T.. This is because of the small coherence lengthand, the interaction of the TLSs with phonons, usually neglected
hence, the smallness of the characteristic volume of the fred0 theoretical treatments, may prove to be important, espe-
energy fluctuations in these materials, and their high resistivially at large biases across the contact. The elucidation of all

ity in the normal state. In addition, the superconducting flucOf these aspects of the relaxation dynamics of TLSs and a

contact geometry than in a bulk sample. The Videodetection experiments will require further experiments
superconductivity of a small part(¢3) of the volume of the with metallic glasses of different compositions and a detailed
contact is responsible for the minimum appearing on thdheoretical analysis of the conductance of point contacts of
R(eV) curve ateV—0, as shown in Fig. 7. The value of the @morphous metals.
ratio (¢/d)2 for this contact amounts te-10 2, which is
comparable to the decrease of it.s.resistan.ce seen in Big. T E-mail: balkashin@ilt. kharkov.ua

The temperature of the transition ofJyby; to the su-  YThe high-frequency curves were multiplied by scale coefficients of 0.55
perconducting state is very |0W,C: 0.3K, 4 and we there- and 0.24 in order to fit them to the low-frequency curves at the extremal
fore did not observe any decrease of the contact resistance Jﬁomts at biases of-2.5 and+ 3.5 meV for curves3 and4, respectively.

. . 'The coherence lengifi= 20 nm was estimated from the value of the criti-
the regioneV— 0 for that material at a temperature of 4.2 K. cal field H,;=2 T,* and the contact diametat=96 nm was calculated

from its resistancé®
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Manifestation of toroidal excitations in the polariton spectrum of an insulator at its
boundary with a metal in an electric field
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A study is made of the influence of toroidal excitations on the spectrum of surface polaritons of
an insulator at its boundary with an ideal metal in a static electric field perpendicular to

the contact surface. It is shown that the toroidal polariton mode can be radiative and have normal
or anomalous dispersion. A distinguishing feature of the toroidal polariton mode in

comparison with an electric-dipole mode is that it crosses the light line, i.e., it can be resonantly
excited by an electromagnetic wave propagating along the contact surface. This feature

means that it is possible to identify a toroidal polariton mode in the spectrum by varying the
angle of incidence of the electromagnetic wave.2@01 American Institute of Physics.

[DOI: 10.1063/1.1430847

INTRODUCTION moment and the radius vector of i@nin the unit cell of the
crystal, measured from the center of the cell, and the sum-
gnation is over all ions of the unit cell. The simplest example
of a system with a spontaneous toroidal moment is a two-
ublattice antiferromagnet, for which spontaneous electric

It is known that surface polaritons do not exist in an
insulator at a boundary with an ideal metal because of th
so-called metallic quenching effetsee, e.g., Ref.)1 How-
ever, this forbiddenness is lifted in the presence of a stati o 0
electric or magnetic field with a certain directiéfi.In the polarization and magnetization are absent. . .
presence of static fields the bulk polariton excitations be- E?<C|tat|ons of the toroidal moment and.tor0|dal pqlarl—
come surface ones, i.e., an expulsion of the field of the elect-ons. in the a_bse_nce of spontaneous el_ectr_|c, magnetic, and
tromagnetic wave from the volume of the crystal to its sur-torOIdaI ordering in the. crystal were studied in Refs. 8 a_md 9.
face occurs. This phenomenon is a result of the!t was noted that toroidal excitations are manifested in the
magnetoelectridME) effect, which consists in the appear- mfrared spectrym as unusual temperature dependence of the
ance of an electrigmagneti¢ moment proportional to the dielectric loss in TIGaSp(Re_f. 8. . .
alternating magneticelectrig field of an electromagnetic "? the pregent stuc_jy we investigate the mfluenqe of char-
wave and to the value of the applied static field. This effect isaCte”StIC t(_)r0|dal exut_atlons on the _surfac_e polariton Spec-
characterized by an off-diagonal component of the ME sustfum of an msulatqr atits b_ou_ndary V.V'th an ideal metal m_the
ceptibility, which is knowf to signify the presence of a tor- presence of a stauc_: electric f|gld. Itis a:?‘sumed that the insu-
oidal moment in the crystal. Apparently, the solenoidal tor-lato,r has no electric, magnetic, or toroidal spontaneous or-
oidal states that arise are the cause of the expulsion of th%erlng.
field of an electromagnetic wave from the volume of an in-
sulator to its surface. Therefore, it is of interest to take into-ACRANGIAN AND SUSCEPTIBILITIES
account the characteristic toroidal excitations in the spectrum It was shown in Ref. 8 that toroidal excitations are active
of surface polaritons of an insulator interfacing with a metal.in the IR region of the spectrum, where the electric-dipole

Toroidal moments are a thirdogether with the electric excitations are also found. Therefore, the Lagrangian of the
and magnetic family of electromagnetic multipolesThe crystal should include not only terms containing the toroidal

toroidal moment vectol is the vector dual to the antisym- moment densityT and its time derivativel but also terms
metric component of the ME tensbA toroidal moment may containing the electric polarizatidhandP.® The Lagrangian

be due to the orbital motion of an eleé;tron ina lmetal hor ot & unit volume of a cubic crystal in a static electric fielg
excitonic excitations in a semiconductoin an insulator the o4 i aiternating electrie and magnetich fields is written

existence of a toroidal moment may be due to the presence gf o torm
a multisublattice spin structure. In that case the toroidal mo-
ment of the unit cell is given by the expression L= ET— §T2+ ip2_ K

2 . -.
> > > 2P +(Egt+e)-P+AT-e

_ ko
T=7 2 xS, W +£P-[PXN]+AT-[EXh]+ yT-[Pxh] + 3T -P.

where uq is the Bohr magnetonS, andr, are the spin (2

1063-777X/2001/27(12)/5/$20.00 1028 © 2001 American Institute of Physics
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The Lagrangiar(2) contains the toroidalthe term with co- the magnetic field causes the spins to deviate from the easy
efficient w) and electric-dipoldthe term with coefficient) axis by an amounfAS,. The unit cell acquires a toroidal
kinetic energies, the potential energies of the subsystemsjoment, directed along th¥ axis and proportional to the
and their interaction energidthe last two terms We have productAxAS, (it is easy to check that there is no toroidal
not included spatial dispersion in the Lagrangian, as we arenoment in the linear approximationThe induced toroidal
assuming the excitations of the moments are longmoment densityT,=—AxM,. For a uniaxial crystal the
wavelength(a.k<1, wherea, is the lattice constant arldis ~ projection of the magnetic moment on the magnetic field
the wave vector nor dissipation, the features of which in the direction isM,=H,/B (B is the anisotropy constantThe
presence of a toroidal moment were studied in Ref. 8. value of the displacemetkx of an ion in the electric fieI<EX
The relation between the phenomenological coefficientss related to the electric polarization bf,= qAxV’
u, a, \, and A with the microscopic parameters for the = yE,, and hence\x= yq ™ E,V. and, consequentI)Ty
model of an excnomc insulator was considered in Ref. 9. Let— yV.(q8) E,H,. Comparing this expression with Eq.
us estimate the order of several of the parametef®)ifior  (4), we find that)\a 1=xV.(gB) 1. Hence, by using the
an insulator in which the toroidal moment is due to a non-estimate of\ given above and the fact thm0=,ueﬁV‘ .

uniform distribution of spins in the unit ce(ll). obtain
The spin—orbit interaction energy of the magnetic mo-
ment of an ion with the effective magnetic field created by 45— qap _ (5)
the motion of an ion with velocity in the crystalline fielce Mefi@cX
is written in the form Now let us assume that the static electric fi€lg is
1 directed along th& axis. The response of the system to the
ES,=EM [EXV], 3 electric and magnetic fields is described by the dielectric,
magnetic, and ME susceptibilitiegy"= dP; /dh, and x{;°
wherec is the speed of light. The displacemenbf an ion  =dm;/de,. In the absence of damplng one hag"

with positive chargey in the fieldE corresponds to an elec- =(err}e)*. The electric displacememt and magnetic induc-
tric polarizationP=qrV_ *= yE, where y is the dielectric tion b are defined by the standard expressions
susceptibility andv. is the volume of the unit cell. Hence
Eq~—q(cxV.) v-[rxXM]. The displacement of the ion
gives rise to a fluctuational toroidal moment with a density  Solving Lagrange’s equations faf and P, which we
T~[rxM]. Hence Eq~—q(cyVe) v-T~—c !T-E. assume are proportional to eig(), and using the method of
Consequently, the constant, in the Lagrangian, which, as complex amplitudes, we can obtain expressions for the com-
we know, is defined to within a total time derivative, can beponents of the susceptibilities. We will be needing only the
assumed to be a quantity of order?, i.e., \o~c L. expressions for the components, andy,y', which are writ-

In magnetoelectrics, i.e., in magnets with a linear MEten:
effect, the term with the coefficient corresponds to the ME
energy densityV,,.= — a;xEiHy, whereq,, is the ME sus-
ceptibility tensor. The spontaneous toroidal momehtex-
ists in magnetoelectrics with nonzero antisymmetric compo-

di =€kt 477X?knhk7 bi = /u’ikhk+ 477Xmeek :

Q- 0?) (05— w?) em_ i@
(i) (wj-0?) ' A

€27~

A7goEq,0( w?—®?) '

nents of the tensora;, and is the vector dual to its A=y

antisymmetric part. ThereforeT?= g, a\. Assuming that (01~ @) (w5~ )

T°~Moa., whereM, is the magnetic moment density, we

obtain theiIoIIowmg estimate for the coe_ff|0|em: A le TR )[Q§+w$— vwd—8mheyo(uf)
~a(Mpa,) ~ 1, wherea is the value of the off-diagonal com-

ponent of the ME susceptibility, and>0.°
The value of the coefficierd in the Lagrangiar2) can

2

+y(uf) T TFH{QG+ 0i - v

be estimated for the simple example of a magnet without a —8mNeyo(mf ) T+ yi(uf ) 1?
spontaneous toroidal moment. In such a madghetan be N
induced by crossed electric and magnetic fields, and its —4(1-v) QowT} ?); (6)
value, as follows from the minimum of the energy with co- 2
efficientsa and\, is 2 1) 2. 0, %
1 wl’Z_E (l)T+ O)p“l‘ m
— -1
Ti—)\a [EX H]I . (4) 5 2 2+ 2 4 112

i . i . L. _ 2 2\2 70(wp wT) YO i

Let us consider a unit cell with two equivalent magnetic ions +| (wp—07)+ fu + 2,2 ;

which are located on th& axis and are connected by a
center of inversion and hgve _the same equilibrium spins 5,229—1()\)\6#—1;'2)+ £ 1 Lwd);
along the magnetic easy axXis It is easy to sefsee Eq(1)]

that such a cell does not have a spontaneous toroidal mo- 5 = p(1+ YoK 1)\;1), A=+ v L
ment. Now suppose that an electric field is applied to the o

crystal along theX axis and a magnetic field along the 9= Men '+ E(fr) 7Y Qf=wi+anfTh
axis, perpendicular to the direction of the equilibrium spins.

The electric field displaces each ion by a distatoce and wp=kf™h oi=ap

, v=4m\Zu "1, go=0q/mc.
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Here w, and oy are the frequencies of noninteracting a
electric-dipole and toroidal excitations, respectively, and ®
andw, are the modes with the interaction taken into account.
The constant=V_/qc (Ref. 2 is positive, since] is the ion
charge. The constants, a, k, f, and\ are also positive. We
shall also assume below that the constant quarNityis
positive® The terms with coefficients, and y, which de-
scribe the interaction of toroidal and electric-dipole excita-
tions, differ from the terms with coefficients, and \, re-
spectively, by having? in place ofe, and it is natural to
assume that the coefficienjsand y, are also positive.

SPECTRUM OF SURFACE POLARITONS

Suppose that an insulator which is not in a magnetically
ordered statey;, = &;) and occupies the half spaZe>0 is
in contact with an ideal metalZ<0). A static electric field
is directed along the normal to the contact surfagg,
=E,,. A surface electromagnetic wave, propagating along
the X axis in the contact plane and interacting with electric-
dipole and toroidal excitations of the insulator in the pres-
ence of a static electric field, has nonzero field components
e,,hyxexplwt—ikx—ky2) (Ref. 2.Y The dispersion relation
for surface polaritons and their penetration depth in the in-
sulator,6=k, !, are given by the expressions

wZ
k2=?szz(w), o=—

()

wa(w)’

In the case under discussios,, and « are given by . ;
formulas (6). The surface polaritons in the insulator exist -=-< -
only because of the off-diagonal component of the ME sus- S [
ceptibility a#0. If =0, thendé=00, i.e., the polaritons are ay
of the bulk type. As we see from E7), surface polaritons
exist only for values

£,2~0, a<0(5>0). )
. . . EIG. 1. Spectrum of surface polaritons of an insulator at its boundary with
Satisfaction of these conditions depends on the values n ideal metal in the case when a static electric field is directed along the

the constants of the Lagrangian. outer normal to the insulatqsolid curve$ and into the insulatofdashed
Let us estimate the parameter 477)\2:“«_1 (see Eq(6)) lines): a—different possible relations between the frequengiesand w, ;

in the case when the toroidal moment is given by expressioh—>@p -

(1). Sincew?=au !, we havey *=w?/a. Using (5) and

the  fact that A,~c™ %, we  obtain v

~47-rac;(,ueﬁw$(qc2a,8)*l, For the valuesa,=10 "cm, x The spectrum shown by the solid intermediate curve in

=1, B=1, we=5uo, q=5x10 %cgs esu,x=103, and Fig. 1a exist in the cases

wr=10"%s"1, we obtainv~10"8. Such a small value is due

to the relativistic smallness of the spin—orbit interaction.

However, in an excitonic insulator the toroidal energy is due  2) wp<or<w,, 0,<o<w,, R<A,

to the Coulomb interactiorfs’ and the parameteris not so

small. Since the interaction parametgy is in any case not

0 Kx

1) wp> o1, 0,<o<wp,

R= (w5~ 0f) + yo(f 1) "H(B7Ne— 7o),

greater than, it fol!ows from the expres_sionéﬁ) f_or w12 A= yg[fﬂ(wg_wg)]fl_ (8a)
that the parameter is a measure of the interaction of the } . o )
toroidal and electric-dipole modes. The intermediate mode in Fig. 1a consists of two parts:

Analysis of conditiong8) with allowance for the sign of the solid curve in the frequency intervi{),,»] and the
E,, i.e., the directions of the static electric field in the inte- dashed curve in the intervgl, w,], in the following cases:
rior of.the insulator E;>0) or along thg outer normakE ' 1) wp>wr, MaxQ;,01)<O<w,;
<0) gives the form of the surface polariton spectra shown in o o
Fig. 1. The solid curves correspond to the modes for a field 2) wp<wr<w,, or<w<w;, R<O0;
direction along the outer normal to the insulator, and the — ~ )

’ =3 <wr<w,, \1<o<w,, 0<R<A,
dashed curves correspond to the modes for the opposite di- ) wp=oT=wp 1= @0=®2
rection of the field. Nw,<wr<Q,, A<jo<wr, R<O. 9)
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The intermediate mode in Fig. 1a is entirely that corre-dispersion of the intermediate toroidal modeg. 1b its
sponding to the dashed curve€(},) if existence interval is small. The existence interval is also
small for the intermediate mode in Fig. 1a fep<wr.

1) wop>or, 07<Q;, 01<0<Qy; If wr<w,, however, then the frequenci€s;, w,, and

2) wp<wr<w,, wr<®<Q;, 0<R<A, ® are not close, and the frequency interval in the which the
B L intermediate mode exists is not small. In the c&se<0
3) wp<wr<;, w,<w<;, R<O; toroidal excitations occur in the frequency intery&; , 5]

for w,<w<w, or in the interval[®,Q,] if );<w<w,
(w07<Qq) or w<w<w; (w7>Q;). In both casesw

The spectrum in Fig. 1ifthe solid intermediate curye > w,, and resonance of toroidal excitations with an electro-
corresponds to the parameters magnetic wave parallel to the surface is possible. ber
<w, the lower modew, is also toroidal, but it is not radia-
tive. Excitations of the electric polarization correspond to the
2) wp,<wr<Q;, w,<B<wr, R>A. (12) upper mode ¢=,) and to excitations with intermediate
mode frequencies near,.

If, however,w,<wr, then the intermediate mode is to-
roidal and the upper and lower modes are electric-dipole.

Awp<wr<Q,, wp<w<or, 0<R<A. (10

1) wp<wr<w,, or<jo<w,, R>A;

The intermediate mode in Fig. 1b consists of a solid
curve for frequencies in the intervgb, ()] and the dashed
curve in the frequency intervdlw,, ], if w,<wr<owp,
w,<w<Qq, R>A.

If, however, o,<wr<w,, ;<o<w,, R>A, then
the intermediate mode in Fig. 1b is that shown by the dashed A comparison of the dispersion relations in Fig. 1a and

CONCLUSION

curve. 1b with the spectrum obtained in Ref. 2 permits the follow-
Analysis of the spectrum is done for values of the toroi-ing conclusions.
dal frequencyw<(Q,, with Q,~Q4. If wr<w,, then the The presence of toroidal excitations preserves the effect

lower branchw; is the frequency of predominantly toroidal in which the polariton branches switch over when the electric
excitations, andw, is predominantly electric-dipole. For field direction is reverse@he solid and dashed curves in the
w1>wy, 0on the contraryw, is the mode of toroidal excita- figures.

tions andw, that of electric-dipole. In all cases the upper The toroidal excitations give rise to additional modes in
mode with frequencies greater thdh, is electric-dipole, the surface polariton spectrum; these modes have normal or
while the mode with frequencies ne@y, is toroidal. Figure anomalous dispersion, but the latter occurs only for the tor-
1b corresponds to valuesr>w,, and Fig. 1la to various oidal mode. Toroidal modes can be radiative, i.e., they can
caseqsee Eqs(8)—(10)]. interact resonantly with an electromagnetic wave.

In all cases the toroidal excitations are manifested in the  In practice, however, identification of the observed spec-
existence of an intermediate mode with norrfélg. 18 or  tral lines is a complicated matter. The results obtained here
anomalous(Fig. 1b dispersion. This mode, like the upper make it possible to determine the toroidal mdgiee inter-
mode, is radiative. However, if the uppéelectric-dipol¢  mediate curve in the figurgshanks to its crossing with the
mode can be resonantly excited only for oblique incidence ofight line in an experiment on resonant excitation of surface
the electromagnetic wavgo satisfy conservation of quasi- polaritons. As was shown in Refs. 2 and 3, in the insulator—
momentum, then the toroidal mode interacts resonantly withideal metal system under consideration here the radiative
the electromagnetic wave both for oblique and for tangentiamodes of surface polaritons of the insulattte upper and
(parallel to the surfageincidence of the light. The toroidal intermediate branches of the spectjuoan be studied by
mode crosses the light line at the point wherg=1, k,  their direct resonant interaction with a light wave without

=w,/c. From Eq.(6) we find the resonance frequenay : recourse to the methods ordinarily used: frustrated total in-
1 ternal reflection, Raman scattering, etc. This possibility is a
“’rzzm[m‘e?’o_ wt Ky\g consequence of the fact that the surface poIaritpn mpde in the
e system considered is found to the left of the light line and,
2\2 2 2 consequently, the wave vectér, of a polariton with fre-
V= 2hevo— khe) Ao, (12 quenc?/w is zmaller than the nge veth)bI: wl/c of a light
Since u>\Z (see the estimates abgyeve havew,~wr.  wave propagating parallel to the surface along the X axis. In

Assuming that thé>—T interaction is weak and that the fre- the case of oblique incidence of an electromagnetic wave at
quencieswt andw,, are not close together, we find frof@)  an angled to the normal, so that the quasimomentum along

that we have approximately the X axis can be conserved, i.e., flf=(w/c)sind<wlc,
the electromagnetic wave can resonantly excite a surface po-
w§5w$(1+A), w%E wﬁ(l—A), 0> T, lariton 9 y P
. The circumstance that the toroidal mode, unlike the
Qi=ow7| 1+ m) A<l (13 electric-dipole modes, crosses the light line means that it can
0 T

be resonantly excited not only for oblique but also for tan-
In the casew,< wy the frequencyw, in Eqg. (13) should be  gential incidence of the light wave. In an experiment on reso-
replaced byw,. nant excitation of surface polaritons the electric-dipole spec-

We see from Eq(13) that for w,<wr the frequencies tral lines should be “quenched” and vanish as the angle of
(), and w, are close. Therefore, in the case of anomalousncidence is increased from 0 to 90°. However, the spectral
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The linear thermal expansion of compacted fulleritg &lloyed with argon (AlCs;) and neon
(Ne,Cqp) are investigated by a dilatometric method. The experimental temperature is

2-12 K. In the same temperature interval the thermal expansion,&fi;pand NgCg, are

examined after partial desaturation of the gases from fullerite. It is found that Ar and Ne alloying
affects the temperature dependence of the thermal expansion coefficiegt aqiite

appreciably. The libration and translation contributions to the thermal expansion of gyaeeC
separated. The experimental results on the thermal expansion are used to obtain the Debye
temperature of pure . The effects observed are tentatively interpreted. 2@1 American
Institute of Physics.[DOI: 10.1063/1.1430848

Previously'? we detected a negative coefficient of linear were expected to change thi, barriers impeding rotation
thermal expansion of polycrystalline and single-crystgj&@  of the neighboring g, molecules. They could thus influence
helium temperatures. The effect was tentatively attributed téhe probability of rotational tunneling of these molecules and
tunneling rotation of the g molecules. In the orientational the tunneling-induced contribution to the thermal expansion.
glass, which evolves in fullerite below 90 K, the potential If the U, barrier height andor) width increase, the total
barriers U, impeding rotation of the molecules can vary negative thermal expansighxd T should decrease and shift
within wide limits. The tunneling rotation can be performed towards lower temperatures. Let us remember that in the
only by those molecules for which the, barriers are quite Ow-temperature phase eaclg@olecule is associated with
low. Such molecules are referred to below as defects. If th&wo tetrahedral and one octahedral interstitial cavities whose
U, barriers grow upon a decrease in the crystal volume, thveérage linear dimensions are about 2.2 Aand 42 A,
tunneling rotation leads to negative thermal expansion of théeSpleo(it{\?febZ According to x-ray and neutron diffraction
crystal®# The tunneling rotation is also characterized by highdat&~ “the Ne and A4r atoms, with gas-kinetic diameters of
absolute values of the Gmeisen coefficier. These are the 2788 A and 3.405 A respectively, occupy only the octa-
features that we detected experimentifly. hedral cavities. The studies were carried out using a high-

The factors that might cause the negative thermal exparTs—enSitiVity capacit_ance_ dilatometerThe experimental pro-
sion of fullerite Gowere analyzed in Refs. 5 and 6. Since thecedure was described in Ref. 1. The sample was prepared by

Cgo molecules have fivefold symmetry axes, the molecule ompacting high-purity(99.99% Ce powder under about 1

cannot be orientationally ordered completely; hence, certainbar at room temperature. The method of preparation of a

defects are inevitable at low temperatures. The negative the?'—ample precluded appreciable contents of argon and atmo-

. . oo . spheric gases in fullerittThe grain sizes were 0.1—-0.3 mm.

mal expansion has been explained qualitati¥blyassuming ; . .
th xisten ¢ different orientational domains in th The resulting sample was a cylinder 9 mm high and 10 mm

1€ coexistence o erent orientational domains €n diameter. The preliminary results were published in Ref.
simple cubic lattice of g,. The potential relief is much
smoother in the interdomain spat@omain wall$ than in-
side the domains, and tHe, barriers impeding rotation of
the molecules are much lower in the domain walls. As a*—ALLOYED FULLERITE

result, the molecules in the domain walislike those inside The linear expansion coefficient of theSample was
the domaink can remain nearly free rotators down to muchfirst measured before alloying at 2—12 K. The sample was
lower temperatures. then alloyed with argon at room temperature under atmo-

The aim of this study was to test the assumptions used igpheric pressure. The alloying lasted for 460 hours. The al-
Refs. 1 and 2. We investigated the thermal expansion coeffioyed sample was slowly cooled in the alloying gas atmo-
cienta of compacted g alloyed with inert gases at 2—12 K. sphere to helium temperatures. Since in the process of
The alloying gas atoms introduced into the fullerite latticecooling and measurement the walls of the measuring cell of

1063-777X/2001/27(12)/4/$20.00 1033 © 2001 American Institute of Physics
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FIG. 1. Temperature dependences of the thermal expansion of compacted 9 10 11 12

fullerite Cqo: pure fullerite before alloying with Af1); Ar-alloyed fullerite
(2); fullerite after evacuation of Ar for 3 day$) and for 45 dayg4).

FIG. 2. Temperature dependences of the thermal expansion of pure fullerite
Cgo: polycrystalline samplés (1); single crystdl (2); polycrystalline
the dilatometer are colder than the sample, the alloying gagmples3) (in this study.
becomes condensed on the cell walist on the sampleas
the temperature falls. Then the thermal expansion coefficient
of the Ar-alloyed G, was measured at 2—12. Note that onare shown in Fig. 1(curve 3). It is seen that the thermal
cooling, the phase transitions ofg»ccurred in an Ar atmo- expansion coefficient changes only slightly above 5 K. Be-
sphere. low 3.5 K the change is more appreciable: there appears a

Figure 1 shows the measured coefficients befoteve  region of negative thermal expansion with a nonmonotonic
1) and after(curve?2) Ar-alloying. It is seen that the alloying temperature dependena€T). Qualitatively, the dependence
has strongly affected the thermal expansion gf:Ghe in- is similar to that for the sample before alloying, but the mini-
troduction of the alloying gas reduced considerably the posimum in curve3 is smaller and shifted towards lower tem-
tive coefficients and strongly suppressed the negative theperatures. Since the temperature dependence of the thermal
mal expansion effect and shifted it towards lowerexpansion coefficient of pureggwas not restored after the
temperatures. To explain the effects observed, it seems nat8-day gas evacuation, the measuring cell with the sample
ral to assume that the atoms of Ar impurity impede rotationwas warmed again to room temperature and evacuated for 45
of the Go molecules and thus enhance the noncentral forcedays. We then repeated the measurement of the thermal ex-
acting upon the gy molecules. With the noncentral forces pansion coefficient at low temperatures. The results obtained
enhanced, the librational frequenciesof the G, molecules are shown in Fig. 1(curve 4). In contrast to the short-
should increase, and a@t<hw,/k the contribution of libra- evacuation results, the prolonged evacuation changes the
tions to the heat capacity and thermal expansion of the crystigh-temperature,” part T>5 K) of the dependence(T)
tal should decrease. At 5—12 K the tunneling effects are nanore significantly. After a 48-day evacuation, the coeffi-
longer important. In this temperature range the translationatients« of the pure and alloyed g samples practically co-
lattice vibrations and the molecular librations are responsibléncide at T>5 K, whereas their dependencegT) at T
for the thermal expansion. In Refs. 17 and 18 the librationak5 K still differ considerably.
contribution to the heat capacity of§Qwas described using The changes inx(T) after removal of argon from the
two librational frequencies, 30 K and 58 K. Thus the abovesample may be explained as follows. The molecules that we
inequality holds for the temperature interval 5-12 K, and thecall “defects” are inevitably displaced with respect to the
assumed decrease in the librational contribution to the thefattice sites. As a result, the octahedral voids surrounding
mal expansion at these temperatures seems to be reasonalsigch molecules are not identical, and the potential wells that
As the noncentral forces increase, tig barriers impeding they form for the impurity are different—deeper or shallower
rotation of the molecules also become higher. This diminthan the octahedral potential wells adjacent to most of the
ishes the probability of rotationalggtunneling and the tun- Cgg molecules. At the initial stage of evacuation, the Ar at-
neling splitting of the energy levels. As a result, the negativeoms first leave the shallow potential wells near the defects,
thermal expansion decreases and the region of tunneling efvhich causes faster changes in the negative paw(df).
fects shifts towards lower temperatures. The removal of the Ar atoms from the deeper wells is slower

We should remember that the librational contribution isthan from most of the crystal volume. That is why at the
made by all G, molecules, while the negative contribution is completing stage, the positive part @fT) is restored faster
made only by the molecules which we call “defects.” atT>5K.

When the measurement of the thermal expansion coeffi- Note another interesting fact. Figure 2 shows the linear
cient of the alloyed g, sample at low temperatures was thermal expansion coefficients for a single crystalirve 2)
completed, the sealed measuring cell with the sample waand two polycrystalline samples investigated in this study
warmed to room temperature and evacuated to Xcurve3) and in Ref. 1(curvel). At T>5 K the a values of
x 103 mm Hg. The gas was evacuated at room temperaturall the samples are close to each other. However, consider-
for 3 days. The thermal expansion of the sample was theable distinctions are observed in the temperature region
investigated again at low temperatures. The results obtainedhere the thermal expansion becomes negative. We attribute
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At the concluding stage of the experiment the removal of
Ne from the sample was continued for 45 days at room tem-
perature, and the thermal expansion coefficient was then
measured. The results obtained before and after alloying co-
incided in the whole temperature interv@ig. 3, curvel).
We can thus conclude that theggsample was completely
free of neon. Desaturation for the same length of time was
not sufficient to remove all argon from the sample.

Of interest are two features exhibited by the linear ther-
A S S S mal expansion coefficient of Ne-alloyedd First of all, at
2 345678 9101112 6—12 K the «(T) values practically coincide for Ar- and

T.K Ne-saturated samples. Let us assume that Ar- and Ne-

FIG. 3. Linear thermal expansion coefficients of fulleritg, @lloying with alloying increases the librational frequencies of thg @ol-
Ne: pure compacted fullerite before alloyity; compacted fullerite alloyed ~ ecules to such extent that the contribution of librations to the
with Ne (2); compacted fullerite after evacuation of N& day (3); com- thermal expansion is negligible up to 12 K. Besides, it is
pacted fullerite alloyed with At4). natural to expect that the Ar and Ne impurities have negli-
gible effect on the translational vibration of the lattice and

this to different amounts of the “residual” impurity whose their contribution to the thermal expansion. If this is correct,

particles are still present in the deep potential wells near thé1€ thermal expansions of the Negy@nd Ar—Gg, solutions
defects. The negative thermal expansion should therefore d the contribution of the translational vibrations to the

6 .—
al0 K
—_ O = N W E~N )]

particularly sensitive to the pre-history of the sample. thermal expansion of pure ¢ should all coincide in the
6-12 K region, where the contributions of librations and
Ne-ALLOYED FULLERITE tunneling toa(T) are not observable. We tried to describe

) ) this contribution as
To speed up the saturatidiesaturation of Cgy, we

needed a gas with smaller particles. Our choice was neon. It Aqy,,=yC(T/0p)/BV,
is known from the literatur@'® that saturation of g, with
Ne proceeds much faster than in the case of Ar: at roomwherey is the Grineisen coefficienty is the molar volume
temperature it takes no more than 24 hours. To estimate thaf Cqy; B is the bulk modulus of g, C(T/0®p) is the Debye
saturation time of our sample from these data, we need theat capacity, an@p is the Debye temperature. The calcu-
know the grain sizes in Refs. 10 and 19. In Ref.(2® same lation was made usiny=416.7 cni/mol (Ref. 21 and B
laboratory as in Ref. 19 the average grain size wds =10.3GP&” y and® were fitting parameters. The above
~0.08 mm. Since the characteristic time of saturatiorr is expression could describe the experimeniat, ., values
~12, it should ber~ 107 hours in our case. The choice of Ne quite well takingy=2.68 and®,=54K. v is close to the
as an alloying gas is also based on the fact thatawel An corresponding values for rare-gas softdisn the literature
atoms become localized in the octahedral interstices. Athe ® data for Gy vary widely. It follows from the analysis
room temperature and atmospheric pressure they occumf the temperature dependence of heat capacity &gt
21% of these intersticéd. Taking into account that in a =37K,®50 K 242560 K26 80 K 2" and 188 K?® Studies of
simple cubic lattice each of g molecules is surrounded by the elastic properties of single-crystaj@ive ® =100 K.2°
six octahedral interstices, the 21% occupancy implies thaEven if we disregard the very high valuég =188 K*® and
with randomly distributed impurity atoms, about 75% of the ® ;=100 K, where the error is high,the scatter of th@®p
Cgo molecules have Ne atoms nearby. values is still wide. The Debye temperatures obtained by the
Ceo Was alloyed with Ne at room temperature under at-calorimetric method are highly sensitive to the impurities
mospheric pressure for 340 hours by the same procedure asesent in the fullerite and the technique employed to sepa-
was applied for Ar-alloying. The sample was then cooled in aate the contributions to the heat capacity. Thg values
Ne atmosphere to the temperature of the experiment, and thabtained from ultrasound velocities are more reliable, since
linear thermal expansion coefficients were measured. they are mainly determined by the translational vibrations of
The results obtained are shown in Fig(dashed curve the lattice and are not very sensitive to impurities. According
2). For comparison, the same figure shows the thermal exo the ultrasound data for single-crystaj,Gat T=300K,
pansion coefficient of Ar-alloyed g (curve4). Itis seenthat ©,=66 K.** In Ref. 21 the data in the literature on ultra-
abowe 6 K the curves practically coincide; bat®6 K neon  sound velocities of polycrystalline g were analyzed and
influences the thermal expansion coefficient more stronglgxtrapolated to low temperatures. The Debye temperature
than Ar does. The behavior of the low-temperature part othus calculated at>0 is 55.4 K. This value oB is very
curve2 (see Fig. 3 can be accounted for by a larger amountclose to ours. We should, however, remember that in our case
of Ne in the sample, since Ne dissolves much faster than A®, is closer to its high-temperature limR,,. For rare-gas
We then removed some quantity of Ne from the samplesolids the difference betwee®, and ®, amounts to
(24 hours at room temperatyrand measured the thermal 10-12%3
expansion coefficient agaiffrig. 2, curve3). It is seen that The above consideration suggests that pand® are
abow 7 K the coefficient came back to its prior-to-alloying quite realistic and thus support the assumption that cu2ves
values. Belw 7 K the distinctions between the coefficients and 4 in Fig. 3 describes the contribution of translational
measured before and after alloying even increased. vibrations to the thermal expansion coefficient of pugg.C
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X-ray diffraction studies of the two low-temperature phases of especially pure polycrystajljine C
fullerite are carried out in the temperature range 20—310 K. At room temperature a
rhombohedral structure is established, and &t276 K a monoclinic structure. The volume jump

at the low-temperature phase transition is determined te-8& cni/mole, or 1.7%. The

temperature dependence of the lattice parameters and of the linear and volume thermal expansion
coefficients is investigated in the two phases. For both the intermediate and the low-
temperature modifications a substantial anisotropy of the thermal deformation of the crystals
along individual crystallographic directions is observed. The results are analyzed with the use of
previous structural studies. It is shown that in the absence of rotations at low temperatures

the lattice is unstable to monoclinic distortions, the estimated sign and order of magnitude of which
agree with the observations. 001 American Institute of Physic$DOI: 10.1063/1.1430849

INTRODUCTION the crystals, all of which shift these transitions to substan-
tially lower temperatures. The high-temperature phase is ori-
. . . Fntationally disordered and, depending on the method of

problem. The presence of impurities, mainly components o . . o :
preparation and purity of the initial material, can have a

the ;ol\{ent or o molecules, sgbstar!tlally compllcateg n- close-packed cubidfcc) or hexagonal(hcp lattice. The
vestigations of the structure, orientational phase transitions

. . Practically equal probability of obtaining one or the other
and physical properties of. Only the recently developed structure is due to the well-known small difference in energy

sublimation techniques permit one to obtain rather pureOf tec and hep lattices. with molecular laver stackinas
(more than 99.9%samples of solid &,. P ices, wi u y Ing

The addition of ten carbon atoms taJeads to signifi- abcabcandabab, respectively:?1~2%For this reason it was

cant qualitative changes in the properties of the moleculegOr a long time impossible to give a final answer to the ques-

and the condensed phases formed by them. The molecul#8" of which of the close-packed structures of the high-

lose their nearly spherical icosahedral symmélnand take temperature phqse is stable. Fischer. .and Héimeye that
the shape of an ellipsoid of revolution with symmeBy, . the fcc structure is more stable for purified, dry, and annealed

Unlike Cgo, which has only one order—disorder phase tran-Samples at temperatures above 345 K, and practically none
sition at 260 K and two cubic phases, in pure, @llerite  ©f the papers®®1%1-20~%has reported the observation of a

one observes two first-order orientational phase transitions iffansformation of the structure from the stacking sequence
the temperature interval 280-340 K and three equilibriunf?Pcabcof the close-packed layers &bab stacking. At the
phase<. The presence of two phase transitions i &d the ~ Same time, at hlgh temperatures the. transformatlon- of the
lower symmetry of the two low-temperature orientationally P to the fcc lattice occurs rather easily. These experimental
ordered phases are mainly due to a change in the charact@sults agree with the conclusions reached from calculations
and magnitude of the anisotropic intermolecular interactiorP the structure of & by the molecular dynamics methd.
as a result of the lower of the symmetry of the molecule inHowever, there are also papers that point to the opposite
comparison with . conclusions. According to recent d&tawhen G is evapo-
The phase transitions and structure of the phases;of crated at T=650K and condensed on a substrate Tat
fullerite have received considerable study and have been the 550K, hexagonal hcp single crystals are obtained, while
subject of many papers. The results of previous structurdior evaporation al =450 K and condensation on a substrate
studies done on samples of various composition and mo@t T=300K it is predominantly cubic crystals of fcc sym-
phology and prepared by different methods differ stronglymetry that grow. Single crystals of hexagonal symmetry with
from one another. This has prompted us to analyze the rathé parameter ratie/a close to the idealsee Table ) have
large volume of structural data to arrive at a reasonable picalso been obtained at room temperature by growth from
ture of the structural transformations inddullerite. Most of ~ solution?* These last facts can be regarded as yet another
the structural data available before the start of our investigaconfirmation of the smallness of the energy difference be-
tions are critically systematized in Table I. The conclusionstween these close-packed lattices. For this reason, the forma-
of our analysis are set forth in the Introduction. tion of one structure or the other on crystallization may de-
The phase transitions in,gfullerite, especially the high- pend on slight methodological or other experimental
temperature transition, are extremely sensitive to the presiuances. Both the equilibrium cubic fcc phase and the less
ence of impurities, structural defects, and thermal stresses stable hexagonal hcp phase have a high density of stacking

Obtaining pure G, fullerite has long been a difficult

1063-777X/2001/27(12)/11/$20.00 1037 © 2001 American Institute of Physics
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TABLE I. Studies of the structural characteristics of the crystalline phases dullerite.

Isakina et al.

Method.
Characteristics
No. of the sample T, K Type of lattice, symmetry Lattice parameters, A Source
1 X-ray, TEM, synchrotron. 440  Cubic fcc a=15.01 Vaugharet al. (199 [Ref. 2]
Polycrystal, from solution, Hexagonal hcp a=10.62,c=17.31,
purity >99% c/a=1.630
2 X-ray. Single crystal, 293  Cubic fcc a=14.96 Fleminget al. (1991 [Ref. 3|
purity not reported Fisher and Heiney1993 [Ref. 1]
3  X-ray, TEM. =293 Cubic fcc a=14.96 Verheijenet al.
Single crystal, growth Hexagonal hcp-1IP63/mmc a=10.56,c=17.18, (1992 [Ref. 4]
from the gas phase, 99.9% cla=1.627
293  hcp-IP63/mmc a=10.11,c=18.58,
c/a=1.838
220  hcp(monoclinig a=20.04,c=18.53
100  hcp(monoclinig a=19.96,c=18.51
4 Electron microscopy, TEM. 293  Hexagonal hcfP6;/mmc a=10.1+0.5, Dravid et al. (1992 [Ref. 5|
Single crystal from solution>99% c=17.0+0.8,
c/a=1.683
5 Electron diffraction 300 Hexagonal hcp a=10.6x0.4, Tomitaet al. (1992 [Ref. 6]
c=17.2+0.6,c/a=1.623
Single-crystal film,<1%GC;, 104  Hexagonal hcp a194/a300=0.96
6 Powder x-ray diffraction. nedr,, Cubic fcc a=14.87 Kawamuraet al. (1992
[Ref. 7]
Other fullerenes prior to 295  Rhombohedral a,=9.93,¢,=27.31
sublimation less than 4%
7  X-ray. 293  Cubic fcc a;=14.943(1), Christideset al. (1993
a,=14.898(6) [Ref. g
Polycrystal, 98.5% (1.5%¢g), Rhombohedral a=14.96(2),
sublimation a=85.7(1)°
8 X-ray. Polycrystal, sublimation 293  Cubic hcg=m3m a=14.89(1) Valsakumaet al. (1993
723 K, deposition 473 K [Ref. 9]
Polycrystal from solution 293  Hexagonal h®;/mmc  a&10.53(1),c=17.24(1),
c/la=1.637
9 Electron diffraction and >337 Cubic fcc a=14.60 van Tendeloet al.
electron microscopy, x-ray. (1993 [Ref. 10
Sublimation,>99.9% Hexagonal hcp-II a=10.60,c=17.30,
c/a=1.632
<280 hcp-l c/a=1.82
10 X-ray. Polycrystal, 440  Cubic fdEm3m a=15.01 Vaugharet al. (1993
sublimation, 99.9% 300 RhombohedRBm a,=10.128+0.0005, [Ref. 11]
c,=27.852:0.008
15 Monoclinic a=9.9318+0.0007,
C2,Cm, P2,, b=10.0422:0.0012,
or Pm c=27.774:0.003,
vy=119.637%0.003°
11  X-ray. Single crystal 295  Cubic fcc a=14.90(4) Meingaset al. (1993
[Ref. 12
Polycrystal, sublimation, Cubic fcct hexagonal hep a=14.851(6)
purity of initial material>99.5%G,
12 X-ray. Polycrystal of &, 290  Cubic fcc a=15.08 Misofet al. (1993 [Ref. 13]
Polycrystal of G, irradiated 290  Cubic fce=rhombohedral a=14.98,0=85.6°
by high-energy heavy ions
13 X-ray. Polycrystal, sublimation, 293  Rhombohedral a=10.958,a¢=55.04° Kawamurat al. (1994
99.9% [Ref. 14
Cyo+10% Gso Cubic fcct hexagonal hep a=15.01
14  X-ray. Polycrystal, sublimation, 356  Cubic fcc a=14.974 McGhieet al. (1994
Cgo Not detected [Ref. 15
381  Hexagonal hcp a=10.614,c=17.311,

Cubic fcc
Hexagonal hcp

c/la=1.631

a=14.980
a=10.606,c=17.266,

c/la=1.628
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TABLE 1. (Continued).

Method.
Characteristics
No. of the sample T, K Type of lattice, symmetry Lattice parameters, A Source
15 X-ray. Polycrystal, purity not reported 293 Hexagonal hcp-II a=10.8,c=17.5, Mitsuki et al. (1994
c/la=1.62 [Ref. 16
Hexagonal hcp-I a=10.1,c=18.7,
c/a=1.85
16 X-ray. Single crystal 220 OrthorhombRbnm a=b=20.033, van Smaaleret al.
c=18.53 (19949 [Ref. 17
17 X-ray. Polycrystalline film <280(251) Deformed hexagonal hcp, a=c=19.6,b=18.5 Ramaseshet al. (1994
analog of rhombohedral [Ref. 18
Sublimation, purity not reported 290-350 Hexagonal hegdp-11 a=b=10.48,c=17.5
(c/la=1.67) and
a=b=10.77,c=17.64
(c/la=1.638)
373 Cubic fcc a=14.8
18 X-ray. Polycrystal and 295 Deformed hexagonal hcp-I a=10.11(1), Meingastet al. (1994
single crystal, c=18.58(5),c/a=1.84 [Ref. 19
initial purity C;o>99.5%
383 Hexagonal hcp-II a=10.54(6),
c=17.07(7),cla=1.62
19 X-ray. Polycrystal, 300 Hexagonal hcp a=10.55(1), Janakiet al. (1995
from solution, c=17.27(1),c/a=1.637 [Ref. 20
impurities <1%
77 Hexagonal hcp a=10.45(1),
c=17.21(1),cla=1.647
Powder, prepared 300 Rhombohedral a,=10.13(1),
by pulverizing Cch=27.77(1)
single crystals, 99.99%
6% cubic fcc a=14.89(1)
10 Monoclinic a=10.04,b=9.90,
c=27.77,y=119.64°
20  X-ray, synchrotron. 293 Hexagonal hcp a=10.104(5), Blancet al. (1994, 1996
Single crystal, c=18.584(10), [Refs. 21,22
sublimation, 99.99% c/a=1.839
21 X-ray, SEM. Single crystal, 293 Deformed hcp a=10.10,c=18.55, Komori et al. (1997
sublimation at 923 K, c/a=1.837 [Ref. 23
deposition at 823 K
Sublimation at 723 K 293 Cubic hcp a=10.55
deposition at 573 K Rhombohedral a=11.03,a=54.8°
22 X-ray. Polycrystal from solution 300 Hexagonal Hef;/mmc a=10.593,c=17.262, Ghoshet al. (1998 [Ref. 24
c/la=1.62%
100 MonoclinicP2; /m a=10.99,b=16.16,
c=9.85,3=107.75°
23 Scanning, transmission 300 Morphology—hexagonal Pauwelset al. (1999
electron microscopy shape of slab, [Ref. 25
and electron diffraction icosahedral and
of nanoparticles, 10-vertex particles;

aerosol reactor method,
purity C;o>98%
100, 77 structure—cubic fcc,
rhombohedral; large
amount of twinning

faults1** which have a noticeable influence on the diffraction ~ When the equilibrium fcc phase is cooled to tempera-
pattern, phase transitions, and physical properties of thaures below 38 K a freezing of the rotational motion of the
phases. Each of the two types of structure obtained upomolecules about the short axes occurs, and their long axes
crystallization of G, leads to a different channel of phase are oriented parallel to one of the body diagonals of the cube.
transitions in the crystals as the temperature is lowered, witifthe Fm3m symmetry of the high-temperature cubic lattice
three-layer or two-layer stacking of the close-packed layerss lowered to rhombohedr&3m. The stability of the inter-

of molecules. mediate rhombohedral phase is confirmed by experirfiéhts
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in which an fcc—rhombohedral phase transition is observethttice parameter ratio/a=1.82. An orientational model of
under hydrostatic pressure. The rhombohedral phase has alge phase transition is proposed. The very wide coexistence
been brought about by irradiating fcc crystals by high-energyegion of the two phases is explained by the creation of sig-
heavy ions-> When such samples are heated to 400 K thenificant negative interphase stresses in the samples upon the
reverse, rhombohedral—fcc, phase transition takes place. nucleation and growth of the monoclinic phase. In this re-
Further lowering of the temperatureTe<280K leads to  gard we note that in £ fullerite the coexistence region of
freezing of rotations around the long axes of the moleculeshe two cubic phases at the 260 K orientational transition is
as well. As a result, one observes a transformation of thenuch smallef®34 not more than a few degrees. In Refs. 6
rhombohedral to a monoclinic phase, the symmetry spacand 16 the fcc—rhombohedral phase transition was observed
group of which has not yet been established. All three phasest 280 K on cooldown and at 240 K on warmup. It has been
preserve the basic structural motif abcabc stacking of noted that the phase transitions in,gare especially sensi-
close-packed layers along the principal directions of the crystive to the rate of cooling but rather insensitive to the rate of
tals: along one of the body diagondlkl1) of the cubic cell, heating. In calorimetric studies the rhombohedral—fcc phase
along the rhombohedral axis, and along the monoclinidransition on heating of the samples almost always occurred
axis!' In the intermediate rhombohedral and low- at 340 K, while on the reverse temperature path this transi-
temperature monoclinic phases the orientation of the longion was “frozen” by almost 50 K.
axes of the molecules is the same: they are perpendicular to The substantial discrepancy in the data of different stud-
the basal close-packed layers. When the pressure is raiséb as to the phase transition temperatures and to the number
from standard to 17 GBhat room temperature, two more and structure of the phases, even for studies done on samples
phase transitions are observedpPat (2.2+0.2) GPa and® of high purity, most likely results from the high sensitivity of
=(5.52+0.5) GPa, which has been attributed to furtherthe structural characteristics of,Cfullerite to the techno-
changes of the orientational order ingGQullerite. In the case logical and thermal prehistory of the samples, to the value of
when the fullerite crystallizes in the less stable hexagonathe volume jumps at phase transitions, and to the character of
hcp structure, there are again two phase transformations thtte anisotropy of the thermal expansion of the phases, which
occur as the temperature is lowered, involving the same sés determined by their symmetry. A clear conception of the
guential freezing out of the rotational degrees of freedom ofnfluence of the preparation technology on the morphology
the molecules about the short and long axes. However, all aff the crystallites, their crystallinity, the type of structure and
these transformations take place on the basis of a structutbe structural perfection is given by electron-diffraction and
with two-layer abab stacking, and at the high-temperature electron-microscope studf@sof nanoparticles of g, and
transition near 337 K no global symmetry change occursCy,.
The high-temperature and intermediate phases in this case Until recently, unfortunately, there were no such data on
have hexagonal lattices. The phase transition is accompanigde temperature dependence of the lattice parameters and
only by an abrupt change in the ratida from 1.63 to 1.82  volumes of the equilibrium phases of&wvhich could serve
(Ref. 4 as a result of the alignment of the long axes of theas a basis for more-concrete quantitative estimates and con-
molecules along the axis. As the temperature is lowered clusions. The available data were limited to the temperature
further, in the region around-276 K a transition from the evolution of individual elements of the unit cdthe length
hexagonal to a monoclinic phase occurs, in which the rotaef the body diagonal of the cube aloggll), the distance
tion around the long axes of the molecules is frozen out. Allbetween nearest neighbors in tfie0) plane, the total vol-
three phases preserve the two-layer stacking, and the twame of the cell, which were obtained in x-ray studfés the
low-temperature phases preserve the orientation of the longmperature interval 5—470 K. Recently the temperature de-
axes of the molecule. pendence of the lattice parameters of the monoclinic and
In the high-temperature region a coexistence of the cubibexagonal phases were obtained in the temperature interval
and hexagonal phases is often observed in the initiab—300 K24 However, from the data presented graphically in
samples. This circumstance and also the tendency towattiose papers it is not only impossible to determine the nu-
substantial supercooling make for the presence of a numbenerical values of the lattice parameters at individual tem-
of nonequilibrium states at low temperatures in addition toperature points or the value of the volume jump at the phase
the two stable series. In Ref. 4, five phases were observetransition for further analysis but it is even impossible to
fcc at high temperatures; rhombohedral and ideal hcp-Il withassess the character of the thermal expansion along the dif-
a ratio of lattice parameters/a=1.63; a deformed hcp-lI ferent crystallographic directions. Also, and more impor-
phase with a raticc/a=1.82 at room temperature, and a tantly, those results pertain to the metastable two-layer struc-
monoclinic phase at low temperatures. Similar phases wereires.
also observed in Ref. 10, and the possibility of their forma-  The thermal expansion of g£was investigated in Ref.
tion was also shown by the calculations of Ref. 32 on thel2 on polycrystalline and single-crystal samples by the
change in binding energy in/gcrystals as a function of the method of high-resolution scanning dilatometry. The single-
distance between nearest-neighbor molecules. According terystal samples had the fcc lattice, while the polycrystalline
the data of Ref. 24, coexistence of the monoclinic and ideapressings contained both the fcc and hcp phases. The authors
hexagonal phases is observed over a rather wide temperatutiel not present their data on the character and value of the
interval 270—170 K. The transition to the monoclinic struc-anisotropy of the expansion at the transition of the cubic
ture occurs directly from the ideal hcp phase without goingcrystals to the rhombohedral phase. The character of the an-
through the intermediate deformed hexagonal phase with thisotropy of the thermal expansion of,{single crystals was
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investigated in Ref. 19, but the samples had the hexagonalf determination of the lattice parameters wa8.02%. The
hcp symmetry. temperature dependence of the lattice parameters and vol-
In this paper we present the results of x-ray studies oimes made it possible to determine the volume jump at the
the structure, lattice parameters, and thermal expansion ctew-temperature phase transition and also to calculate the
efficients of the two equilibrium low-temperature rhombohe-coefficients of linear and volume thermal expansion of the
dral and monoclinic phases of,gfullerite in the temperature low-temperature monoclinic and rhombohedral phases;gf C
interval 20—300 K. We determine the value of the volumefullerite. The coefficients of linear and volume thermal ex-
jump at the low-temperature phase transition and investigatpansion were obtained by differentiating the averaged tem-
the anisotropy of the thermal expansion of the monoclinicperature dependence of the lattice parameters and volumes.
and rhombohedral phases. We analyze the results in connethe error of their determination varied with increasing tem-
tion with the existing published data. perature, from 15-10% &t<100 K down to 5% in the rest
of the region studied, where a relatively stronger temperature
EXPERIMENTAL TECHNIQUES dependence of the quantities to be analyzed is observed.
We studied polycrystalline samples ofdobtained by
sublimation in vacuum. The purity of the samples was
99.98% or better. The x-ray diffractograms of the polycrys- ~ Our analysis of the diffractograms obtained foj, @ul-
talline samples of &, fullerite were obtained in th&, ra-  lerite showed that at room temperature the overwhelming
diation of the copper anode on a DRON-3M diffractometermajority of the x-ray reflections observed correspond to the
equipped with a helium cryostat. As an example, in Fig. 1 wehombohedral lattice with parametera=10.083A, c
show a typica| diffractogram for a temperature of 20 K, 227.508:& in the hexagonal axes. However, in addition to
where there is every physical reason to expect degradation §fe¢ rhombohedral phase, the samples contained a somll
the quality of the reflections. Diffractograms were taken overto 5% amount of crystallites of hexagonal symmetry.
the range 20—300 K with a temperature step of 5-10 K, with At temperaturesT <280K a lowering of the symmetry
the temperature stabilized at each point to withi®.05K  of the crystals occurs. Practically all of the reflections are
during the recording of the diffractograms over a time of satisfactorily indexed by choosing a monoclinic cell with the
~0.5h. The samples were,gfullerite powder deposited in parametersa=10.045A,b=9.936 A, c=27.779A, andy
a thin layer €1 mm) with the use of Ramsay vacuum =119.63°. It follows from a comparison of the diffracto-
grease on a flat copper substrate of the cryostat chambefams and the parameters of the rhombohedral and mono-
which was connected through a thermal switch to a heliuntlinic cells that the phase transition deforms the initial lattice
vessel. The film of Ramsay grease held the powder samplenly a small amount and alters the diffraction pattern only
on the vertical substrate and provided reliable thermal conslightly. A typical diffractogram of the low-temperature
tact. It remained amorphous on cooling to the lowest temphase of Gy is presented in Fig. 1. The mismatch of the
peratures and did not introduce any features in the diffractiofinolecular (fivefold axis and lattice(sixfold axig symme-
pattern obtained from the fullerite. To obtain reliable data oriries in the basal plane leads to a slight monoclinic deforma-
the structure and lattice parameters of the low-temperaturon of the lattice in the basal plane in the low-temperature
and intermediate phases at individual temperature points wehase. As a result of this type of deformation, the parameters
took diffractograms over a wide interval of reflection anglesa and b of the initial cell become unequal, and the angle
20 from 10° to 60—70°. The lattice parameters were therPetween them deviates slightly from 120°. Here, of course,
calculated and averaged by the least-squares method usitftg close-packed layers lose their hexagonal symmetry. This
the entire set of experimental reflections. The change of thguestion is discussed in more detail in the Appendix. Similar
lattice parameters with temperature in the intervals betweetfansformation of the rhombohedral structure to the mono-
the chosen points was obtained from an analysis of the tenglinic occurs in other molecular crystals as well, in particular,
perature dependence of the most characteristic and inten# solid oxygen at the low-temperature phase transforma-
reflections for each of the phases, with their subsequent “tytion-35
ing in” to the values obtained at reference points. The error ~ X-ray studies of G fullerite in the interval 20-310 K
have yielded the temperature dependence of the lattice pa-

rameters and of the molecular volumes and densities of the
two low-temperature phases. From the averaged temperature
800} dependence for each of these quantities we determined the
coefficients of linear and volume thermal expansion. The
6001 d IA‘ M Cqo ., T=20K temperature dependence of the lattice parameters of the in-

RESULTS AND DISCUSSION

monoclinic phaser is presented in Figs. 2 and 3 and in Table
‘ Il. The values obtained for the parameters at individual tem-
M M peratures in the two phases are close to those found previ-
*‘WM Wﬂf ously in a number of studiéd>?°(see also Table)!
20 30 The intermediate phase of,gfullerite exhibited a char-
20, deg acteristic substantially anisotropic variation of the lattice pa-

rameters with temperature: with increasing temperature the
FIG. 1. X-ray diffractogram for ¢ at T=20 K. intermolecular distances in the close-packed basal planes in-

termediate rhombohedral phasend of the low-temperature
400

Intensity, counts/s

200
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FIG. 2. Temperature dependence of the lattice paramatensd b of the
monoclinic and rhombohedral phases agf, @llerite.

creased intensively, while the interplane distances in the di-
rection perpendicular to the basal planes decreases notice-
ably. This behavior corresponds to positive and negative
thermal expansion coefficients, which are shown in Fig. 4a.
Analogous behavior of the thermal expansion of the interme- s . s . . .
diate phase was found previously in dilatometric studies of 0 50 100 150 200 250 300
hcp single crystal§ and in an x-ray stud$# The compres- T.K
sion of the cell along the rhombohedral axis with increasingrc. 4. Temperature dependence of the coefficients of linear thermal expan-
temperature may be a consequence of an increase in the asipn of the rhombohedrdb) and monoclinicb) phases of & fullerite.
plitude of librations of the long axes of the,{noleculegor
growth of the angle of precession of the molecules around
the rhombohedral axisas a result of which an effective temperature transition is considerably smallex] /L
spheridization of the molecules occurs. The releasing of the=2.5%, and of the opposite sigh.The hysteresis of the
orientational motion ultimately prepares the way for thetransition temperature was more than 50 K.
transformation of the ordere®3m structure of the interme- The lattice parameters of the low-temperature mono-
diate phase to an orientationally disordered cubic lattice otlinic phase(Figs. 2 and B also characteristically exhibit a
symmetryFm3m, with almost spherically disordered mol- large anisotropic change with temperature, especially in the
ecules. Studié$ of hcp single crystals of § have estab- close-packed basal plaads (Fig. 4b. The anisotropy of the
lished that the transition to the disordered phase is neverth@xpansion is most clearly manifested as the phase transition
less accompanied by a giant change in the length of théemperature is approachégig. 4b. The parametera andc
crystals along the axis. The relative decrease of the length are characterized by a positive change with increasing tem-
reachesAL./L=6%. The inverse transition on heating is perature in the entire existence region of the low-temperature
accompanied by the complete restoration of the length of thphase. At the same time, in the direction of theaxis the
crystals. Roughly the same order of magnitude was obtainepositive growth at low temperatures goes to saturation in the
in Refs. 4 and 11 in an estimate of the parametén hcp  regionT>140K, after which there is possibly even a slight
crystals or the body diagon&l11) in fcc crystals as a result compression of the lattice, and then in the immediate vicinity
of the alignment of the long axes of the molecules alongof the phase transition an intense expansion of the lattice
them. The deformation in the basal plane at the high-occurs(Fig. 4b). Thus, in the low temperature phase of,C
fullerite the orientational interaction of the molecules in the
basal planes weakens long before the phase transformation,

oo T(X—ﬁ

27.9 and this weakening promotes the release of the rotational
motion of the molecules about their long axes and prepares
27.8+ M the way for the transition to the intermediate rhombohedral
phase.
< 277} Cro When the orientational structure offullerite and our

- data on the temperature dependence of its lattice parameters
in the two phases are compared with the existing data for
27.6 s ; .
cryocrystals’® a clear analogy is seen between the behavior
of this substance and solid oxygen in the region of the low-
27.5}F Tap %& temperature phase transition. At first glance this seems sur-
- prising, since the physical nature of the phase transitions in
L : ; ot . the substances being compared are quite different. In solid
0 50 100 150 200 250 300 oxygen the low-temperature transformation is due to order-
T.K ing of the magnetic moments of the molecules and to the
FIG. 3. Temperature dependence of the lattice paramtetsfthe mono- ~ formation of a quasi-two-dimensional antiferromagnetic
clinic and rhombohedral phases of,Qullerite. phase on the basis of the monoclinic lattice. In the substance

274
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TABLE II. Lattice parameters, b, c, y, molar volumesV, densityp, and coefficients of lineat,, ay,, a. and volumeg thermal
expansion of G, fullerite at various temperatures.

K T a b c Y, v, P, o, o, o B
A deg cm®/mole g/em?® 10, k!
a-phase
20 10.045 9.936 27.779 119.63 483.79 1.7379 - — - —
30 10.045 9.936 27.780 119.63 483.82 1.7378 0.9 3.1 0.11 4.2
40 10.045 9.937 27.780 119.63 483.85 1.7377 0.9 4.3 0.12 5.3
50 10.045 9.937 27.781 119.63 483.87 1.7376 0.9 5.2 0.11 6.4
60 10.045 9.938 27.782 119.63 483.94 1A7374 1.3 6.5 0.12 7.9
70 10.046 9.938 27.783 119.63 483.99 1.7372 1.6 0.8 0.12 9.7
80 10.046 9.939 27.783 119.63 484.06 1.7370 241 8.5 0.13 10.3
90 10.046 9.940 27.784 119.63 484.12 1.736, 2.5 10.4 0.15 12.5
100 10.046 9.941 27.785 119.63 484.20 1‘7364 2.9 11.6 0.17 13.2
110 10.047 9.942 27.787 119.63 484.33 1.736O 3.2 11.6 0.20 15.8
120 10.047 9.944 27.788 119.63 484.42 1A7356 3.7 12.2 0.22 16.1
130 10.048 9.945 27.790 119.63 484.54 1.7352 4.2 12.6 0.23 17.4
140 10.048 9.946 27.792 119.63 484.67 1.734, 4.6 13.1 0.26 18.1
150 10.049 9.948 27.794 119.63 484.82 1.7342 4.9 12.6 0.28 18.4
160 10.049 9.949 27.796 119.63 484.90 1.7339 S 11.2 0.29 17.3
170 10.050 9.950 27.799 119.63 485.04 1.7334 5.4 9.5 0.31 15.6
180 10.050 9.950 27.802 119.63 485.15 1.733, 5.6 7.4 0.32 13.3
190 10.051 9.950 27.804 119.62 485.24 1.7327 5.8 5.1 0.32 11.6
200 10.051 9.951 27.806 119.62 483.34 1.7324 6.2 3.8 0.33 10.4
210 10.052 9.950 27.808 119.62 485.41 1.7321 6.4 2.7 0.31 9.2
220 10.053 9.950 27.810 119.61 485.50 17318 7.2 2.8 0.34 9.6
230 10.053 9.950 27.813 119.61 485.59 1.7315 7.6 5.3 0.37 13.2
240 10.054 9.951 27.816 119.60 485.73 1.7310 8.1 12.6 0.36 23.6
245 10.055 9.952 27.817 119.59 485.83 1.730, 8.4 36.2 0.38 44.8
250 10.055 9.954 27.819 119.59 486.03 1,7299 8.6 48.2 0.37 67.2
233 10.055 9.956 27.820 119.59 486.19 1.7293 9.4 92.5 0.41 105.3
260 10.056 9.966 27.822 119.59 486.74 1.727, 9.2 155.6 0.41 164.5
263 10.056 9.974 27.823 119.58 487.16 1.7259 9.4 180.5 0.42 190.8
270 10.057 9.982 27.825 119.58 487.65 1.7241 9.7 260.7 0.41 270.3
274 10.057 9.994 27.826 119.58 488.38 1.7216 10.5 305.7 0.43 315.5
B-phase

276 10.111 — 27.917 120 496.19 1.694, 26.1 - 57.6 0.4
280 10.112 — 27.911 120 496,17 1.6945 33.7 — —67.8 1.3
285 10.114 — 27.900 120 496.18 1'6944 44.9 — —83.5 5.4
290 10.116 — 27.888 120 496.20 1.694, 62.5 — -107.2 17.3
295 10.120 — 27.870 120 496.26 1.694, 84.5 — -135.6 32.6
300 10.125 — 27.850 120 496.36 1.6939 107.2 — -160.8 50.5
305 10.131 - 27.855 120 496.51 1.6934 125.3 — -189.7 60.2

investigated here, however, both phase transitions are deteybserved similarity of the orientational structures and also of
mined solely by the features of the anisotropic intermolecuthe temperature dependence of the structural parameters and
lar interaction, which leads to a sequence of different typeshe thermal expansion coefficients of theand 8 phases of

of orientational ordering of the g molecules. However, the C;; and G suggests that the character of the anisotropy of
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the noncentral intermolecular interaction in the two phases of —e— Cyg Present study

the substances considered are qualitatively similar. The struc- 3001 C7o Meingast et al. (1993)

tural characteristics of the phases of the substangean@ [ 77" Ceo Aksenovaetal. (1999)

C, display an explicit isomorphism, making even stronger 'T=< 2001

hypotheses possible. Specifically, in view of the existing data © j

for solid oxygert®=3"one can conjecture that the structure of 2 100t
a-Cygis substantially anisotropic and quasi-two-dimensional, @ } B “;'
with a strong interaction in the basal planes and a markedly Or Ty ' Top
weaker interplane interaction. The intermediate phase is Pa— : : . '
analogous tgB-O, over a rather wide interval of low tem- 0 50 100 1T5,OK 200 250 300

peratures. To confirm these ideas it will be necessary to in-

vestigate other physical characteristics of @illerite which ~ FIG. 6. Temperature dependence of the coefficients of volume thermal ex-

are especially sensitive to anisotropy of the coupling forcegansioq of the low-temperature and intermediate phasesydtilerite. For

and of the crystal structure. comparison, the data forggfrom Ref. 40 are shown by the dotted curve.
The data obtained here on the temperature dependence

of the molar volume and of the coefficient of volume thermal .

expansion of the low-temperature and intermediate phases gfita of Ref. 8 on the temperature dependence of the distance

Cy, fullerite are presented in Figs. 5 and 6. In accord withbetween nearest-neighbor molecules in the basal plane and

these results both phases have a positive coefficient of voRlong the body diagonal of the pseudorhombohedral cell in
ume expansion in their entire existence region. The3 the interval 80—490 K, we have estimated the volume jump
phase transition is accompanied by a positive volume jum@t the 8—y transition and found, not surprisingly, a smaller
of 8.5 cni/mole, or 1.7%, in satisfactory agreement with the Volume jump, QV/V),_,=0.5%, than at thg—« transi-
value (AV/V), ;=1.4% presented in Ref. 19. The total tion. In this (_:onnectlon it should be noted that the ratio of
change of the molar volume in the investigated temperatur® volume jumps at the phase transitions is qualitatively
interval 20—310 K is 2.6%. It follows from our analysis of correlated with the corresponding ratio of the enthalpies of
the data of Ref. 8 on the temperature dependence of thde phase transitions obtained from calorimetric measure-
lattice volume(see Fig. 5thatAV/V is approximately 2.0% ments>****According to Ref. 2, the phase transitions ob-
over this same temperature interval. Here, however, it shoulderved at 276 and 337 K have enthalpies of transition equal
be kept in mind that Christidest al® did not observe an t0 3.5 and 2.7 J/g, while the data of Ref. 88 =280 and
explicit volume jump at the transition to the low-temperature337 K) give 3.2 and 2.2 J/g, respectively. The presence of
monoclinic phase, which, as was mentioned in that article€ven a small amount of impurities in the initial materials
arises at temperatures below 200 K, while in the intervaffom which the G, crystals are grown apparently promotes
200-340 K the intermediate rhombohedral phase coexistde initial formation of the hcp phase, with a ratio of lattice
with the supercooled high-temperature cubic fcc phase. Aparameters/a close to the ideal value 1.63. As the tempera-
we see in Fig. 5, the difference of the molar volumes gf C ture is subsequently lowered, there is a transition to the de-
according to the data of the two studiéke present study formed hexagonal phase with a ratita=1.82—1.84, which
and Ref. 8 at low temperatures is practically equal to the is then observed down to the lowest temperatures or trans-
change in volume at the phase transition. This may mean thd'ms to a two-layer monoclinic phagsee Table ). The

in Ref. 8 the intermediate phase was supercooled to the Ve,?lolecules in this deformed hexagonal structure, as in the
lowest temperatures. Such a situation, which was also oghombohedral phase, are ordered and oriented with their long
served in Refs. 4, 6, 20, and 25, is mainly determined by théxes along the hexagonal axis

level of stresses emerging in the sample as a result of the AS to the deep supercooling of the partially ordered in-
large, substantially anisotropi@s was pointed out above termediate phase observed in a number of studies, wherein
change of the structural parameters of thg €ystals at the the rotation of the molecules about their long axes remains
high-temperaturgg—y phase transition and, possibly, by the unfrozen, it can be assumed that an orientational glass phase

presence of impurities. On the other hand, on the basis of thf'ms in those samples. Apparently, this circumstance is re-
sponsible for the slight features observed in Ref. 8 on the

temperature dependence of the volu(eee Fig. % and the

510 intermolecular distances of the rhombohedral cell in the re-
505l —o— present study o o gion arognd 1SQ K. _ _ _

o = Christidesetal. (1993) , gu® Possible evidence of a high degree of disordering of the

g 500t _._'_' - supercooled phase is the lower density of th€,, crystals

& 495 w® @ as compared to the completely ordered monoclinighase.

;_ LT R For example, the density of,gcalculated from the data of
490F i Ref. 8 at 100 K is equal to 1.686 g/émwhich is approxi-
485-MT " mately 2% smaller than our valye=1.736 g/cmi (see Table

. . i II) and, moreover, is 1.3% smaller than the density gf &

0 100 200 300 400 500 this temperatur&’ At the same time, our results on the den-
T.K sity are in good agreement with the data of Ref. 1 and have

FIG. 5. Temperature dependence of the molar volifraf Cy, fullerite in ~ the e_xpected _rela_tion tp the density of th_e light fullerite
the region of the low-temperature and intermediate phases. Ceg—in the entire investigated temperature interval the den-



Low Temp. Phys. 27 (12), December 2001 Isakina et al. 1045

sity of C;q is systematically a little highefon average by y
about 0.6% than the density of £3.

As we have said, the coefficients of thermal expansion of
C,o fullerite have been measured previously by dilatometry ® O ® O
method on polycrystalline and single-crystal sampfes.
Since both phases have a rather low lattice symmetry, and
well-faceted single crystals of sufficiently large dimensions
have not been obtaindthe maximum size of the crystallites ® o X
is 0.5—1 mn), it is extremely difficult to obtain reliable data
to high accuracy with the use of this method. It is possibly &
for this reason that the measured values have a considerable
discrepancy both for single crystals in different experiments
and when data for single-crystal and polycrystalline samples C e
are compared. We have made a comparison of our data on A
the temperature dependence of the coefficients of volumegig, 7. Hexagonal plane of the rhombohedral or cubic phase, deformed by
thermal expansion with the results of Ref. 12 for polycrys-a monoclinic angular distortiog (A is the corresponding translational dis-
talline samplegsee Fig. 6. This same plot also shows data placement ®@—molecules in the monoclinic phas@—in the rhombohe-

. . . dral phase.
which we obtained previously for the temperature depen-
dence of the volume thermal expansion of, @llerite in
x-ray diffraction studies on polycrystalline sampf@sOne
can see the difference from the dilatometric measurement@n important circumstance is the choice of the number of
in which the values of the coefficients of volume thermalindependent angles in the unit cell. Calculations based on
expansions are higher than our values in both the low- atom—atom potentialéof the Lennard-Jones typéetween
temperature and intermediate phases. The maximum of théee C atoms of different £ molecules with a minimization
dilatometric B(T), corresponding to the phase transition of the lattice energy have given either a monocliRi2, /m
point, is shifted significantly to higher temperatures relativeor an orthorhombid®bnm (Ref. 42 structure with doubling
to the equilibrium value~275K. The possible reason for along theb axis (in our setting. However, no such doubling
this discrepancy may be the insufficiently small grain size ofis evidenced by experiment. Thus, if we assume that at the
the polycrystalline samples, precluding reliable averagingow-temperature structural transition the unit cell is not
and reducing the influence of the anisotropy of the expansiodoubled, then from crystallographic considerations the
of the low-symmetry crystallites on the results of the dilato-anglese of all the molecules in the crystal must be the same.
metric measurements. It is also possible that internal stress@his means that the anisotropic part of the interaction per
are playing a roldin Ref. 12 the measurements were mademolecule has the form
on two-phase (fct hcp) polycrystalline samples obtained U
by.pres'smg a powder at high pressmjre@ﬂne glecrease of Van:__52 cog 100 — 10D ,,), (A3)
which with increasing temperature may give rise to a nonan- 25
harmonic component of the increase in the sample volume,

L . Where the summation is over the six nearest neighbors in the
An apparent indication of the presence of such stresses in thhe 9

: : . o exagonal plane. If the structure in the basal plane has
sample¥ is the aforementioned shift of the transition tem- 9 P P

perature. The temperature dependence of the coefficient S'iCtly hexagonal symmetry, theh,=mn/3(n=0....,5). If
volume thermal expansion of,g as compared to & ful- we assume that the structure has a monoclinic distortion de-

lerite, has a more pronounced feature as the phase transitigfi'i°ed by an additional small displacement with respect to
region is approachetsee Fig. 6, a property which is char- 1€ @ngle¢ (see Fig. 7, then the new angular positiods, in

acteristic of structural orientational phase transitions in purdn€ SUM(A3) will take on the following values®,=0; @

cryocrystals®® —3=m ®,=®,+¢ (n=1,2,4,5). Finally, for the aniso-
tropic part we obtain
APPENDIX Van=4Us sin 5¢ sin(10p —5§). (A4)

Let us consider the anisotropic part of the interaction of 10M this expression, in particular, it follows that in the
C,, molecules in the hexagonal plane. In the simplest casff@mework of the ideal hexagonal symmetry in the plage (
the anisotropic part of the interaction of twgddnolecules =0) the anisotropic interaction is equal to zero indepen-

with allowance for the fivefold symmetry can be written in dently of the(identica) angle of rotation of the molecules.
the form of an “interaction of soft cog wheels™: This indifferent equilibrium position with zero total energy is

indicative of substantial frustration, since the minimum sum
Van= — U5 COS X @1+ ¢3). (A1) of the individual intermolecular interactions is equal to
Here us is the amplitude of the interaction; the angles of —6Us. Second, negative values &thould cause a lowering
rotation¢; are measured from the intermolecular axis, whichOf the energy, limited by the elastic energy, which in general
is taken to be the axis. If the molecular axis is rotated by an form can be writter(per moleculg as
angle®, then the anisotropy energy becomes 1

V= — U5 CO§ 501+ ) — 10D, (A2) Ver=5G&% (A5
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where G is the specific stiffness coefficient, which can be "E-mail: prokhvatilov@ilt.kharkov.ua
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The kinetics of the deformation increment stimulated by the superconducting transiiistinin

is investigated. Experiments are done on single crystals of high purity strained in the

transient creep regime at a temperature of 1.6 K. It is found that the creep after the N-S transition
occurs in stages, and the features of the strain-rate versus strain curves are analyzed within

each stage. An interpretation of the experimental results is proposed, based on a kink mechanism
for the motion of dislocations through the Peierls barriers with allowance for the influence

of quantum fluctuations and electron drag on the nucleation of kink0@1 American Institute

of Physics. [DOI: 10.1063/1.1430850

INTRODUCTION effects caused by this influence is different in each case. In
h . ¢ li q ¢ h addition, even in the earliest stage of research on the plasti-
The transition of a metallic superconductor from the Nor-f-avion effect, attempts were made to select from this pano-

mal to the supercondyctlng Sta(NTS transitiol d_urmg plfy a main model in the framework of which a consistent
low-temperature creep is accompanied by a sharp increase Q

the cr rate and strahd This r N f the cr ¢ xplanation of the whole set of observed phenomena might
€ creep rate and s - IS TESpoNse of € Creep 10 & 1o hiained. However, as the experimental data accumulated,
change of electronic state is one of the manifestations of th

Z . .  became increasing obvious that for such a complex process
plastification effect—the softening of a metal due to a SUPer. . lastic deformation one can hardly expect there to be a
conducting transitiof* The study of this effect affords a P Y exp

unique opportunity to elucidate the role of the Conductionumversal model. A more realistic situation is that different

electrons in the processes of low-temperature plasticity irm_echamsms_of softening and comblngtlons of these mecha-
metals. nisms come into play as the deformation process unfolds.

At the present time the generally accepted point of view O this reason it becomes important to assess experi-
is that the first cause of the increased plasticity of metals af*€ntally the roles and efficiencies of the proposed softening
an N—S transition is a sharp decrease of the electron drag gA€Chanisms in real deformation processes, and to obtain in-
the dislocations as a result of the Cooper condensation dPrmation about the hierarchy of these processes and their
conduction electrons. However, a consistent description of¢lative role in different stages of plastic flow. This is a par-
the effect must take into account not only the influence of thdicularly topical problem in relation to those metallic super-
superconducting transition on the viscous drag on dislocaconductors for which the type of barriers resisting the glide
tions but also two other important circumstances: the specifof dislocations at low temperatures is known. An example is
ics of the dislocation processes occurring under conditions ofingle-crystal-tin deformed in the slip systerfl00(010:
various types of mechanical testifigreep, active deforma- in this case the role of these barriers is played by the Peierls
tion, stress relaxationand the type and strength of the bar- Potential relief, and plastic deformation takes place by a
riers governing the mobility of dislocations over macro- Simple elementary event: the nucleation of kink pairs and
scopic path length&Peierls barriers, local impurity barriers, their subsequent spreading apart along the dislocation
large-scale internal stresges lines!>+°

Attempts to take into account individual aspects of the ~ Pure single crystals op-tin (99.9995% oriented for
complicating circumstances listed above in the theoreticaPredominant slip in the systeii00(010» maintain a high
treatment of the plastification effect have led to the construcplasticity and smooth flow down to a temperature of 0.5 K,
tion of several models and mechanisms, differing from ongnaking them unique objects for studying the mechanisms of
another in the details, for the influence of the conductionow-temperature deformation in crystals with high Peierls
electrons on the kinetics of plastic deformation: dynafaft, barriers. The combined influence of quantum and thermal
quasidynamic;® thermal-fluctuatiort® thermoinertialt* and ~ fluctuations and also of electron drag on the motion of dis-
quasistati¢?~**As a rule, in each of these models the influ- locations through the Peierls barriers in the superconducting
ence of the Cooper condensation of electrons on the kineticagnd normal states g8-tin under conditions of active defor-
of overcoming the barriers preventing the glide of disloca-mation has been studied in detail in Ref. 16.
tions is treated in its own way, and the magnitude of the  The kinetics of the motion of the dislocations and the

1063-777X/2001/27(12)/6/$20.00 1048 © 2001 American Institute of Physics
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change of the kinetics upon an N-S transition under condi-
tions of low-temperature creep have certain peculiar features,
the manifestation of which in tin single crystals of high pu-
rity were first observed in Ref. 17. The goal of the present
study was to carry out an experimental study and an analysis
of the time dependence of the creep deformation “jump”
caused by the superconducting transition in single-crystal
samples of purgg-tin at a temperature of 1.6 K. It is shown
that the observed jumplike growth of the deformation at the
N-S transition in pure tin occurs in stages and is due to the
occurrence of two successive dislocation processes of a dy-
namic and of a fluctuational nature. €
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1. EXPERIMENTAL TECHNIQUES

The single crystals for this study were grown from a
99.9995% pure stock by a modified Bridgman method in
batches of 10 from a single b¥.They had the shape of
double lobegin the jaws of the strain testing machjneith 0 Ag
a working region of rectangular cross section with dimen- 0
sions of 25¢5X 1.5 mm. The longitudinal axis of the sample
was along thg110) direction, ensuring the most favorable FIG. 1. Diagram of the load(t) and the strairs(t) of the samples under
conditions for slip in the systerf1.00)(010). conditions of multiple N—S transitions.

The samples to be strained were placed inside a super-
conducting solenoid and were subjected to tensile creep at
temperature of 1.6 KT, (T,=3.72K is the temperature of
the transition of tin to the superconducting sjafehe state
of the electronic subsystem in the sample was changed bé( EXPERIMENTAL RESULTS
turning on(normal statg or off (superconducting statéhe
longitudinal magnetic field of the solenoid at a field strength ~ The influence of the superconducting transition on the
H>H, (H.=309 G is the critical field for the destruction of transient creep process in the tin samples is illustrated by
superconductivity. Fig. 2a. For a qualitativ€‘coarse”) description of the effect

The deforming stress on the samples was increased i@ne can talk of a sharf@lmost instantaneouscrease in the
small steps of size\ 7=0.1-0.4 MPa. The strain increment creep rategeys=es— &y at the time {ys) of the N-S tran-
Ag(t) corresponding to each stress increment was recorded
automatically on an EP-09 electronic potentiometer which
was connected to a highly sensitive pickup and registered the
relative change in the length of the sample with an accuracy
of 5x 10 °. Simultaneously the deformation signal was sent
to an N 370/1 fast XY recorder, where, after additionally
amplification and a 2—16 expansion of the time scale, at a
rate set by the speed of the carriage of the XY recorder. The | | __oee==""7"
latter could be changed in a regular way between the limits . i
2X10 ?—4cm/s. ! 10

Until the yield point 7, was reached, the sample was N}
strained in the normal state. The strain increments corre- tns t
sponding to the load increment applied in that stage ensured
an elastic change in the shape of the sample, which corre-
sponded to a specifid’-shaped character of the curves of [0.05%
the strain incremenmk e (t) and to an absence of sensitivity to
the N-S transitior(see Fig. 1 After the yield pointr, was
reached, a pronounced transient stage appeared on the creep
curves, corresponding to developed plastic flow. At the point
when a certain specified strain ratg was reached on the
creep curves in the normal state, the sample was brought to
the superconducting state. The additional sti@ipg(t) ac-
companying this transition was recorded by both a coarse _ .
and a sensitivéin the fast-sweep modehart recordetFigs. FIG. 2 Influenc_e _of a single N-S t_ransmon on the.creep curve of samples

" . of B-tin: a—strain incremende \g(t) in a slow sweep; b—fast sweep of the
2, 3, and 4. The transitions were brought above at d'ﬁerentstrain growth at the jumpys, t,,, andt; are the boundaries of the different
values of the creep ratey and different degrees of total stages of strain growth.

—_, e ———— -

&raine of the sample, and théeyg(t) curves thus obtained
were subjected to computer processing and analysis.
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sition and a subsequent rapfdlmost jumplike strain in- £
creasedeng(t). However, a rapid sweep of the creep curve [0.1%
e(t) reveals the presence of stages in the deformation pro- 10s

cess after the N-S transitigRig. 2b. The stages within the
strain “jump” Seng(t) may be characterized by the follow-
ing points in time:

tys—the time of the transition of the sample to the su-

perconducting state, which is automatically fixed by the turn- e [0.1%
ing on of the magnetic field; 10s

tn—the time at which the strain rate in the S state
reaches its maximum value may

ti—the time at which the sharp decrease of the creep
rate in the S state begins; it corresponds to a change in the

character of the time dependence of the creep.
P b FIG. 4. Influence of the total deformation of the sample preceding the N-S

In stage I(from tys to tyy) the strain occurs with a certain yangition on the growth kinetics of the creep deformation at the jump:
delay relative to the N—S transition, but at the end of thiSa—near the yield point; b—near the breaking strain.

stage the strain occurs at a rapidly increasing fage the

inset in Fig. 2b. After reaching its maximum value, the

creep rate begins to slow, but the degree of slowing is subx10 ®s™! leads to significant growth of stage | and the
stantially different in the intervalg,<t<t; (stage 1) andt practically complete vanishing of stage II.

>1t; (stage ll). Figure 4 shows the incremends \g(t) at identical val-

It should be noted that the duration of stages | and llues of the rate:y but for very different degrees of prelimi-
depends on the conditions of plastic deformation prior to thenary strain: near the yield poifig. 43, and at strains close
N-S transition, e.g., on the value of the creep fgjeat the  to failure of the sampléFig. 4b). Increasing the degree of
time tys and the value of the total strainaccumulated in the preliminary strain leads to a significant decrease in the value
sample up until that time. In particular, under certain condi-of the jumpde g and all of its components, with a noticeable
tions the duration of each of these stages can individually bevidening of the time interval of the transition stage |.
so short that the corresponding stage can be regarded as prac- The results presented here provide grounds for propos-
tically absent. The different types of time dependence oing that the kinetics of plastic deformation at the jump in-
depng(t) are presented in Figs. 3 and 4. duced by the N-S transition is governed by several pro-

Figure 3 shows the fast sweep of the strain incrementgsesses, so that the growth 6fg(t) occurs in stages. The
deng(t) for substantially different values of the creep rate  role of these processes can vary under the influence of dif-
in the normal state but at close values of the total strain oferent factors and can cause corresponding changes in the
the sample prior to the transitiothe curves were taken in character of the time dependence of the jufizpg(t). The
succession Forey=2x10"*s™! (curvel) the delay stage | observed influence of the rate and degree of preliminary
is practically absent, and a large part of the strain in the jumgtrain on the stages of the jump is apparently a reflection of
is accumulated during stage Il and only a small fraction inthis circumstance.
stage lll. Decreasing the ratg, to 6x10 °s ! results in
the appearance of a delay, decreases the amount of strain4np scuyssion OF THE RESULTS
stage Il, and increases the fraction of the strain occurring in

stage Il (curve 2). Finally, decreasingsy further to 2 Let us discuss the possible processes that could be re-
sponsible for the appearance of the individual stages in the

growth of the strainde \g(t) after the N-S transition, basing
our discussion on the general relationships in the dislocation
kinetics of plastic flow of tin and the consequences implied
by these relationships.

€, %

3.1. First stage

According to Ref. 19, the appearance of the fitsinsi-
tion) stage in the development of the strain increment
; deng(t) is due to a change in the regime of fluctuational
b motion of dislocations through the barriers as a result of the
; sudden change of the electron drag. When the steady regime
of dislocation flow is disrupted, the characteristic time for
establishment of a new steady regirtiee., the relaxation
time for the translational motion of dislocationshould be

L A equal in order of magnitude to the average time for a dislo-
ns=tm ty Instm by ths tm=ty 1 cation to overcome an individual barrier. The delay time thus

FIG. 3. Influence of the creep ratg preceding the transition of the sample determmedtd: tm—Ins, 1S 2 function of the effective stress

from the normal to the superconducting state, on the kinetics of the strair?"r\cl prior to_ the change of Sta_-t_e of the samp!e, the strain ra_te
growth at the jumpdes(t): slow (a) and fast(b) sweeps of the jump. ey preceding the N-S transition, and the difference or ratio

.15

[h}

t
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of the coefficients of electron drag on dislocations in thenormal state has a value of the order of 0.1 and decreases
normal and superconducting state, and Bg=2B,[1 sharply on transition to the superconducting state.
+expA/kT)] %, where A=A(T) is the energy gap of the In Ref. 16 it was also shown that for the steady tunneling
superconducto. motion of a macroscopic flux of dislocations of dengityn
Experimentally the delay of the strain jump was first the Peierls relief, the values of the effective stressand the
observed in a study of the softening effect in lead and indiunrate of plastic deformatioa= pbV(7*) are connected by the
single crystals in Refs. 20 and 21. It was shown in Ref. 21relations
that the behavior of this parameter is well described by the
theory of the delay developed in Ref. 19. It is natural to :ZSOA
assume that in the case of tin as well, the presence of the first = Qo
stage on thedeyg(t) curve can be attributed to the occur-
rence of a transient process during which the ensemble of
mobile dislocations undergoes a transition from the steady
regime of dislocation motion in the normal state to a steady

regime in the superconducting state. We use this assumpti%r t:l—ze ;cr)!(r)n\,::e %se(;rf]?r:récﬁnle%srtlr\?v?\tiii zaviiﬁiio?m&}ggd
for interpreting the delay phenomenon observed in the P Y bp

present study. and (2): Qy=500, ®p=3.3K, and in the normal stat®g

Th . . . . =0z =0.4K. In addition, we note that the characteristic

e rate of plastic deformation of a putienpurity-free N ) ) _ o

single crystal of-tin is governed by the Peierls potential €Mperaturés is proportional, and the kink velocityy in-

relief, and the plastic flow occurs through processes of nucle€rsely proportional, to the electron drag coefficiBrof the

ation, dynamic spreading, and annihilation of kink pairs ondislocation, and therefore the values of these parameters in

the dislocationd®® The action of the kink mechanism re- the normal(@g=0g, v, =vi) and superconductingdg

sults in displacement of the dislocation line from one trough= @, vk=vks) States at equal values of the effective stress,

of the Peierls relief to another under the influence of an ef+} = 7%, are connected by the relations

fective stressr* = 7— 7;(&); hereris the deforming stress,

and 7,(¢) is the characteristic value of the internal stresses, ©B8y s 1+exp(A/KT)

which grows with increasing plastic deformatien In this ®_Bs_ Uy 2 '

case the role of the relaxation time for the translational mo-

tion of dislocations is played by the average time for a dis-  Following the ideas set forth above, we shall take for the

location line to pass through an individual barrier of thedelay timety the average time for the motion of a dislocation

Peierls relief. between valleys of the Peierls relief=a/V, in the super-
Under the conditions of the extremely low crystal tem- conducting stateé@)B:BS, v=vyg) under the influence of

peratureT=1.6 K realized in our experiments, creep occursan effective stressy, which has been established at the time

under the influence of effective stresséshaving values of t,. The values of the parametér= 5,5 corresponding to

the order of the Peierls stress, and the nucleation of kink  the valuer¥, are determined by formula€) with the set

pairs on the dislocations is governed predominantly by quanyalues @5=0p, v =vjy, and é=&y. Thus we obtain

tum quctu_ations(the quantum-me-cha.niCE-ﬂ tunneling_ effect fom formula(1) the following expression for the delay time:
while the influence of thermal activation is weglkactically

negligible. The average steady velociof the dislocations ( b )1/2 F{ Qo
ex

QO 1/4®B
| 250A] @p )

abp
b

€

M ) 1/2} | o

()

S 63/4®BS)
‘rN+ 7N ®P

is given as a function of the effective stregsin this case by ty=
the expressiol

1/2
VoUk Qo /
b ) ex;{ 259 ( orto:

: 4

Volks 2sgy

Since®p <0Op <Op, for estimating the value ofy
” from formula(2) and the argument of the exponential func-
tion in formula (4), we can neglect the contribution from
. electron drag. In this approximatidpy,n= 2SgAy , and we
5.=1— T__ (1) obtain the following simple expression for the delay time,
Tp giving its dependence on the strain ratg and the disloca-
tion densityp:

V(T™)=a

4®B
Op

Here a and b are the period of the Peierls relief and the
magnitude of the Burgers vector of the dislocation, respec- abp
tively, Qg is the quasiclassicality parameter for the process of td:é_
tunnel nucleation of kink pairsy, is the characteristic fre- N
guency of the oscillations of a dislocation in a valley of the ~ Formula (5) gives a qualitative estimate for the delay
Peierls relief®p and®g are the characteristic temperaturestime and explains the two features observed in the experi-
associated with the zero-point oscillations of the dislocationsnents:

in the valley of the Peierls relief and with the damping of —the inverse proportionality ofy to &£y explains the
these oscillations by the electron viscosity, respectivglys  increase of the duration of the delay stage | as the creep rate
the velocity of a dislocation kink along the dislocation line, ey prior to the N—S transition is decreased,;

and sy=0.9 is a numerical parameter. The argument of the = —the increase in the duration of stage | at high degrees
exponential function in1) is written in the linear approxi- of deformation can be interpreted as a consequence of the
mation in the small paramet€ /O, which for tin in the  growth of the dislocation density.

1/2 —1/2
UKN P

[ 1+ expA/kT)

> 5

Uks EN
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3.2. Second and third stages

The experiment shows that stage Il of the increment - a
dens(t) of the creep deformation after the superconducting
transition is manifested most clearly at rather high creep
ratesey, when stage | becomes negligible. Thus the values
of &y correspond to values of the effective stregswhich
are extremely close to the value of the Peierls strgsslt is [ 01%
natural to assume that under these conditions the substantial [ —
increase in the velocity of individual dislocations as a result e Se

" . - f NS
of the N—S transition will destroy the stability of the tunnel-
ing regime of dislocation flow and transfer a substantial frac-
tion of the dislocations into the regime of dynamic above-
barrier flow. This “breakoff” of the tunneling flow at the
N-S transition is promoted by two factors: the substantial
nonuniformity of the internal stressesin the volume of the
sample, as a result of which in individual region$=r
—7,=7p and the dislocations move in the dynamic regime
even before the N—S transition; inertial effects, the role of
which increases strongly in the superconducting State. i

Thus the existence of stage II, with large values of the =
creep ratedeyg, at largeey may be the result of a realiza-
tion, over a certain time interva) —t,,, of a regime of high-  FIG. 5. Experimental curves ofSeyg(t), plotted in the coordinates
velocity above-barrier motion of the dislocation flux. How- 9éns=dens (@ and In@éys) —dens (b).
ever, this time interval should have a finite length, since, as a
result of the strain hardening the internal stresses increase as
the deformation increases, leading to a decrease of the effec-  Ag we have said, stage Il on thizs(t) curve is most

tive stress and to an increase in the dislocation flux in th%learly expressed at rather high values:qf when stage | is
tunneling flow regime agaifstage Il fort>ty). _ practically absent(Fig. 3a. Numerical differentiation of

For comparison of the ideas set forth above with thes, (1) in this case leads to the creep curves plotted in Fig.
prerlmental data, it is necessary to c0n5|der separately thei, the coordinatesi ye— e s and INdeys—Sens. Figure
time dependence of the creep deformating(T) for the 55 shows the two-stage character of the creep curve and the
regimes of tunneling and dynamic motion of the dislocationsjinear relation between the creep rate and the strain in stage
In the reglme_of tunneling motion the dependence of the, (tye<t<t;), corresponding to the equation of dynamic
average velocity/(7*) of the dislocations on the effective creep (9). In Fig. 5b we see that for times>t; (Sens

stress is given by relatiofL), while for the dynamic regime - ; y the Jogarithm of the creep rate varies in proportional to

deng 1073

—-
=
[

ln(5éN3,5‘1)

=
S

deyg

this dependenie has the form the strain, and, consequently, in stage Il the strain increment
V(r*)= b7 6) is described by the equation of tunneling crép).
B - The results of the above analysis permit the conclusion

It is well known that an analytical description of the that the strain incremenfie\s(t) in the second and third
process of low-temperature creeft) reduces to the solu- stages is due to two successively operating processes:

tion of the basic kinetic equation of dislocation plasticity, —dynamic glide of dislocations as a result of the sharp
e=pbV[7t—7(e)], (7) decrease of the electron drag under conditions whgn
in which 7,(e) is expressed in the linear approximation ~ — 7p and the tunneling regime of motion loses stability;
mi(e)=Tio+ ke (8) —tunneling glide of dislocations, which is restored as a
I | "

result of the strain hardening.

The strain increment in stage Il is given by the solution
quation(9), and that in stage Il by the solution of equa-
tion (10). However, in an analytical description of these
stages a certain care must be exercised: generally speaking,

Herek is the hardening coefficient, ang, is the value of the
internal stresses corresponding to the start of the creep curves o
The creep due to the dynamic motion of dislocations
according to relation$6)—(8), is described by the equation
b2 * b2
pb T  pDTK

B(t)= e(t), m5=71—70. (9) there are no grounds for assuming that the effective value of
B B the parameterp and « have the same values for the two
In this same approximation we obtain the following stages.
equation from relationél), (2), (7), and(8) for the regime of We note in concluding this Section that formu(d),
tunneling creep: which describes the delay time, and EGO), which de-
Jorenr scribes the process of fluctuational creep, were obtained for
Inz(t)=In pa b”ovk/ the limiting case of purely quantum motion of dislocations
exf] (Qo/2S0)(8,0+ 550 05/0p)] through Peierls barriers. It is assumed that the mobility of
. dislocations is determined solely by the tunnel nucleation of
_ KQo _q,_To kink pairs, while the influence of thermal fluctuations on this
g(t), 6,0=1 : (10) ) e
287p T process is neglected completely. In this limiting case a tem-
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perature dependence of the characteristics of the creep aipdividual dislocation through a single barrier of the Peierls
pears only in the superconducting state of the metal owing toelief.
the temperature dependence of the coefficient of electron —Stage Il is manifested as a result of the disruption of
drag on the dislocation8g(T). In the present paper this the fluctuational regime of dislocation flow on account a
approach is justified by the use of the results of the theory othange in the electronic state and the transition of a rather
Ref. 16 for interpreting the experiments done at a temperdarge fraction of the dislocations to the regime of dynamic
ture T=1.6 K, which is considerably lower than the charac- (above-barrier motion.
teristic quantum temperatufe,= 3.3 K. One expects that at —Stage Il is a consequence of the reestablishment of
higher temperatures the staged character of the creep juntpe fluctuational regime of dislocation motion as a result of
after the N-S transitiongeyg(t), and the characteristics of the influence of the strain hardening on the dislocation mo-
the individual stages will manifest a significant temperaturebility.
sensitivity due not only to the temperature dependence of Thus a detailed study of the time dependence of the
B<(T) but also to the growing influence of thermal activation creep jump stimulated by a superconducting transition in a
on the process of nucleation of dislocation kinks. The theorymetal gives diverse and extremely interesting information
developed in Ref. 16 contains all of the necessary prerequabout the microscopic mechanisms governing the mobility of
sites for describing such a sensitivity. dislocations in a metal under conditions of deep cooling, in
It should also be noted that the staged character of thparticular, about the influence of quantum fluctuations and
creep curve can be observed not only after the stimulatinglectron viscosity on the motion of dislocations.
effect of a superconducting transition on the creep but also  The authors thank A. N. Diulin for assistance in conduct-
after the rapid application to the sample of a sufficientlying the experiments and computer processing of the results
large (in magnitudé additional mechanical loafi7. Thereis  and A. V. Podol'sky for assistance in organizing this paper.
no doubt that the study of the fine details of the low-
ten_]perature _tran_S|ent creep curves will ylgld extremely mter}E_mail: vsoldatov@ilt kharkov.ua
esting and rich information about the microscopic rneCha‘”The given explanation of the delay stage, strictly speaking, presupposes
nisms governing the mobility of dislocations. that the time of transition of the sample to the superconducting state in the
The authors propose to continue their investigation of experiment is registered to high accuracy. Otherwise it is possible to have

the problems mentioned above in future studies situations in which a certain part of the delay time is the time for expulsion
' of the magnetic flux from the sample.
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Mechanical hysteresis caused by pseudotwinning in In—Pb alloys with concentrations of 6, 8,
and 11.6 at.% Pb is investigated in the temperature range 1.7—-180 K. The parameters of

the hysteresis are estimated: the thermodynamic stresssponsible for the reversibility of plastic
deformation(superelasticityand the friction stress; characterizing the resistance exerted

by the crystal lattice and its defects to the motion of twin boundaries. It is shown that the
parameters of the mechanical hysteresis are determined by athermal processes: the fraction

of the sample that has gone into the twar, on unloading, to the parendrientation depends

solely on the value of the applied stress. With increasing lead concentration the value of

71 increases and; decreases. One of the main conditions for the appearance of superelasticity is
the inequalityrr> 7¢. The hardening of superelastic alloys under cyclic loading is

investigatedup to 300 cyclek In alloys with 8 at.% Pb the cyclic loading leads to a slight
expansion of the hysteresis loop. For the alloy with 6 at.% Pb there is typically a strong distortion
of the hysteresis loop, with the appearance of a transition-hardening part with a large

coefficient of work hardening. An analytical description of the cyclic deformation diagrams of a
superelastic alloy is proposed. @001 American Institute of Physic$DOI: 10.1063/1.1430851

1. INTRODUCTION Relations(1) and(2) can be applied to describe the twin-
| . did2we found that sinal Is of ning and untwinning processes occurring in the absence of
h our previous studies we found that single crystals o hardening. Figure 1 shows a diagram of an idealized hyster-

In—Pb alloys containing 6 and 8 at.% Pb at temperatiires esis loop. Such loops arise in rather perfect crystals of highly

.’<V.1.80K manifest th? property Qf superelasticity, i'.e" FeVerStoncentrated In—Pb alloys, whereas for the majority of ma-
ibility of large plastic deformations. It was established that

e : ; . terials, closed mechanical hysteresis loops are observed onl
the superelasticity effect in In—Pb alloys is unmistakably du 4 P y

S . . : Qinder conditions of a sign-varying lo&d.
to twinning and reversible motion of the boundaries of plane- The loop illustrated in Fig. 1 reflects the situation that

pare;l\lel tvI\./m.Iayerstmdtherd'ﬁ ttering indicat when the crystal stress reaches the vatge 7; a simulta-
preliminary study ot diffuse x-ray scattering indicates o, g rearrangement of the structure of the entire single

that these alloys are Iocal_ly o_rdered sphd SOIUUO.nS: a Short(':rystal to the twin structure occurs. This corresponds to a
range order of the clusterization type is formed in them. A

Salue of the shear strain equal to the twin sh =S
was shown by Cahf’ltwinni_ng_ in ordered_ alloys, which 0C"  ~0.15 for In and the solid scé)lutions under discm??sr?gn. The
curs on systems charactgnstlc for the dlgordereq state, 'nevlléverse procesérecovery of the initial dimensions of the
tably leads to the formation of pseudotwins having a crysta
lattice structure different from that of the matrix. As a result,
the chemical potential of a pseudotwin is higher than that of
the matrix, and their difference determines the driving
force—the thermodynamic stress that brings about the
reverse process, untwinning, when the crystal load is re- T,
moved. T

The motion of twin boundaries both during twinning and
during untwinning is resisted by a friction force due to po-
tential barriers created by the crystal lattice and its defects.
On loading, the external stressis directed so as to over- Tu
come the thermodynamic stressand the friction stress; .
During unloading, the reverse motion of the twin boundaries
occurs under the influence of the thermodynamic stress,
which counteracts the friction stress and the external stress. It
follows that the stresses for the onset of twinningand
untwinning 7, can be written in the forfi?

i L T R S 2Tf

Y —>
Ti= TT+ Tf, (1)
FIG. 1. Diagram of an idealized load versus strain loop for a superelastic
Tu=TT— T - (2 crystal.

1063-777X/2001/27(12)/8/$20.00 1054 © 2001 American Institute of Physics
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sampl¢ consists in the rearrangement of the twin structure tpare the samples was described in detail in Ref. 8. Samples
the parent structure and occurs when the external load revith dimensions of X 5X 15 mm were strained by compres-
duces the valuet— 7;. In order for a hysteresis loop close sion along th¢001] axis at a shear strain rate in the twinning
to the idealized loop to be realized, the atomic structure andystem in the rangg=10°-10?s ! at temperatures in
distribution of lattice defects in the sample must be ex-the range 1.7-300 K on a strain testing machine of the
tremely uniform. Under real conditions a sample is always taMIRK-1 design at the B. Verkin Institute for Low Tempera-
some degree nonuniform, so that there is a distribution ofure Physics and Engineering, National Academy of Sciences
values of the parameters and 7¢. In addition, hardening of Ukraine, Kharkov. The strain curves were recorded simul-
processes can arise in the sample during its deformation d@aneously on two chart recorders: on a KSP-4 in load versus
new lattice defects are formed. As a result of the deformatiofoading time coordinates, and on a PDP-4 as load versus
the twinning of the sample will come about in a certain in- displacement of the rod of the strain testing machine.

terval of stresses. Nevertheless, relatiéhisand (2) can be The inelastic deformation of the crystals occurred exclu-
used to find approximate values of the microscopic paramsively by twinning. All four of the twinning system&l01}
eterst and 7; (Refs. 4 and b (101) were equally loaded, but usually one or two systems

According to(2), the reverse motion of the twin bound- were actively operating. Some of the samples were subjected
aries during unloading can occur only under the inequality to multiple twinning(up to n=2100-300 loading—unloading
cycles. The cyclic loading was done at=77 K at a velocity
o - . o of the rod of the strain testing machifie=1 mm/min (h is

Apparently, it is condition(3) that is the criterion for the  he height of the samplewhich corresponds to an average
present there is a known set of twinning alloys having Somgn each cycle for a given timi = const, after which the total
d_egree of order or other in the d|str|but|o_n _of the different ;| «iic strain and twinning deformatiopy=2ht,/h did not
kinds of atoms, but only a few of them exhibit the superelasy, -caq one-half of the maximum strain (24R), (for geo-

tie deforr;atlon t;ffecthdue Itobr?velr_3|k_)Ie ]Evlver\le.lg.. dium i metric reasons, one-third of the heighof the sample in the
It:js gowg t atht € ;O u “Ly Imit o ?aﬁ n |nh|um 'S end regions did not participate in the plastic shear
around 12 at.%. It has been shown previotishat the su- The friction stressrs was calculated as one-half of the

perelastlcgy effect is noF obser.ved n crys.tals' of the alloyquotient obtained by dividing the area of the hysteresis loop
In—3.5 at.% Pb, and their plastic deformation is completelyby the final strain; this provided an averagingmfover the
irreversible. It is therefore of interest to expand the intervalSample The thermodynamic stresswas determined as the

of lead concentrations in the alloy In—Pb within the solubil-difference between the stress at the onset of twinning and the

ity _Iimit_s and to analyze in more detall the cor_1d_itions und_erfriction stress. To obtain the dependence of the parameters
which inequality (3) holds and the superelasticity effect is nd ; on the lead concentration, we chose samples whose

mhan(;fefsted. I_n this paper we frehportlzl':l cofmpfrehensllve Stlfjd%/ ysteresis loops were closest to ideal. Twinning in those
the deformation properties of this alloy for four values of t esamples was brought about through the motion of free twin

Pbl conc?ntran%n: 3.5, 6’b8' gn% 11.6datr.1%.. Fﬂor each a;lloy thBoundaries not having intersections with twins of other sys-
values ofrr and 7y are obtained, and the influence of tem- oo - \yith the ends of the sample in contact with the sup-

pherature anld st'ra|§ ][ate on thgmlls |S\l;est|gatled.. Itis ShOW&orting surfaces of the strain testing machine. The hardening
that superelastic deformation in In—Pb crystals Is governed ticiant in the given crystals had extremely low values,

by athermal processes. The superelasticity effect vanishes IHdicating that the samples were quite uniform
crystals of the alloy with 3.5 at.% Pb, and for the more '

concentrated alloys it is suppressed with increasing tempera-
ture T>180K; in both cases this corresponds to the approXi» expERIMENTAL RESULTS AND DISCUSSION
mate equality ofry and 7;.
It is also of interest to investigate the behavior of the3-1. Est'imate of the parameters of the mechapical hysteresis
parametersr and 7; upon the hardening of the alloys as a 2"d their dependence on the lead concentration
result of their cyclic loading. It is found that hardening Ieadsand experimental conditions
to an increase of the average value of the paramgtand to Shape of the hysteresis loopSigure 2a shows a nearly
the appearance of dispersion in its distribution in theideal hysteresis loop for one of the highly perfect lead
samples; this is a consequence of growth of the number gfamples with 8 at.% Pb &t="77 K, on the basis of which we
lattice defectgdislocations and enhancement of the nonuni- determined the parameters and 7. For the given sample
formity of their distribution over the sample. 77=0.62MPa and7=0.06 MPa, so that inequality3)
The results of this study are compared to the data in th&olds.
literature obtained in studies of elastic twinning and of the ~ The friction stress is a structure-sensitive quantity. It is

superelasticity due to the formation of a stress-induced maithe greater the lower the perfection of the initial structure of
tensite. the sample, and it increases with increasing density of defor-

mation defects. It is possible that the friction stress also de-
pends on the temperature and strain faégure 2b shows a
hysteresis loop for another alloy sample with the same con-
The experiments were done on single-crystal samples afentration, but less perfect in respect to its initial defect
In—Pb alloys with lead concentrations of 3.5, 6, 8, and 11.6tructure. The value of the stress did not change, but the
at.%. The method used to grow the single crystals and préfiction stressr; increased substantially:;=0.62 MPa and

> 7. (3

2. EXPERIMENTAL TECHNIQUES
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FIG. 3. Temperature dependence of the stresses,, 71, and r;, all
normalized by the shear modulus in the twinning system, for crystals of the
alloy In—-8 at.% Pb.

FIG. 2. Strain curves for crystals of In—Pb alloys: a,b—In-8 at.% Pb,
=77K; c,d—In—-6 at.% PbJT =150 and 225 K, respectively.

7:=0.22 MPa. Nevertheless, inequalitg) holds for this
sample, too, so that the deformation remains completely rethermodynamic stress; with increasing temperature and in-
versible. creasing hold time of the sample under 1d4d.

Figure 2c shows an example of a hysteresis loop with a  In terms of the character of the influence of temperature
partially reversible deformation for a sample of the alloyon the thermodynamic stress, the superelasticity due to
In—6 at.% Pb which was subjected to multiple cyclic defor-pseudotwinning is markedly different from the superelastic-
mation. In the closed cycle the plastic deformation was of thety due to the formation of a stress-induced martensite. In the
order of 6%, and the residual deformation was of the order ofatter case the stress of formation of the martensite and the
4%. As a result of the cyclic deformation the area of thematrix phase in the martensite and, hengedepend linearly
hysteresis loogi.e., the friction stregsincreased strongly, on temperature and go to zero at the temperatures at which
and the shape of the loop was distorted. The large fraction ahe direct and inverse martensitic transformations b&yin.
irreversible deformation indicates the violation of inequality The constancy of; in In—Pb alloys forT=180K indicates
(3). The total recovery of the dimensions of the sample inthat the phenomenon studied here does not belong to the
this case is possible only if the sign of the external load isclass of ordinary martensitic transformations: the pseudot-
changed, in which case the external load should have awinning discussed here is a special form of martensitic trans-
absolute value equal to the difference of the friction stresgormation, which occurs only under an external load and
and the thermodynamic stress. cannot be caused by a change in temperature.

Influence of temperaturekigure 3 shows the tempera- Influence of the strain rateThe jumplike change in the
ture dependence of the stréasrmalized by the shear modu- strain rate in the interval 10 s 1<y<10 2s ! during the
lus) for the onset of twinning and untwinning for the In—8 deformation of samples of superelastic In—Pb alloysT at
at.% Pb alloy The values ofr, andr, were measured on the <180K is not noticeably reflected on the-y strain curve:
same sample by multiple loading and unloading at differenneither the jumps nor the kinks characteristic for deformation
temperatures. We see that for<180K the nucleation of by slip are observed on it. The parametersr,, 7, andr;
twins and their emergence from the crystal is determined byf the hysteresis loops likewise are insensitive to the strain
factors which are insensitive to the testing temperature. Figrate. This finding agrees with the absence of temperature
ure 3 also shows the values of and 7; calculated with the dependence of these parameters, with the presence of only an
use of relationg1) and(2). The insensitivity of the stresses instantaneous creep during stepwise loading of the sample,
7 and 7, to temperature is equivalent to the absence of temand with the absence of stress relaxation when the strain
perature dependence in the quantities to be calculateahd  testing machine is turned o#fThe absence of rate depen-
¢. For the alloys In-11.6 at.% Pb and In-6 at.% Fie  dence of the parametes means that the resistance to twin-
values of the stresses and 7, at T<180K are also inde- ning deformation at low rates is of the nature of dry friction.
pendent of the testing temperature. Itis only in the region of their superelastic behavior, i.e.,

As we have said, the superelastic behavior of In—Pb alfor T< 180K, that the strain rate does not have a noticeable
loys is observed only folf <180 K. At higher temperatures influence on the deformation parameters of In—Pb alloys. For
=225K the twins remain in the crystal even after the load istemperatures at which diffusion processes are activated, the
removed, so that all of the deformation introduced in thestrain rate can play a critical role in the appearance of the
crystal is irreversiblgsee Fig. 2d The suppression of the superelasticity effect. For example, by going to shock load-
superelasticity effect at higher temperatures is due to the aéng, in which case the sample is found in the loaded state for
tivation of diffusion processes, which promote the restoration~30us, it has been possible to observe the superelastic de-
of the equilibrium local atomic order that has been disruptedormation at room temperatuté The reason is that even at
by the twinning shear: this results in a sharp decline in thénigh temperature there is insufficient time during the brief
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loading for the equilibrium atomic order, disrupted by twin- by barriers of an atomic scale—Peierls relief, impurities, etc.
ning, to be restored in the twin. It is natural to assume that the main contribution to the ather-

Influence of the lead concentratioithe parameters of mal component of the friction stress in the initial samples
the mechanical hysteresis were found for alloys of three coneomes from the internal stresses created by perfect growth
centrations: 6, 8, and 11.6 at.% Pb; these data are presentdidlocations. This part of the athermal component of the fric-
in Fig. 4. We see that the thermodynamic stress increasd®n stress can be calculated by the fornifila
linearly with increasing Pb concentration, while the friction
stress decreases. For the alloy with 3.5 at.% Pb the thermo- 7iq=aG bp'?, (4)
dynamic stress was found by extrapolation of thgc) ) )
curve to the region of low concentratioffig. 4), while the ~ WhereG is the shear modulug is the modulus of the Bur-
friction stressr; was determined as the difference betweend€rs vectorp is the density of growth dislocations, aads
the stress at the onset of twinning angl. It was found that & constant of the order of 0.2, the exact value of which de-
for superelastic In—Pb alloys with 6, 8, and 11.6 at.% pPends on the specifics of the distribution of the dislocations.
inequality (3) is well satisfied, especially for the alloys with The stress;q can increase substantially during cyclic defor-
8 and 11.6 at.% Pb. With decreasing lead concentration th@ation of a sample, as fresh dislocations arising in the cy-
ratio between these two stresses decreases on account of/§1g pProcess accumulate in it. o
decrease inr; and an increase im; . Finally, for the alloy The temperature-dependent component of the friction
with 3.5 at.% Pb there is approximately equalitygfand ~ S{ress is calcglated thgoretlcally for the case yvhen thg expan-
7¢, and that leads to suppression of the superelasticity effecgion of the twin layer is governed by the motion of twinning

Nature of the athermality of the low-temperature Super_d!slocatlonsl.7 The_ influence of temperature turned_out to be
elastic deformation in IaPb alloys. The thermodynamic different depending on the character of the motion of the
stress generated by the disruption of the equilibrium atomidwinning dislocations: in the case of high-specbove-
order in the presence of a twinning shear in a locally orderedparrien motion of the boundaries the friction stress increases
In—Pb alloy is uniquely determined by the degree of thiswith increasing temperature in gccordance with the tempera-
order, which, as is shown by both theory and experiniént, ture depgndence of the cogﬁ|C|ent of viscous Qrag on .d|sIo—
depends on the temperature. However, for many alloys thgations; in the thermally act|vate<.j.mot|on Qf twinning dislo-
degree of short-range order remains unchanged over a wid@tions W'th. ext.remely.low_ veIOC|t|e§ the friction stress to a
range of temperatur’e:‘.ln the case of In—Pb alloys the tem- first approximation varies in proportion t.o 'the temperature.
perature independence of the thermodynamic stress may i,§_trong temperature dep_enc_ience of the frlctlo_n force obser_ved
dicate either that the equilibrium order parameter is indepenin the case of elastic twinning of perfect calcite crystals with
dent of temperature or that the diffusion processes are frozed density of perfect dislocations~10?cm™? is due to the
out. Below a certain temperature the diffusional relaxation®vercoming of the Peierls potential relief by the twinning
time of the order parameter can turn out to be longer than thgislocat.ionﬁ For fcc crystals the values of the Peierls stress
characteristic laboratory time, and a “frozen” order, estab-are typically low, whereas for In-Pb crystals, which have
lished at higher temperatures, will be manifested in the lowcl0se to an fcc lattice, this friction component can apparently
temperature region. be neglected. _ o

In the absence of thermodynamic stregsthe friction ~ The twinning process consists primarily in the nucle-
stressr; will play the role of the yield stress for the twinned &tion qf twinning dislocations and_thelr subsequent motion in
crystal. The friction stress may be represented as the sum §f€ twinning plane. The fact that in the case of In—Pb alloys
two components: an athermal component due to the Iongthe friction stress al =180K turns out to be insensitive to
range internal stresses, and a temperature-dependent Comﬁ%mperature variations and the strain rate means that under

nent due to the resistance to the motion of the twin boundarhese conditions the main part of is the long-range com-
ponent, and the factor governing the twinning process is the

athermal nucleation of twinning dislocations. An estimate of
the friction stress in In—Pb alloys according to forma
1,0r Tt for «=0.2 and the typical density of growth dislocations for
T these alloysp~10"cm 2, gives a value close to the mea-
sured value t¢q=0.06 MPa). A contribution of perfect
growth dislocations to the friction stress has also been
observed in calcite crystals with a high density of perfect
dislocationsp~10* cm™2.
Analysis of the curves of(c) and 7¢(c) obtained for
the In—Pb alloys affords the possibility of refining the micro-
scopic nature of the parameters under study. The thermody-
namic stressrr is determined by the degree of ordering of
the alloy and for this reason depends on the concentration of
. . the doping element. According to Ref. 18, the degree of
0 5 10 15 short-range order increases linearly with increasinm a
c.at% certain interval of concentrations. This finds confirmation in
FIG. 4. Concentration dependence of the stresgesy, andr for In-Pb  OUr experimentsFig. 4) if it is assumed that is to a first
crystals at a temperatufe=77 K. approximation proportional to the degree of local order.

7, MPa
(=)
)
T
®
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Moreover, with increasing lead concentration the friction a
stressr; decreaseéFig. 4). This means that impurity defects
give an insignificant contribution to the friction stress, but
the presence of impurity complexes apparently promotes the
nucleation of twinning dislocations. 34

As to the perfect dislocations, their initial density, and
also the density of dislocations arising in the sample during
the stage of microdeformation by slip, should decrease with 1
increasing lead concentration together with the increase in
the yield stress for deformation by slip. Thus the results ob-
tained argue in favor of the hypothesis of a dislocation nature
of the friction forcer; in the twinning of In—Pb.

3.2. Work hardening in the cyclic deformation of superelastic
In—Pb alloys

Figure 5a shows the strain curves observed for a sample
of the alloy In—6 at.% Pb in the cyclic deformation by load-
ing and unloading in the regime of a fixed total deformation .
vo=1.7%. We call attention to the change in the shape of the 0 1 2
hysteresis loops as a result of the repeated cycling: 1(-102

— with increasing number of cycles there is a gradual
expansion of the hysteresis loop along the vertical, i.e., an
increase ofry ; b

— the stage of easy twinning contracts with each cycle T

w

and is shifted to higher stresses, while the work hardening
coefficientd=dr/dy in the stage of easy twinning increases
slightly;

— immediately after reaching the yield stregsan in-
tensive development of the work hardening is observed, spe-
cifically: before the stage of easy twinning is a transition
region where the twinning takes place with a smooth de-
crease off, but here the value of, remains practically in-
dependent of the number of cycles;

— the fraction of plastic shear decreases within the lim-
its of the specified deformation;

— the twinning extends all the way to total unloading,
and increasing the number of cycles leads to the appearance
of a residual deformation.

For crystals of In-8 at.% Pb these changes are small,
accumulate slowly, and lead mainly to expansion of the loop:
growth of 7; by approximately 50% after 150 cycles; the
loop for the first loading—unloading cycle is shown in Fig.
2a. In the case of the the In—-6 at.% Pb crystals we see that
even the ﬂrst loop differs nOtlceab!y from thE.’ Id.ea“.ZEd .IOOpFIG. 5. Strain curves for crystals of the alloy In-6 at.% Pb for loading—
(compare Fig. 5a, cycle 1 and Fig.: Zhe untwinning in this unloading cycles at a fixed final deformatigg=1.7%, T=77 K (a); dia-
region of the crystal, which was distorted during twinning in gram of the strain curve for analysis of the work hardening in the loading
the loading stage, meets with greater resistance. (segment 0A) and unloadingsegment 0B) stages; AC is the region of

Let us consider in more detail the transition work hard-€asy twinning; AC and BD are the graphical extrapolations of the

. N . . e transition-hardening segmerts).
ening. This is the region lying between the initial linear seg-
ment corresponding to elastic deformation of the sample and
the stage of easy twinning during loading, and also the cor-
responding part of the loop during unloading. The diagram of  The stresses, and , were determined from the start of
the hysteresis loogFig. 5b shows the basic notation used the deviation of the strain curve from the lindatastio part.
for describing transition hardening; and 7, are the stresses |t turns out that the values of these stresses are practically
at the onset of twinning and untwinning, respectivelyand  independent of the number of the cycle, and only a slight
vy are the strains corresponding to these stresses,add  growth of 7, was observed in the last stages of the cycling:
0"B are the parts of the loop corresponding to transitionthis observation allows us to conclude that the thermody-
work hardening; AC and BD are the graphical extrapola- namic stress does not change during cycling. The transi-
tions of the transition-hardening segments in the loading antlon hardening is described satisfactorily by a parabolic de-
unloading stagefsee formulag13) and(14) below. pendence:
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on the loading part
]1/2

The regularities described above in the influence of cy-
5) clic deformation on the parameters of the hysteresis loop for
the alloy In—6 at.% Pb take place for any In—Pb alloy pos-
sessing the properties of superelasticity, but the value of the
_ n 12 coefficientB in the empirical formuld7) will vary, together
ru— 1= a{ ¥op —[y— ve( D 12 © with the parameters; and 7, upon changes in the lead
Herea; andq,, are coefficients that depend on the number ofconcentration.
the Cyclewg;,): Yo~ Ye(7on) 1S the maximum plastic defor- Let us now discuss these regularities from the standpoint
mation in thenth cycle. For some of the cycles the regions of of the existing ideas about the microscopic nature of work
the hysteresis loops of interest to us have been replotted imardening of crystalline materials. The term work hardening
the appropriate coordinatgsee Fig. 6, wherer' =7— 7, is generally understood to mean a set of phenomena which
Y =y=ve(1), "=1—7, ¥'=¥5)—[v—7(7)]). In Fig.  lead to the necessity of increasing the deforming streiss
6a the deviations from straight lines correspond to the stamrder to continue deformation at a specified rate const.
of easy twinning(point A in Fig. 5b. Figure 7 shows the An outward sign of hardening is a positive value of the de-
change in the coefficients, and«,, during multiple cycling.  rivative (7)=dr(y)/dy>0 on the strain diagram. On the
We see that the coefficientg and «, in one cycle are close microscopic level work hardening is brought about by effects

T 1= Yy~ ve(7)
on the unloading part

in value and increase with the number of the cytlaccord-

ing to the law
o=ay= a=,8n1/2,

where 3=0.92 MPa.

0.6-a

0.4

80

60

42
50

34

()

of two types: ] the accumulation of the defects in the crystal
during deformation, which resist slip or twinning) the ex-
istence, in the volume of the crystal, of a spectrum of start
stresses for the nucleation and propagation of slip or twin-
ning (perfect or twinning dislocationswhich leads to a non-
uniform distribution of inelastic deformation in the volume
of the crystal and to the inclusion of new regions in the
deformation process as the deforming stress increases.

To describe effects of the first type one usually uses the
Taylor modet® (growth of the density of individual disloca-
tions) or the Mott model® (growth of the density of disloca-
tion pileups. Effects of the second type are realized, e.g., in
the stage of microplasticity of single crystals and elastically
isotropic polycrystals, and also in the process of macroscopic
(to several perceptplastic deformation of polycrystalline

1', MPa

materials in the presence of a substantial misorientation of
6 highly anisotropic crystallitegparabolic hardening*

In examining the work hardening of crystals from the
standpoint of the ideas set forth above, one should note the
existence of certain differences between the slip and twin-
10 ning deformations. The stopping of slip in local regions of
the crystal may be accompanied, as the deforming stress is

I
—_
(=]

0.2

10

1", MPa
oy, Ay
13
]

5
1 1
VY"-102 0 5 10

Vn

FIG. 7. Dependence of the coefficienis (®) anda, (O) in Egs.(5) and
(6) on the number of the cyclisee Eq(7)].

FIG. 6. Parts of the strain curves for different loading—unloading cycles,
plotted, in accordance with Eq&) and(6), in the coordinates*’—\/7 (a
and 7=y (b).
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increased, not only by the propagation of the slip to othesample in thenth cycle the deformation law averaged with

regions but also by its resumption in the hardened regions. Ithe distribution functiorf ,(7;) takes the form

the case of twinning the transition of the deformation process

into new regions is a consequence of a specific crystallo-

graphic property of the given form of deformation, viz., the

I\?V(I:;rflr;%t F|)tlacr)1c(:a<.:urs only one time in each crystallographic £ (7)d7 [Yo—7e(Ton)]<S. (10)
In the description of the work hardening due to effects of  Relation(10) formally admits the possibility of any ab-

the second type, one of the main problems is that of modelsolute values of; under the normalization condition

ing or empirically recovering the distribution function for the .

friction stress resisting the nucleation and propagation of in- f f (r)dr=1. (11)

elastic deformation in a crystalline sample, e.g., the distribu- 0

tion function of sources of dislocations over start stred$es. To achieve agreement of the deformation 1610) with

In the case considered here, that of twinning deformations;,, empirical formulag5)—(7) and to get a qualitatively cor-

an important question is whether it is possible to recover thige ot refiection of the main features of the hysteresis loops
function for a repeatedly deformed crystal from the shape Oauring cyclic deformation of superelastic In—Pb allafg.

the hysteresis loop. The initial condition for this is the as5) it is sufficient to use a distribution functiofy (%) de-
sumption that twinning takes place during loading by means.iped by the formulas

of the formation and development of a set of twins as a result

'y(n)(T):7e(7)+[70_'Ye(TOn)]JO‘X(T_ TTF Tt + 7')

of the successive selection of regions of the sample corre- ¢ _ 2_7' -
sponding to the nucleation condition. n(7)= i X(D)x(1n= 1),
According to experimental observations, even in the ad- (12)

vanced stages of the cyclic deformation, twinning begins ata 7= 7on— 7= 8Y(N—1)[ Yo~ Ye(7on)].

fixed value of the deforming stress~ .. Furthermore, the i oaqy 1 see that this function satisfies the normalization
absence of dependence of the parameters of the strain d'@éndition(ll) and that fom=1 it goes over to a delta func-
gram on the strain raté indicates that the resistance to tion: f,(7) = 8(7)

twinning is of the nature of dry friction. In that case the law
of deformation in differential form can be written in the form
of the relation

We note immediately that the functigh2) does not take
into account the presence of the segments of easy twinning
AC on the hysteresis loops at small valuesmofFig. 5).
However, this function correctly describes the hysteresis
® YO (1)=v(7) in the first cyclen=1, since 7o;= 7, and
Yo— Vi=<S. f1(7)=46(7); consequently, substitution of this function into

(10) will lead to the deformation law of a uniform sample
Here () is the elastic straing(7) is the Dirac delta func- (9). It is also important that the distribution functiqti2)
tion, y;=1ve(7), 71 is the initial absolute value of the dry correctly describes the asymptotic form of the hysteresis
friction stress, which is the same for all regions of thejoops at large values af, when the segments of easy twin-
sample, and the change of its direction when loading is rening vanish. Indeed, the substitution(@®) into (10) leads to
placed by unloading is taken into account by the™sign the equations:
(* =" for loading and “+ " for unloading). The integration in the loading process
of (8) leads to the following deformation law for the sample:

dly—ye(1) 1=(vo— y) 8(7— 71+ 7¢)dT,

xX(7— )
(n—1)B°

In this expression the twinning deformation is described by a  in the unloading process
Heaviside step functiony(7) =0 for 7<<0, andx(7)=1 for _

() () = _ _ X(T“—T) — 12
7>0. YV (1) =ve( )+ [ Y0~ Vel Ton) 1= T—~ 22 (Tu— 7).

Since the parameter; does not change upon cycling, it (n=1)B

is natural to assume that the hardening that occurs with in- (14
creasing number of cycles is due to the appearance of a We recall that the parameters of these equatiepand 7,
deformation-related admixture to the friction streSs,  are determined by the initial structure of the sample:
which is nonuniform over the volume of the sampls:
= 770+ 7, Wherersg is the value of the friction stress of the
initial (undeformed sample. In such a case the deformation  The last terms on the right-hand sides of equatidrs
law (9) will be realized only in small locally uniform regions and(14) describe the twinning and untwinning processes and
of the sample. For estimating the influence of the disperseorrespond to the empirical equatiof® and (6), and the
admixture7; to the deformation law for the sample as a coefficienta as a function of the cycle numbertakes the
whole during cycle number one should introduce a normal- form (7). We should mention once again that, of course, the
ized distribution functionf,(7;), having determined the formulas obtained do not describe the stage of easy twinning
quantity f,(7¢)d7; as the fractional part of the sample in observed in each deformation cycle but pertain only to the
which the admixture to the friction stress by the start of thestage of smooth hardening after the onset of twinning and
nth cycle takes a value in the intervat(7;+d7;). For the  untwinning.

YV()=ye(1)+ (1= 7% (13

Y1) =7ve(T)+ (Yo~ yox(T— 71+ 71), Yo~ ¥i=S. (9

Tt=T7r+ Tio, Tu=TT— Ti0-
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It is important to note that the unloading equatidm) 7. We have proposed an analytical description of the
also describes the appearance of a residual deformation ark hardening during cyclic deformation of superelastic
sufficiently large values of the cycle numbern., and it  In—Pb alloys.
also permits finding a relation between the parameters of the The authors express their gratitude to V. S.il&ofor
alloy and the value of the residual deformatipt? (0) after  numerous helpful discussions of the questions addressed in
thenth cycle and the critical cycle numbeg for the appear- this paper, and to I. S. Braude for the opportunity to become
ance of residual deformation: acquainted with the preliminary x-ray diffraction studies of

(71— 710)2 ordering in In—Pb alloys.
T fo
Y™M(0)=[yo— Yel Yon) ]~ =152 n>ng; (15

( o )2 *E-mail: fomenko@ilt.kharkov.ua
_ T 7o Y1t is interesting to compare the effect described here—the irreversible twin-
Ne=r————— 41 (16) _ ) . er
[vo— Ye(Ton) 18 ning deformation of In—Pb alloys—with an effect obsertfat sufficiently
. . low temperatures in calcite—the irreversible change in length of an elastic

These formulas reflect all the basic regularities of the (wedge-shapedwin. For T<200 K for shortening of a wedge-shaped thin
appearance and development of the residual deformationwin in calcite it is also necessary to apply a stress of the opposite sign to
during cycling of a superelastic aIon; in particular, they de- the sample, as a consequence of the strong increase in the friction stress as

. . .. result of cooling. We note only that the restoring force in the case of
scribe the complete suppression of the superelgstlcw .effecélastic twinning is of a different nature than that for pseudotwinning; spe-
at largen (n—<) and upon the growth of the uniform fric-  cifically, it is due to the surface energy of the twin bounddry.
tion (Tf0—> TT) .
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Formulas describing the conversion of an elastic wave into an electromagnetic field at the
boundary between a type-Il superconductor and the vacuum are obtained which admit passing to
both the limiting cases of the normal and Meissner states. A strategy that would permit
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The first experiments on the interconversion of elasticsound wave propagating parallel to the external magnetic
and electromagnetic oscillationghe Hall componentin  field. Generalization of the relations obtained to cases of
type-1l superconductors were done in the mid-1970%e  other geometries does not present any difficulty.
interpretation of these experiments was based on the intro- As a starting point for our analysis of the EMFREWSs in
duction of an effective penetration depth for the electromaga type-Il superconductor, let us discuss the corresponding
netic field in the mixed state. While undoubtedly correct,effect in a normal metal. This topic, in its day, was discussed
such an approach cannot reveal the physical processes dtlite intensively in the literaturésee the review and the
companying the motion of the vortex lattice under the influ-references cited in Ref.)4and we revisit it here for the
ence of a sound wave. With the era of hihsuperconduc- following reasons:
tivity came conversion experiments on new superconducting 1. In the previous papers the inertial component has al-
objects? A theory of the effect, which, although simplifigd ~ Ways been ignored, since it its rather small. It follows from
does not describe the transition to the normal ytagefor-  Our present analysis that it is preferable to study it in com-
mulated in terms of the dynamics of the vortex lattice, wagParatively low magnetic fieldsc; <H<0.1H,. '
proposed in Ref. 3. However, the experim@misrresponded 2. As arule, the previous discussions hgve dealt malnly
to the strong-pinning limit, which, as the theoretical anafysis With the mechanism of the electromagnetic generation of
confirms, is relatively uninformative physically. Therefore, at SOUNd, rather than the inverse effect considered here. Finally,
first glance one may be left with the impression that studyingby virtue of the existence of the reciprocity theorem and the

the electromagnetic fields accompanying an elastic wave iAPS€nce of any nonlinear phenomena in the normal phase,

type-1l superconductors in the mixed state would hardly eX_the final answers should be connected by simple relations,

tend the vast region of study of the dynamics of vortex |at_although the methodological approaches to the solution of

tices. This is actually not the case, and the aim of this papetlhese prot:kllems ar((ej somewglett.t d'ﬁ?fé"“ percng}r, th||s ;
is to discuss situations in which conversion measurementso'C€/NS he boundary conditions 1mposed on the electro-

contain rather valuable information. In particular, analysismagnet'c fieldl

shows that in the case of weak or moderate pinning one can 3. P_rewously attention was_devoted mamly_ to analysis of
. o Lo ffects in the nonlocal limit, while the local regime was con-
directly recover the characteristics of both the pinning itself”. . . : . .
S . . sidered to be relatively simple and uninteresting. Practically
and the dissipative processes accompanying the motion 0 I .
. .. o all type-Il superconductors are “dirty” systems which, in the
the vortex lattice. A necessary condition for this is that one o .
normal state, lie in the local region at all reasonable measure-
must measure the phase as well as the modulus of the con- ) )
. g o . . ment frequencies. Nevertheless, the analysis of EMFREWSs
version coefficient. In addition, it is pointed out that, in ad-

. o in this case raises a number of questions that have not been
dition to the H_aII F:omponent, the |nert|é$t.ewart—T(_)Imah answered in the literature, and it is therefore advisable to
electromagnetic field can also be of considerable interest. :

: ; ) : discuss them briefly.
This paper is devoted to a discussion of the electromag-
netic fields radiated by an elastic wa@MFREWS. The
given experimental scheme ensures that there are no nonli
ear effects present, although the study of such effects would For specificity we consider a normal metal lying in the
clearly be of independent interest. In addition, for greatedower half space, with the metal-vacuum interface coincid-
physical clarity we consider only the case of a transverséng with the planez= 0. The thickness of the sample is much

f]i'- NORMAL STATE
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greater than the characteristic lengths of the probléme 2 a

electron mean free path the sound wavelength, and the (a)= Wf U—dS

skin depthd). The external magnetic field is parallel to the F

z axis and to the sound wave vectprThe displacements ~ Wherevg is the Fermi velocity. The coordinate; appearing
in the elastic wave are parallel to theaxis. The transverse in Eq.(4) is the time of motion along a cyclotron orbit. The
dimensions of the sound beam are assumed to be mudftal currentj in (3) is the sum of the ion currentj,

greater than\, so that the problem can be reduced to one-= —iwneu) and the electron current and is expressed in the
dimensional. standard way in terms of the distribution function:
The boundary conditions imposed on the electromag- = —e(vi). (5)

netic field are obtained as follows. The continuity of the

tangential components of the electromagnetic field at the The amplitude and phase of the sound wave incident on
metal—vacuum boundary and the uniformity of these fields ifhe interface are assumed fixed, i.e., independerttl off

the directions transverse to the wave beam in the metal, ifl€cessary the experimental data can be corrected by measur-
cluding the region near the interface, allow us to considefnd the field dependence of the sound velocity and damping.
them to be uniform on the other side of the boundary as wellThe coordinate dependence of the amplitude of the incident
even though the electromagnetic wavelength in vacuum cafyave can be written in the form,o(z) = uge™'%“. However,

be many orders of magnitude greater than all the charactefince a wave of the same amplitude is reflected from the
istic lengths of the problem. Therefore, near the interface irffurfaceur(z) =upe®, we finally get for the elastic field

free space, Maxwell's equations reduce to a one-dimensional  ;(z) =y, cosqz (6)
wave equation whose unique solution is a plane wave with N o
electric and magnetic components related by and the boundary condition on the elastic displacements at
the free surface,
Ex=—H,. E,=H,. 1
Lo u'(0)=0, @

Combining (1) with the second of Maxwell’s equations,

we obtain the boundary condition for the EMFREW regime:is satisfied automatically.

In the local limitI<\, & and under the conditiof) 7
<1 (Q=eH/mcis the cyclotron frequengyit is customary
to assume that all the derivatives on the left-hand sid@)of

. _ can be neglected. In the free-electron approximation for the
Of course, Eq(2) is valid only for the EMFREW re- geometry under consideration one hs,=—mvw,, and

gime, while in the regime of electromagnetic sound generag,qrefore the deformation contribution to the current in this

tion, in addition to the incident electromagnetic wave one.5;qe vanishes upon the averaging(®. Under the same

must also take into account the reflected wave or, equivasssymptions, this contribution also vanishes for the real
lently, employ the concept of surface impedance. Fermi surface in the propagation of sound in symmetric di-
Analysis of the EMFREW problem is based on the S0-rgctigns because of the odd parity Af, with respect to

lution of a system of two equations: the equation for thejyersion of the sign of the electron momentum. As a result
electric field, obtained from a combination of Maxwell's ¢ Eq. (4), formula (5) reduces to Ohm'’s law,

dE _ _
45 (0= —ikcE(0); k=wlc. 2)

equations, _
. j=0o(E+UgttUpng), (8)
4 d] _ o -
curl curl E:_?a (3)  where op=née’r/m is the conductivity in the local limit.
Substituting(8) into (3), we obtain
and the kinetic equation for the the nonequilibrium correc- 2 . .
. o o . dmiwoy  2i
tion ¢ to the electron distribution function in the metal in the —— =k3(E+Ug+ Upg);, Ki=—a—=—. 9
. . de 0 ST ind/» R0 CZ 52
presence of elastic and magnetic fields,
I P ) The solution of equatiorf9) is a combination of the skin

solution E,(z) = E,(0) € (of the two possible values d,
the solution chosen is that which vanishes Zes — ) and

m 1 the forced solutionEg(z) = Eg cosgz) the ratio of these so-
=—ev| E- S U+ c[UH] | = Aji . (4)  lutions being determined by the boundary conditions im-

posed on the Maxwellian fiel(?):

The time dependence of all the quantities appearing in Egs. ) ) ,
(3), (4) is written in the forme=€“t, Sources of perturbation ~ikcEx—koEx=ikcEg+Eg(0). (10
of the distribution function on the right-hand side(@j are:  For a free surface the derivative on the right-hand side of
the Maxwellian fieldE (i.e., the field obeying the Maxwell (10) vanishes. Neglecting, in comparison withk, on the
equation(3), which alone can be detected by an electromagieft-hand side 0f10), we obtain
netic antenng the extraneous fields are the inertial fiélde i

tu,—+
at %oz Tt 1

acoustical analog of the Stewart—Tolman effecigr= E,=— —CE.<E
i _ 2 . . . _ k k B B
Um/e=uw-m/e, the induction fieldu;,q= (iw/c)[uxXH], 0
and the deformation fielduge= — AU (here Aj=N\x 2 (12)
—(\ix) is the deformation potential; the angle brackets de-  E(0)=Ey(0)=— 2—0k2(UST+ Uing) -
note the average value over the Fermi surface: Ko
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Thus the amplitude of the electric field at the interface is dy _ u
essentially that of the forced solution. At the same time, the vz, + —=—&V-(EtUsttUing) “lomow; -, (14)
amplitude of the magnetic component|kyE,/ik|
=|Eg(0)|, is completely determined by the skin field. The in which the Fermi velocity components orthogonaitare
result(11) (with the ugt contribution subtractoccomes into  dependent omz:
play in all problems of interconversion of elastic and elec- .
tromagnetic fields. However, it was obtained with the use of =y Cog< )
certain assumptions whose validity is open to question in
several regards: ,

a) For any character of the reflection of electrons from vy=—U, sin(Q—— (p), v, =vgSing,
the interface the derivative with respect to coordinatédin Uz
near the surface is comparable to the departure term, so that
the validity of neglecting it is in doubt.

b) Strictly speaking, the interface is not completely freeHere 6 and ¢ are the polar and azimuthal angles, respec-
because of the collisions of the electrons with it, i.e., bound{ively.
ary condition(7) is not quite exact, anég(0)+0. We write the solution of equatiofi4) in standard form:

Because the characteristic scales of the wave numbers of
the field in the metal £ q) and k. are not comparable in Y(2)=Cexp=2lv.m)+ i (2), (16
order of magnitude, the derivative on the right-hand side ofvherey;(z) is the particular solution of equatiqi4).

(10), even though small, will give a perceptible contribution. For v,>0 the requirement tha#(z) be finite atz—

For this same reason the lifting of the symmetry forbidden-—oo gives C,~0=0; for v,<0 we obtainCvZ<o= —1(0)

ness on the deformation contribution to the current when theor a diffuse boundary.

weak nonlocality is taken into account can also have a no-  The presence of a rapidly decaying exponentiallif)
ticeable effect. presupposes that the electric field in the metal also has a

Below we attempt to discuss the influence of these facrapidly decaying componer;. Therefore the solution of
tors, since, as we said in the Introduction, we have beehe system of equation€), (14) must be self-consistent.
unable to find direct answers in the literature. Nevertheless, it can be supposed that the contributid; of

Let us first discuss the question of the degree to which o the formation ofiy;(z) is small. Qualitatively this assump-
diffusely scattering boundary can be considered free. Théion can be justified as follows. Relatighl) is an expression
exact boundary condition on the elastic stresses has thé fornaf the result of an interference of fields radiated from the

5, penetration depths. Under conditions of the normal skin
ps°u’(0)+(Ay(0))=0 (12)  effect (<o) itis natural to expect that the contribution Bf
. . . to the total field and, hence, i%,(z) will be insignificant.
(p s the density of th_e metal, arglis the speed of 50““9' Proceeding from this assumption, we seek the solution

A correct calculation pf the average over the Fermi SUr-o¢ system(3), (14) by making the substitution
face in(12) can be done if a model is specified for the sur-
face scattering potentidlHowever, it is clear physically that E(z)=E, &%+ Ecosgz. a7
if the characteristic size of the inhomogeneitiesy., rough-
ness of the boundary is comparable to the mean free path
then the distribution function will be practically even with
respect taw,, and there will be no deformation contribution
to (12), i.e.,u’(0)=0. In the opposite limiting case, assum-

QU——(p

z

U,=UF COSH. (15

As to 4(2), it must also be expanded in the functions
(15).

In Eq. (17) k is the skin wave number, which is given by
the dispersion relation

ing the reflection to be purely diffuse, the averaging iR) ké

should be done only far,>0, sincey(0)=0 for v,<0. For kifmz(liiﬂﬂ- (18
making estimates in this case one can limit consideration to

the leading approximation, setting(0)=—erv-(E+ugy At this stage we will not make any assumptions as to the

and taking expressiofill) for E(0). As a result, we obtain  value of the paramete® 7, since even in the local limit in
fields H—H, it can be large. Calculations lead to the ex-
u'0 o s pected result: the current in the zeroth approximatiorgit) (
=— —(w7). (13 : ; o A
u(0)  vg vg must be determined by using the conductivity tenggr
which is well known from the theory of galvanomagnetic
Writing E§(0)=Eg(0)[u’(0)/u(0)] in (10), we see phenomena:
from (13) that in the local limit the contribution under dis-
cussion is negligible, and one can always use the boundary
conditionu’(0)=0. oy oo 1 Or
We now continue our analysis by using the free-electron o, 5= 3 8,5= > ( B
model to calculate the corrections to the quantities of interest 1+(Q7) 1+(7) Qr 1
in the small nonlocality parametergl( kol), assuming that The deformation correction to the current has the form
the reflection of electrons from the interface is purely diffuse.
By the method of characteristics we redu@@ to an {ij]_ i ooUst U {(QT)Z—l]
ordinary differential equation, Jay 207

j=0(E+ugrtUng),

) . (19

“s1r@n?s ¢ (20
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We estimate the diffuse-scattering contribution as fol-  Diffuse scattering at the interface gives rise to a skin
lows. Assuming thatt, and E, are known, we calculate component of the electric field, the contribution of which can
#1(0) and then determine the contribution to the currentalmost always be neglected.
performing an averaging over half of the Fermi surface ( Let us estimate the componentof the total current. In
<0) with the weight factor exp{z/v,7). This gives rise to a the leading approximation it is given by
term of the type(v?vie #z7) (n=0,1,2) on the right-

hand side of3). We seek the fieldE; by making the substi- . k6q% 9?+k§ Q
tution Ix=— (1+(QT)2)2D q2 UsT— (2 T)Ujng
E¢=(v2P(v,)e ") (21) .
+ W[UST—(QT)UM]- (25

(P(v,) is a polynomial inv, to be determineg which leads
to a solution of the typ&(z) ~ (kol)?, which is a negligible
quannty in the calculatlon_dE(_z). This justifies the assump- - o Lrent s given by the inertial component, aid
tion made that the contribution df; to the formation of YT ING N : A .
~[g9(9°+kp) JioTjion<jion- IN principle it is also possible

$4(0) is insignificant. However, when expressieal) is to have the regima/Q2<Q 7<1, in whichj, is now deter-

substituted into the total field, which satisfies boundary Con_mined by the induction field, remaining small as befofe (
dition (10), the derivatived E; /dzis now linear in kol), and y ’ g Ie

~ 25 . o L
it must be taken into account in findirg,. For z=0 the (€27)%ion=<Jion). Thus in the low f|eld limit the electron
: : ) current always compensates the ion current almost com-
integrals(21) are easily evaluated, and the final result can be . .
; pletely (the regime of current neutralityand the amplitudes
expressed as follows: o
of the electron and elastic displacements are equal. The
E(0)=Ey(0)+EA(0)+E(0). transfer of the corresponding momentum from the lattice to
he field £ th h imation has the f the electrons occurs on account of frequent collisions of the
The fieldEy(0) of the zeroth approximation has the form latter with impurities.
kng In a high field (27>1) it follows from (22) and (25)
- mbaﬁEuﬁ(O), thatj,~jion, i.€., the electrons are no longer dragged by the
lattice. As a consequence of this, only theindependent

In weak fields (L 7<1) for Q 7<w/() the main contribution

EOa:

o2+ k(2) componentEg,, due to the flow of uncompensated ion cur-
> Q7 rent, remains in Eq.22), while theE,, component vanishes.
Ey=Usr+Ung,  Dog= q . Sl (22) Actu_ally, this conclusion may be invalid, and in order to
Qs q°+kg obtain a correct answer one must solve a (twee-
q° dimensional problem. Indeed, consider a metal slab bounded

X on both sides in the direction, with an elastic wave filling
0 5 the entire cross section. This elastic wave creates a relief of
1+(Q 7-)2) Q1) both the ion and electron displacements on the opposite faces
of the slab. It might be thought that charge neutrality is en-
sured in this case by surface currents flowing on the lateral

k2
D=

ke \?
2
O 1+(QT)2) i

The deformation correctiok,(0) looks like

E .. (0) i kg2 Ve face;. However, if it is taken into account that theT glas.tic
[ E ]= "5 1+ Q79D — (g Ex(0) strain appears on the end of the slab at some definite time
Ay(0) (1+(Qr S (turn-on), then it is clear that in this case charge neutrality

2%+ k% can be ensured only by the flow of electrons from one face of
- the slab to the other and the corresponding compensation
go(1+(Q7)°) : . . .
) (23) (partial or tota) of the ion current in the entire volume. In the
297 +kg case of a sound beam of finite extent in a sample of large
Tq2(1+ (Q71)?) cross section, regions of compressioarefaction will arise

) _ ) at the boundaries of the beam, and charge neutrality at these
When the diffuseness of the boundary is taken into accoung, ndaries will be ensured by Coulomb forces. The author is
one obtains the correction unaware of any solution of this problem, and it is therefore
unclear whether current neutrality can actually be violated.
aup(Eopt Eyp), (24)  In any case, there has been no mention in the literature of
any observation of the decrease implied (B®) in the effi-
which is close to the corresponding result obtained in arciency of interconversion of elastic and electromagnetic os-
analysis of the influence of weak nonlocality on the surfacecillations in the limit of high magnetic fields.
impedance of a metdl. Let us summarize the analysis of this Section. In the
Thus in the leading approximation, as before, the electridocal limit in low fields Eq.(11) gives a rather good descrip-
field at the interface is determined exclusively by the extertion of the induction component of the electromagnetic wave
nal fields coupled to the elastic wave, and the skin effecemitted by an elastic wave. As to the inertial component, two
does not contribute t&(0). remarks are in order:
The most significant correction is due to the deformation 1. As we have said, the relative smallnessigf makes
interaction, which has a more stringent condition for negli-possible a regime in which the main contributiongg(0),
gibility: ql<sl/vg. even in low fields, is given by the induction component.

ko
k;

3 Ko
Exa(0)= 3_2(ko|) k_1+
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Moreover, under real experimental conditions, when the di-  In calculating the total current, which appears in B),
mensions of the receiving antenna are comparable to th&e must add to it the current generated by the moving vortex
transverse dimension of the sound beam, the contribution dattice and also take into account the specific features of the
Uing t0 E4(0), owing to edge effects, can be decisive even inmanifestation of the Hall effect in a superconduétérs a
lower fields. Actually no difficulties arise here, since the factresult, Eq.(3) takes the form
thatu,,q Is odd inH always permits one to separate out the PE  driw -
contribution ofugtin pure form by taking the average of the 7= —j= k§ E+ugr+ —[tXB]
results of measurements for opposite values of the fields. d c ¢

2. It should be understood that even in the cade i o
~ 102 the contribution of the deformation correction to the +k2—[(u—t)[txB]B]. (26)
inertial component can be quite large. It can be estimated ¢
experimentally in the following way. Summin@2) and(23)  Here we have introduced the notation
for Qr<1, we obtain
2 . 2 2_47Ti(1)0'§_ 1

Ex<0>~—%us{1—'—”—Fql). o e g

g +kg 5s
. _ (6.(T, B) is the London penetration depthk?=k2.+k?,

Let the recelvmg ant_enna be oriented at an angle of 4%f Fo andt is the displacement of the vortex lattice.
so that both the inertial and Hall components can be received Equation(26) is the main result of this paper. Let us give

with equal weight. Since the latter, in the leading approximay, pyief explanation. The Maxwellian fiel and the inertial

tion, has the form field ugt act on both the superconducting and normal chan-
k(z) iw nels. In a reference frame moving along with the vortex lat-
Ey(0)= P2 < Hu tice at velocityt there is a magnetic fiel, which in the

it is clear that their interf il lead t ¢ flaboratory frame corresponds to an electric figlek (1/c)
't1S clear that tneir interterence will Iead 1o an asymmetry o X[Bxt]. PhysicallyeE is the momentum lost by the elec-

the field dependence of the amplitude of the total signal With[rons in the motion of the vortex lattiCeand therefore the

respect taH=0. The value oH about which the amplitude =~ ~_ . ) ,
is symmetric determines the value of the deformation correcli€!d E enters Eq.(26) with the opposite sign. In the Hall

tion. componenfthe last term in(26)] in the regime of current

In our further discussion we shall make essential use opeutrality, (1—t) is the relative velocity of the electrons and
current neutrality. Fof) 7<1 the correctness of this assump- the source of the magnetic field. As was shown in Ref. 8, the
tion is completely confirmed by the analysis. Farr=1 Hall current in a superconductor can only be due to normal
there is at present no rigorous proof of the poss|b|(my excitations. The physical meaning of this statement is that in
impossibility) of realizing such a regime, and we shall there-the case ofs pairing the energy gap does not permit the

fore restrict the following discussion to the case(bf<1.  Lorentz force to “pull apart” the electrons of a pair in oppo-
site directions. It can be supposed that for a different sym-

metry of the order parameter the form of the Hall component
2. MIXED STATE will be different.

Unfortunately. at present there is no theoretical schem Relation(26) is written without the deformation correc-

- Y, atp - . Sion to the current. If it is necessary to take this correction

similar to the method of the kinetic equation, that would. o . ) 5 2
. . . . -~ into account, it will look like(23) with kg replaced byks.
permit a rigorous calculation of the current in the mixed . .
. A We rewrite Eq.(26) in the form

state. Usually the continuum approximation and the two-
fluid model are used. In the continuum approximation the  d%E ) Sl , o
spatially homogeneous magnetic structure of the mixed g2 —Ks(E+Usp) Tki-—~[tXB]+kns~[uxB]. (27)
phase is ignored, and the induction in the sample is assumed
equa| to the average value &f, which even for a small It is clear that EQ(27) Correctly describes the transition
excess abovél; can be assumed to coincide with the ap-t0 the normal phasgk, =0, ks=kns=ko, and Eq.(27) goes
plied field. The equivalent circuit of a superconductor in theover to (9)]. Equation(27) must be supplemented with the
two-fluid model is a Superconducting and a normal Channe@C{Uﬁtion of motion of the vortex lattice. The latter is acted on
connected in parallel. The conductivity of the normal chan-by the following forces: electrodynamit,=(1/c)[j XB], a

nel is expressed by the standard relation pinning forcef,=a\ (U—t) («_ is the Labusch “spring” pa-
) rametey, the frictional forcef; , and the Magnus forc®.The
o= nne°7 last of these can be neglected in the regie<1. The force
Soom of friction is proportional to the velocity of the vortex lattice

relative to the medium creating the friction. The physical
nature of the friction is not completely clear at present. It was
noted in Ref. 11 that the friction cannot be due to the super-
fluid component, since in that case it would be completely
impossible for an undamped current to flow in the Shubnikov
s nse” phase. There are two other subsystems that could lead to

where n,, is the density of the normal component. In the
superconducting channel we should repladsy (iw) ! (we
have in mind an ac currenand use the densityg of the
superfluid component,

7S Mmiw friction: the lattice and the normal electrons, which are con-
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centrated mainly in the cores of the vortices. Since in the B2
current-compensation regime both of these subsystems have 1+ kf4ﬂ_a*
velocity u, we write the force of friction a§=iwn(u—t), )\iﬁ=W,
unlike the form used in Ref. 3. L" "ns

If, as usual, we neglect the mass of the vortex, the equaagrees exactly with the result obtained in Ref. 13.
tion of motion of the lattice will have the form Let us briefly discuss the informative power of the EM-
FREW method for studying both the Meissner phase and the
vortex lattice. We start with the inertial componégfy(0, 0).
Because of its relatively small size, the question of investi-
gating it, judging from the literature, has not been discussed
wherea* =iwn+a . before. However, an estimate shows that at a sound wave
Sometimes instead of the electrodynamic force, (28) intensity of ~10W/cn? and a frequency o&50 MHz, ugt
is written in terms of the elastic force accompanying the~2x10 ®V/cm, which makes it entirely feasible to mea-
deformation of the vortex latticén our caseC,4(d?t/dZ%), sureE,(0, 0), and this is confirmed by preliminary experi-
where C,,=B?/4m is the bending modulus of the vortex ments done by the author.
lattice).® However, the elastic modulus of the vortex lattice is Relation (30) is also applicable to the Meissner state.
determined by only that part of the total current which isIindeed, forB—H.;, as is shown below, the most slowly
generated by the deformable vortex lattice itself, and therevarying parameter is*, and therefore the last factor in Eq.
fore upon such a replacement E@8) should still contain  (30) approaches 1, and the expression obtained={go, 0)
the component of the electrodynamic force generated by thim this case agrees with the result that can be obtained from a
extraneous currents. It is therefore preferable to write theigorous approach based on the kinetic equationTf&i T,
equation of motion of the vortex lattice in the for(28), (Ref. 14:
since all of the currents are automatically taken into account. K2
The boundary condition on syste(®7), (28) is the pre- E,(0,0) = —USTﬁ-
vious condition(2) for the Maxwellian field. In principle the q°+kg
vortex lattice also exerts an additional force on the interface,  1hus the change @& (0, 0) with temperature at the tran-

so that system(27), (28) should be supplemented by a gjtion throughT, is completely determined by the behavior
boundary condition expressing the absence of stress on thg kﬁ(T), which evolves from a purely imaginakﬁ to a real

d?E

az <8

c

Imo +a*(u—1)=0, (28

boundary: quantity 5[2. Evidently, one always has
du 0 K3|< &, 2, (32
psz——a*f (u—t)dz=0. (29) ot _
dz — and therefore belowl . the modulus|E,(0, 0)| increases,

while the phase of the signal decreases. At one time, quite a
It is readily seen that the corrections due(29) are of  few experiments were being done on the interconversion of
orderB?/(4mps?®), and for reasonable fields attainable at theelastic and electromagnetic oscillations in the absence of a
present time they can be neglected, i.e., we can, as beforgagnetic bias field in superconductdfddowever, those ex-
use the conditionu’ (0)=0. periments were done on highly pure metals, in which the
The further solution of systerf27), (28) with boundary  main contribution toE,(0,0) was from the deformation
condition(2) does not present any difficulty. The results havecomponent, which freezes out at the superconducting transi-

the form tion. The behavior of the inertial component is diametrically
opposite. The scale of the variation Bf(0, 0) depends on
B ki a* whereq? falls in relation to inequality32). An experiment is
Ex(0,B)=~ust 92+ K2 ,B? K B0 ot very informative ifq?<|k3|— both the amplitude and
a*+q EW the phase of the signal vary insignificantly on transition
s through T,. The most favorable situation is fdk3|<gq?
2 . <. 2, in which case measurements of the inertial compo-
E,(0,B)=—Ujng — s , az , (31  nent can easily be used to recover the temperature _depen-
q°+kg ,B ki dence ofé, (T), at least to temperatures for which the right-

@"+q yp q°+ ki hand side of the latter inequality remains weak.
Let us now turn to the mixed phase. Using the estimate
We emphasize once again that the expressions obtainéd the coefficient of frictiony from Ref. 16, we writex™ in
remain valid upon the transition to the normal state. Furtherthe form

more, forB=<0.8H.,, whenk?~k?>q?, k3, Eq.(31) cor- BH

relates with the result obtained in Ref(8hen allowance is a* = kS 7 24 a (B). (33
made for the differences in the choicefgj. The coefficient &

multiplying g2 in the last term in(30) and(31) is practically It follows from this equation that foB~H_., one has

the same as the wave-number-dependent bending modulus |af* |>q?C,, for any value of the parameter, , and the last
the vortex latticeC,,4, obtained in Ref. 12. We also note that factor in Eqgs.(30) and (31) does not affect the behavior of
the effective penetration depth that follows from the solutionthe radiated field. Thus in a low field the inertial component
of system(27), (28), is constant, while the induction component appearsHor
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>H. and grows linearly with applied field, with a slope often restricted not by the condition of overlap of the vortex
(w/c)[kgu/(q2+ kﬁ)]. The phases of the two components cores, as is assumed in the theory, but by the so-called para-
are shifted relative to the corresponding signals in the normahagnetic limit® The functional dependence &f and k¢
state by an amount equal to arctgf®?/2. For strong pin- near the paramagnetic limit is not yet known. Nevertheless,
ning (ay (B)>q°C,,, as has been shown experiment3liyr ~ measurements of the amplitude and phase of the radiated
q%<k3, this type of behavior persists ®~H,, when the field nearH., can be used to recover the behaviong§(B).
rapid change of botlk, and a (B) comes into play. The The author thanks E. V. Bezuglhand V. A. Shklovski
information content of an experiment in this case is apparfor numerous fruitful discussions.
ently small. The situation is completely different in the case  This study was supported in part by the Government
of peak pinning with the simultaneous satisfaction of theFoundation for Basic Research of the Ministry of Education
opposite condition, %> kg. In that case, forB>B,  and Science of UkraingGrant No. 0207/00359
=(k§/q2)Bcz the elastic response of the vortex lattice ex-
ceeds the contribution of the force of friction, and the inertial.
component begins to decrease with increafnas a conse-
guence of the increase in the effective penetration depth. By———
measuring the change of the complex quankty0,B) on
the decaying part of the curve, one can recover the behaviotL. A. Vienneau and B. W. Maxfield, Phys. Rev. B, 4339(1975.
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