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The spectra of the 1*C and °C nuclei from the “Li(“Li, *1C)3n and “Li(’Li, 1°C)4n reactions, respectively, have
been measured at a ‘Li energy of 82 MeV and an angle of 2° up to excitation energies of 20-30 MeV of the
desired multineutrons. The experiments were carried out with a magnetic separator, which made it possible to
significantly increase the intensity of abeam by removing scattered particles and to carry out small-angle mea-
surements. The energy spectraare well described by four- and five-particle phase spaces. No evidence has been
found for the existence of nuclear stable and resonance states (with I < 3 MeV) of multineutrons. The upper
limits have been obtained for the cross sections for the formation of nuclear stable states of 3n (1.4 nb/sr) and
4n (0.1 nb/sr) in the center-of-mass system. © 2005 Pleiades Publishing, Inc.

PACS numbers; 25.70.Hi; 27.10.+h

1. INTRODUCTION

Numerous experimental and theoretical investiga
tions carried out during the last decades show that there
are neither bound nor quasi-stationary states of
dineutron and trineutron (see reviews [1-3] and refer-
encescited therein) with alifetime exceeding 102? s. At
present, only the situation with resonance states of the
trineutron remains contradictory. In particular, asignif-
icant increasein the cross sectionsfor the 3He(TT, T1)3n
and *He(Tt, p)3n reactions has been found at an energy

of E - =140 MeV [4, 5] near the 3n threshold. This

increase wasfirst attributed to the final state interaction
of three nucleons. However, more recent analysis
showed that the observed excess of cross sections over
the phase-space distribution can a so be attributed to the
interaction between two neutrons [6]. No deviations
from the phase-space distribution were found in the
Li("Li, *C)3n and °H(’Li, 'B€)3n reactions [7, 8].
Thus, the existence of resonancesin three-nucleon sys-
tem is an open question.

The lightest neutron nucleus that can probably be
nuclear stable is 4n. The discovery of such a nucleus
would have fundamental consequences for the exist-
ence of heavier neutron nuclei. The upper limit of the
binding energy of 4n is equa to 3.1 MeV and deter-
mined by the nuclear stability of the 8He nucleus. This
limit decreases to 1 MeV in view of a known experi-
mental fact that the decay of the 8He nucleus with the
emission of ®He prevails over the processwith the emis-
sion of an a particle [9, 10]. Since the decay into four
neutrons is the only channel of the decay of the tetra-
neutron (4n), 4n can exist at an arbitrarily low binding
energy. The probability of its decay is reduced due to

the smallness of the phase space of thefinal state of four
particles [1].

Although theoretical estimatestestify to the absence
of the bound tetraneutron, its existence is not com-
pletely excluded [1-3, 11, 12]. To date, the existence of
the nuclear stable tetraneutron has been reported only
in one experimental work [13]. A negative result has
been obtained in all the other experiments beginning
with [14, 15] and ending with recent works [16, 17],
although investigations were carried out with the use of
various procedures with beams of 1T and heavy charged
particles, aswell aswith the use of an activation proce-
dure to search for the tetraneutron in the decay prod-
ucts. Resonances with T = 2 have aso not yet been
detected in the four-neutron system.

More than four decades of investigations seem to
show that nuclear stable and quasi-stationary states of
the tetraneutron do not exist. However, recent paper
[18] reported the observation of six events associated
with the formation of an “n cluster in the reaction of the
fragmentation of the nuclei of the secondary radioac-
tive 1“Be beam with an energy of 35 MeV per nucleon
when they interact with carbon. More recently, the
observation of 12 events associated with a bound 4n
cluster in the a + 4n channel in the experiment with a
8He beam was reported [19]. Finally, stable and quasi-
stationary states of the tetraneutron were searched for
in the d(®He, 6Li)4n reaction [20]. Despite the low sta-
tistics, the preliminary result showsthat the spectrum of
8Li nuclei near the 4n threshold noticeably differs from
the five-particle phase space distribution and testifiesto
the observation of a resonance-like structure in the “n
excitation spectrum at 2.5 MeV. These results stimulate
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Fig. 1. Energy spectrum of 1C nuclei from the "Li(’Li,

11¢)3n reaction obtained on the MASE magnetic separator
a an angle of 2°. The arrows show the positions of the

ground states of the 8Li and 1B nuclei formed in the
e(Li, 1o)iLi and 80("Li, 1C)1?B reactions, respec-
tively. The solid line is the four-particle phase space.

interest in the problem of the stability of light neutron
systems.

The aim of thiswork is to study the ‘Li("Li, **C)3n
and “Li("Li, °C)4n reactions at small angles with the
use of a new procedure based on a magnetic separator.
A considerable increase in the beam intensity without
an increasein the load of the electronics makesit pos-
sible to significantly increase the statistical accuracy
of the measured spectra and to reduce the background
of random coincidencesin awide energy range, includ-
ing the region corresponding to nuclear stable
multineutrons.

Previously, we studied these reactions at an angle of
10° and a’Li energy of 82 MeV using the standard AE—
E and E—t analysis[8, 16]. The spectrameasured for the
11C and 1°C nuclei were well described by the distribu-
tions of four- and five-particle phase spaces, respec-
tively. No features testifying to the presence of abound
state and resonances have been found in the mentioned
multineutron systems.

2. EXPERIMENTAL PROCEDURE

The measurements were carried out on a 0.3-pA
beam of triply charged ’Li ions accel erated to an energy
of 82 MeV a the isochronic cyclotron, Russian
Research Centre Kurchatov Institute. A target was man-
ufactured by the vacuum evaporation of metallic lith-
ium enriched in the 7Li isotope to 99.9% on a thin
(<0.2 um) organic film. The thickness of the target was
equal to 0.48 mg/cm? and determined from the energy

losses of a particles from a 22Th a source. The pre-
pared targets were transported to the scattering cham-
ber in a specia container with a vacuum lock, which
minimized the oxidation of the target.

The spectra of the 7Li(’Li, *C)3n and ‘Li(’Li,
10C)4n reactions were measured by means of a mag-
netic separator (MASE) [21] with a maximum input
aperture of £1°. The setup is based on a magneto-opti-
cal system consisting of two dipole and five quadrupole
magnets forming a double symmetric achromat. The
first half of the achromat analyzes charged particles
emitted from the target placed at the center of the
MASE target block. The second half is focusing. The
separated particles are focused at the end of the setup
on a detector as a spot with a size <15 mm. Measure-
ments were carried out using a silicon detector tele-
scope, which includes thin (30 pum) and thick (0.5 mm)
counters for measuring the specific ionization (AE) and
total energy (E), respectively, and forms a two-dimen-
sional AE-E spectrum. The E counter isincluded in the
scheme of two-dimensional E—t analysis with a flight
base of 4 m. Connection to the cyclotron frequency is
performed. The time resolution is equal to about 2 ns.
The C and °C nuclei from the “Li("Li, *C)3n and
Li("Li, ©°C)4n reactions, respectively, are selected by
coincidence of the respective regionsin the two-dimen-
sional AE-E and E—t spectra. The total energy resolu-
tionisequal to 400 keV. Sincethe MA SE may pass par-
ticles within an interval of 10-15% of the average
energy of a detected particle with 100% efficiency at
the given magnetic rigidity of the separator, the total
energy spectrum is obtained by joining partial spectra
obtained for different regimes of the adjustments of the
MASE aong the overlapping sections on a computer.
At a certain adjustment, each sort of particles has its
own energy range, and this circumstance enables oneto
reliably separate the Be, B, and C isotopes. One more
advantage of this procedureisthat the MASE separates
the desired nuclel from scattered particles, which
makes it possible to significantly increase the beam
intensity without the load of electronics and thereby
considerably reduces the background of random coin-
cidences.

3. MEASUREMENT RESULTS
AND DISCUSSION

Figures 1 and 2 show the spectra of the *C and 1°C
nuclei, respectively, emitted at an angle of 2° inthelab-
oratory system. The upper axes show the excitation
energies in the three- and four-neutron systems begin-
ning with the zero binding energy. The measured spec-
traare similar to each other. In both cases, the cross sec-
tions increases continuously up to the excitation ener-
gies 20-30 MeV. For calibration, the ("Li, **C) and ("Li,
10C) reactions on the ?C and 60 nuclei were used. The
spectra for these reactions were obtained at the same
angle. Previous measurements [8, 16] show that the
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cross sections for the formation of 8Li and *B in the
ground states at an angle of 10° are equal to 150 and
100 nb/sr, respectively, in the center-of-mass system.
The cross sections for the emission of °C with the for-
mation of the°Li and 3B residual nuclei are equal to 20
and 230 nb/sr, respectively. The positions of the ground
states of the mentioned nuclel are shown by arrows in
the figure. The absence of any peaks in these positions
is evidence that the possible impurities of carbon and
oxygen in the target are insignificant and do not distort
the spectra of the 1C and °C nuclei emitted due to
’Li-Li interaction. Since the energies of the nuclei
formed on the most probable impuritiesin thetarget are
at least 3 MeV lower than the energies of *1C and °C
corresponding to the zero binding energies of 3n and
4n, counts in the region E, ~ 0 can be caused only by
the random-coincidence background. In the present
measurements, this background is nearly absent due to
the use of the magnetic separator.

The energy spectrum of C nuclei from the
("Li, C) reaction up to an excitation energy of 30 MeV
iswell reproduced by four-particle phase space for the
HC + 3n system (Fig. 1). Background events in the
region of the zero binding energy of 3n determine an
upper limit of 1.4 nb/sr for the cross section for the for-
mation of the nuclear stable trineutron in the center-of-
mass system. This value is much smaller than the esti-
mate of 70 nb/sr (center-of-mass system) obtained in
[22], where the same reaction was studied for an angle
of 8,; = 7.4° and a beam energy of 79.6 MeV, whichis
close to the beam energy in our experiment. Thus, nei-
ther quasi-stationary nor resonance states with widths
' < 3MeV inthe system of three neutrons are found in
the spectrum of C nuclel from the “Li(’Li, !C)3n
reaction at an angle of 2° up to an excitation energy
of 30 MeV.

The spectrum of 1°C nuclei from the (“Li, 1°C) reac-
tion iswell reproduced by five-particle phase space for
the 1°C + 4n system under the assumption of noninter-
acting neutrons (the solid linein Fig. 2). We emphasize
that the total yield of 1°C nuclei is an order of magni-
tude higher than that obtained in the measurements at
an angle of 10° [16]. Events detected in the region of
the zero binding energy of the tetraneutron correspond
to an upper limit of 0.1 nb/sr for the cross section for the
formation of bound or quasi-stationary states of the tet-
raneutron in the center-of-mass system. Thisvalueis a
record for the reaction under investigation. Previously,
this reaction was studied with the use of the standard
AE-E and E—t proceduresin [16, 22], where estimates
of 2 and 30 nb/sr, respectively, were obtained.

In connection with reports on the discovery of the
nuclear stable tetraneutron in the reactions of the frag-
mentation of *Be and ®He radioactive beams [18, 19],
we estimate the cross section for the formation of a
four-neutron cluster in the ’Li(’Li, *°C)4n reaction with
the use of the distorted wave method assuming the
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Fig. 2. Same asin Fig. 1, but for the ("Li, 1°C)4n reaction.
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Fig. 3. Angular distribution for the “Li("Li, 1°C)4n reaction
as calculated by the distorted-wave method.

mechanism of the pick-up of three protons by the “Li
nucleus (AL = 0). The wave functions of the bound
states of the three-proton cluster in the “Li and °C
nuclei are calculated with the Woods-Saxon potentials
with aradius of R=2.1 and 2.3 fm, respectively, and a
diffusivity of 0.65 fm. Distortionsin the input and out-
put channels are calculated with the optical potentials
found from analysis of elastic scattering in the systems
“Li +5Li [23] and °C + a [24]. The spectroscopic fac-
tors for “Li(3p + 4n) and °C(’Li + 4n) are set to unity.
Figure 3 shows the results of the calculation performed
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with the DWUCKS5 code. As is seen in this figure, the
cross section for the formation of the tetraneutron at
small angles may be equal to 400 nb/sr. The small value
is explained by the strong endothermic effect of the
reaction (Q =-18.17 MeV) and by the high momentum
transfer (0.85 fm at 0°) that givesriseto the kinematic
suppression of transitions with the orbital angular
momentum transfer AL = 0. The value obtained above
should be considered only as an upper limit. First, the
spectroscopic factors entering into the expression for
the cross section are evidently smaller than unity. Sec-
ond, the nuclear stable tetraneutrons must have a low
binding energy and large sizes. As was mentioned in
[1], the emission of such a tetraneutron is suppressed
compared to the usual cross sections by a factor of
about F = (¢/E)%2, where ¢ is the tetraneutron binding
energy and E = A%2mr? ~ 1 MeV is the characteristic
energy corresponding to the reaction radius. Therefore,
the calculated cross section may be an order of magnitude
smaller. Thus, the upper limit obtained above for the cross
section for the formation of the nuclear stable tetraneutron
gpparently indicates that this tetraneutron is absent.

4. CONCLUSIONS

In this work, nuclear stable and quasi-stationary
states, as well as resonances, were searched for in the
3nand 4n systems. To thisend, the energy spectraof the
Li("Li, 1*C)3n and "Li("Li, *°C)4n reactions have been
measured for E("Li) = 82 MeV and 6 = 2° up to
multineutron excitation energies 20-30 MeV. These
investigations have considerable advantages over
experiments with radioactive beams due both to the
high intensity of stable nuclear beams (incomparable
with theintensities of radioactive beams) and to the suf-
ficiently large expected cross sections for the reactions.
The combination of the magnetic separator with the
AE-E and E-t procedures enabled us (i) to carry out
measurements near 0°, to increase the beam intensity
without an increase in the load of the electronics, and to
thereby improve the statistical accuracy of the mea
sured spectra; (ii) to ensure the reliable separation of
carbon isotopes; and (iii) to reduce the random-coinci-
dence background.

Asaresult, new upper limits have been obtained for
the cross sections for the formation of nuclear stable 3n
[(do/dQ)ey, = 1.4 nb/sr] and 4n [(do/dQ).,, = 0.1 nb/sr]
at small angles. The measured energy spectra are well
described by four-particle (**C + 3n) and five-particle
(1°C + 4n) phase spaces. Quasi-Sationary atesin the sys-
tems of three and four neutrons have not been found even
with the high sengitivity achieved in these measurements.

Thiswork was supported by the Russian Foundation
for Basic Research (project no. 04-02-16365).
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Exact Results on Spin Dynamics and Multiple Quantum NMR
Dynamicsin Alternating Spin-1/2 Chainswith XY Hamiltonian
at High Temperatures'
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We extend the picture of a transfer of nuclear spin-1/2 polarization along a homogeneous one-dimensional
chain with the XY Hamiltonian to the inhomogeneous chain with alternating nearest neighbor couplings and
alternating Larmor frequencies. To this end, we exactly calculate the spectrum of the spin-1/2 XY Hamiltonian
of the aternating chain with an odd number of sites. The exact spectrum of the XY Hamiltonian is also applied
to study the multiple quantum (MQ) NMR dynamics of the alternating spin-1/2 chain. MQ NMR spectra are
shown to have the MQ coherences of zero and + second orders just as in the case of a homogeneous chain. The
intensities of the MQ coherences are calculated. © 2005 Pleiades Publishing, Inc.

PACS numbers: 05.30.—d; 76.20.+q

1. INTRODUCTION

The discovery of the exact solution of spin-1/2
homogeneous one-dimensional chains with the XY
Hamiltonian [1, 2] givesthe observable and measurable
features unraveling the NMR dynamics of spin-1/2
homogeneous one-dimensional chains [3]. Although
most of the NMR experiments for one-dimensional
spin chains appear to be well-explained by means of the
nuclear spin dynamics on the homogeneous spin
chains, NMR spin dynamics beyond the homogeneous
chains has attracted the attention of researchers
recently. For example, the experiments in [4] demon-
strate the propagation of spin wave excitations along
the inhomogeneous spin chains, and the mesoscopic
echo has been observed [5] due to the reflections of the
spin waves at the boundaries of the chain.

The paper presented is aimed at exploring the key
differences of the NMR of the homogeneous spin-1/2
chain from the inhomogeneous spin-1/2 chain. It may
be difficult, however, to calculate the NMR responses
for an inhomogeneous spin chain with a random varia-
tion of the nearest neighbor (NN) dipolar coupling.
Thus, as a first step to unravel the inhomogeneous
effects, we treat the one-dimensional chain with an
aternating spin-1/2 NN dipolar coupling and alternat-
ing Larmor frequencies.

In the approach in[1, 2], the basic tool in exploring
the 1D spin-1/2 XY Hamiltonian is the Jordan-Wigner
transformation of the original spin-1/2 XY Hamiltonian
to the Hamiltonian of the free fermions. In thisway, the
exact thermodynamics for alternating infinite chains

TThis article was submitted by the authorsin English.

with the spin-1/2 XY Hamiltonian were explored in [6].
In [7], the exact spectrum of the XY Hamiltonian with
aternating couplings on the finite rings is presented.
However, to our knowledge, the spectrum of the XY
Hamiltonian with alternating couplings on the open
chainsislacking now. Thisiswhat will be addressed in
Section 2. The derived exact spectrum of the spin-1/2
XY Hamiltonian of the alternating open chains permits
one to explain the transfer of the nuclear polarization
along the aternating chains in Section 3 and to calcu-
late the MQ intensities of the alternating spin-1/2
chainsin Section 4. The concluding section, Section 5,
draws a distinction between the NMR dynamics on
alternating chains and those on homogeneous ones.

2. EXACT SPECTRUM OF THE SPIN-1/2 XY
HAMILTONIAN WITH ALTERNATING
COUPLINGS ON OPEN CHAINS

In this section, we derive the exact spectrum of the
spin-1/2 XY Hamiltonian

N
H = wnlnz
% (1)

N-1
+ Dn,n+1(|n,x|n+1,x+In,y|n+1,y)

n=1
of the open chain of the odd number N of siteswith the
alternating NN coupling constants D, and D, and alter-
nating Larmor frequencies w, and w,, see Fig. 1.

0021-3640/05/8102-0047$26.00 © 2005 Pleiades Publishing, Inc.
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The nuclear spins are specified by the spin-1/2 oper-
atorsl,, atthesitesn=1, ..., Nwith the projectionsa =
X, ¥, Z. The Jordan-Wigner transformation [1]

=n-1
_ i — (_ n-1
In,—_ In,x IIn,y ( 2) %l_l

=1

Il,gcnv
U

=n-1

u
ity = (27O Wden @

=1

ln2 = CaCn—1/2,
from the spin-1/2 operators I, to the creation (annihi-

lation) operators c;, (c,) of the spinless fermions takes
the Hamiltonian (1) into the Hamiltonian

N
H=Y w,(cc,—1/2)
2 o
lN—l
+ § Z Dn,n+1{ C:Cn+1 + C:+1Cn} ,
n=1

or in the matrix notations as

H = %c+(D +2Q)c—

NI

3 @ @
n=1

In Eq. (4), we denote the row vector ¢t = (c; , ..., Cy),

the column vector c = (c,, ..., C\)" (the superscript t rep-
resents the transpose), and specify the matrices Q and
D as

(0, 0 0..00

0w 0..00
0=|00w.. 00|

000 ..wo0

000 .. 0w,

- B ®)

0D, 0..00

D,0D,.. 0 O
5-|0D,0..0 0]

000..0D,
000 ..D,0

Diagonalization of the matrix D + 2Q is performed by
the unitary transformation
N = diag{ Ay, ...

D+2Q = UAU", A, (6)

so that the new fermion operators y, and y, introduced
by the relations

N N

+ * + —

Cn - z L'ln, kYKa Cn - z un, kyk (7)
n=1 n=1

bring Hamiltonian (4) into the Hamiltonian
N N
H =33 A3 3 © ®)
2k - kYk Yk 2 ) n
= n=

with energies 1/2), of the free fermion waves.

To go further in the explicit calculations, it is neces-
sary to find the eigenvalues A, and eigenvectors |u,0=

(U, Ugy, -.., Upy)t Of the matrix D + 2Q,
(D +2Q)|u,0= A, Ju,O] 9

In Eq. (9), the components u,, ,, at the even sitesn = 2,
4, ..., N—1 obey the equations

Dyl 1y + 2W,Up y + Dolgqy = AUy,

(10)
k=12 ..,(N=1)/2.

We now fix theindicesk and v in Eq. (10) and eliminate

from Eq. (10) the components uy,_; ,, and Uy ; , at the

odd sites (2k — 1) and (2k + 1) by writing down the

equations for the Uy _ 1 y, Ux+ 1, from Eq. (9) as
Dolpi_p v + 2W1Up_1 v + Dyl y = AyUgy_y v, (11)
Dol v + 2W1Upy s 1,y + Dilpeioy = AyUpysq -

Substituting (11) into (10), we get the relations for the
amplitudes u, , at the even sites,

QUok_2 v T QUois2y = Uy,

(12)
k=12..,(N=-1)/2,
with the spatially independent coupling constant
g = DD, (13)

(A —203) (A, —2w,) — D3 — D5’

The derivation of (12), (13) is a characteristic approach
in the theory of the real space renormalization [8],
which eliminates the half of the degrees of freedom
belonging to the odd sites yielding the field equations
on the (even) | attice sites with doubl ed | attice constants.
Equations (12) and (13) govern the amplitudes uj ,,
Uy, ys -+, Uy _1, v (including theamplitudes u, ,, uy_ , @
the border sites 2 and N — 1) if we introduce the addi-
tional sitesn=0and n= N + 1 and put there

Upy = 0, Uyszy = 0. (14)

Equation (14) implies cutting off the lattice at the sites
1 and N, thus, preventing the fermions from escaping
JETP LETTERS  Vol. 81

No. 2 2005



EXACT RESULTS ON SPIN DYNAMICS 49

the lattice shown on Fig. 1. The solution of Eq. (12)
conditioned by Eq. (14) reads

_ . [RTKv[ _ N-1
Ug y = AVS'”EN+1D’ k,v = 1,2, e T (15)
with the eigenvalues
Afzt) = (.01+(.02i,\/((x)1—(,02)2+ DIA,,
v =12, N—'l (16)
2
_ [2TV[] , =2 _
A, = 1+25COSEN+1D+6’ 0 = D,/D;.

Equation (16) gives2[(N —1)/2] = N—1 eigenvalues A,
sincefor eachindexv =1, 2, ..., N and for each super-
script (+) and (-) therelationship ALY = A, _, holds.
It is convenient to arrange (N — 1) distinct eigenvalues
A, as

oY, for v=1,2, ., (N=1)/2

=0 (a7
EP\S,_), for v

(N+3)/2, (N+5)/2, ..., N.

A

In accord with the enumeration of the eigenvalues A, in
Eg. (17), the missed Nth eigenvalue A, stands for the
indexv =(N-1)/2+1=(N+ 1)/2 (recall that N isodd).
To find the eigenvalue A . 1), and the eigenvector
Un, (v + 12 & the even sites n, use is made of the proper-
ties (see Eq. (15))

Uponetyz = 0, n=0,24,...,N=-1,N+1. (18)
According to the condition Uy_y (v+1y2 = O, the Nth
equation from Eqg. (9) immediately gives the sought
eigenvalue

An+1y2 = 20 (19)

It remains to find the amplitudes uy (. 1), @ the odd
sites. The sought amplitudes obey the relations

DiUp_1,y + Dolgsqy = 0,

_N+1 _ N-1
v = 5 k—1,2,...,—2 .

(20)

Equation (20) gives the components of the eigenvector
Un, (n + 12 DEIONGiNg to the odd sites n (up to the normal -
ization coefficient B),

Upnsnre = BE)MN™2 n=1,3.,N. (20
Caculating the normalization coefficients A, in
Eqg. (15) and the coefficient B in Eq. (21), one finds all
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D, D, D, D, D,
D—O—O—@—O—O—®
0 125) 0 Oy 0 Oy 0

Fig. 1. An open chain of the odd number N of spinswith the
alternating NN coupling constants D, and D, and alternat-

ing Larmor frequencies wy, w,.

the N eigenvectors |u,[Jand all the N eigenvalues A, of
Hamiltonian (8),

%bol T+ A/(wl_wz)z + DiA\u

P=12.,52
-
A = 2oy, v = Nt (22)

= 2

D 2 2

%ml"'wz—«/(wl—wz) + DIA,,
_N+3 N+5

%;_ 5o 5N

For al theindicesv =1, ..., Nexcept theindexv = (N +
1)/2, the eigenvector |u,[has the elements

D, TV = 1)
VAV—zml[as'”D N+1 O

-nDTV(J'+1)D}
O N+21 O)

j =135, ..,N

. OTV
VsmEN+1D’

Oj = 2,4,...,N=1

(%))

(23)

| DDQDDQDD%D
1

and the normalization coefficient
_ 2\ — 20| 1
INF1 [\, —200,)% + DA,

(24)

By Eg. (21), the elements of the eigenvector |uy + 1y,
read

_B-)™ " j=135,..,N
Ui v+ = O

25
[0, j=2,4,...,N—1( )

with the normalization coefficient

0 62 1 |:|l/2
0 -

[BN+1__1

B =

(26)
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Fig. 2. Time course of the polarization [, ,[{t)/0; ,[{0)
of thefirst spin (Eq. (30)) for the chain of 201 spinsinter-
acting with the coupling coefficients D, = 21 - 4444 st
and D, = 21 - 6666 st and equal Larmor frequencies.

The initial polarization is on the first spin. The inset
shows the time course of the polarization on an earlier
timeinterval 0 <t <4 ms.

3. SPIN-WAVE PROPAGATION IN OPEN CHAINS
WITH ALTERNATING COUPLINGS

The spectrum of Egs. (22)—(26) of the XY Hamilto-
nian (8) can now be applied to describe how the polar-
ization at a single site of the alternating chain with
equal Larmor frequencies w,, changes over the time.

Let the initial polarization be on the single site j;
hence, the spin dependent part of the initial density
matrix at the high temperature approximation is (see

[9])
p(0) = 1, = ¢jc;—1/2. (27)

Given the initial density matrix (27) and the Hamilto-
nian H (8), the Liouville~von Neumann equation (7 = 1)

0p _

ot

is solved in terms of the fermion operators (7) as fol-
lows:

[H.pl, (28)

_ —iHt iHt
p(t)y =e I e

1 Lot (29)
= —5"' Z U}k,|uj,me2 Yi Ym-
1<l,m<N

Denoting the polarization at the j'th spin at the time
moment t by I} [{t) and invoking Eq. (27), we get

O At _tr{p®)l; 3 _
0340 r{1?}

2

. (30)

) —ié)\\,t
Z ur,u; e

1<v<N

FEL’DMAN, RUDAVETS

Figure 2 shows the time course of the polarization
m, ,[qt)/d, ,[0) at the site' = 1 when theinitial polar-

izationisalsoat siteland D, = ng. Just asinthe case

of the polarization dynamics on the homogeneous
chain with equal couplings, D, = Dy, [3] the dynamics
of the polarization of the alternating chain can be
regarded as the propagation of the spin wave packet
starting at site 1 and bouncing back and forth at the
chain ends. To calculate the return time t, for the wave
packet to reappear at site 1, wefirst determine the group
velocity of the waves described by the Hamiltonian H
(8) with the dispersion law 1/2A, (16) and the equal
Larmor frequencies w; = w,. By specifying the wave
vector p=2nv(N+1),v=12, ..., (N-21/2, thedis

persion law of Eq. (16) written down as %}\V =

% Dl«/l +28cos(p) +3° alows one to caculate the
sought group velocity

HpdMp)Y _ abs

V = MaX[A——— ,

(31)

where aisthelattice constant and the coupling constant
D, is the minima coupling constant among the two
coupling constants D, and D,. Thus, for N = 201-chain
with the coupling constants D; = 21 - 4444 s* and
D, = 21 - 6666 s, the time of the first returning of the
wave packet to site 1 becomes (see Fig. 2)

ty = 3(—'\'5:—1—) =~ 14.5 ms.

1

(32)

The traveling waves of the spin polarization
I [t)/,, [(0) are shown in Fig. 3.

4. INTENSITIES OF MQ COHERENCES
IN OPEN CHAINS WITH ALTERNATING
COUPLINGS

The exact spectrum of Egs. (22)—(26) of the Hamil-
tonian H (8) provides us with atechnique for determin-
ing the multiquantum dynamics in an alternating open
chain. Again, we take the initial density matrix p(0)
(27) and calculate how the MQ coherences develop in
the spin system of the alternating spin-1/2 chain. The
MQ NMR dynamics of the nuclear spins coupled by the
nearest neighbor dipolar interactions are described by
the Hamiltonian [10, 11]

N-1
1
HMQ = éz Dn,n+l{ In,+|n+l,++ In,—lﬂ"'lv—} : (33)
n=1

The Hamiltonian H (33) takes the form of the exactly
solvable Hamiltonian H (1) (with the Larmor frequen-
No. 2
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Fig. 3. Propagation of the spin-wave packet along the 201-
site open chain. The packet starts at the boundary sitej = 1.

ciesw, =0for al the sites) by making use of the unitary
transformation [11] acting on the even sites

Y = exp(—iTtl,,) exp(—iTtl, ). exp(—iTy 1 4),(34)

sothat YHy,oY" = H (Eq. (1); { w, = 0}). In addition, the
transformation Y brings the initial density matrix (27)
to theform

N
p(0) = YILY = 3 ()", (35

where we introduce the total polarization 1, =

gr’:': 1 In 2 The Liouville-von Neumann Eq. (28) with
t

e Hamiltonian H (33) and the initial density matrix
(27) gives the intensities G,(t) of n = 0 and n = +2
orders, just as in the case of the homogeneous chain
with the conservation condition [11, 12]

Go(t) + Go(t) + Go(1) = 1, (36)
and
Go(t) = %Z oS (A, 1),
" (37)
G.,(t) = % 3 S,

Figure 4 demonstrates the development of the 2Q
coherence on the aternating N = 201-chain with the
couplings D; = 211 - 4444 s and D, = 21 - 6666 s;
thus, & = D,/D; = 1.5. As time proceeds, the regular
course of the intensities G,,(t) is transformed to the
erratic temporary behavior just as in the case of the
homogeneous lattice with D; = D, [13]. For D; = Dy,
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Fig. 4. Time course of the intensities of the 2Q coherence
(Eq. (37)) in the chain of N = 201 spinsinteracting with the
coupling constants D4 = 21t - 4444 s and D, = 21 - 6666 S+
and zero Larmor frequencies. The insert shows an early
development of 2Q coherence over thetimest < 1.5 ms.

Eq. (37) exactly reproduces the results for the intensi-
ties of the 2Q coherence of [11].

5. CONCLUSIONS

The sensitivity of the NMR spin polarization
dynamics to the spatially periodic short-distance inho-
mogeneity of the lattice was explored in the previous
sections relying on the exact spectrum of the spin-1/2
XY Hamiltonian on the alternating open chain with an
odd number of sites.

If the spin polarization is prepared initially on the
single site, the spin dynamics on the nonhomogeneous
lattice are represented as the propagation of the spin
wave packet. The velocity of the wave packet on the
nonhomogeneous lattice is controlled by the minimal
coupling constant min{ D4, D,}. In the extreme situa-
tion D, < D, (D,, D, # 0), the spin polarization stays
fixed on theinitial site.

As time proceeds, the regular spin propagation
along the alternating chain is transformed to the erratic
one.

The time scale of the regular behavior of the 2Q
intensities G,,(t) is 4 times shorter than the time scale
of the regular behavior of the polarization
0 [t)/,, ,[{0), as can be seen by a comparison of
Fig. 4 with Fig. 2. The same effect occursin the case of
the spin dynamics on the homogeneous chain [13]. The
effect iscaused by two reasons. First, the velocity of the
propagation of the 2Q coherence is doubled as com-
pared with the velocity of the propagation of the spin
polarization, as is obvious from the comparison of the
dispersion law in Eq. (37) with the dispersion law in
Eq. (30). Secondly, the two-spin local excitations of the
2Q coherence travel the path N before the two-spin
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excitations return back on the N-site chain. The path N
should be compared with the path 2N traveled by the
single local spin excitation before it reappears on the
initial site of the chain.
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We consider tunneling processesin QFT induced by collisions of elementary particles. We propose a semiclas-
sical method for estimating the probability of these processes in the limit of very high collision energy. As an
illustration, we evaluate the maximum probability of induced tunneling between different vacuain a (1 + 1)-
dimensional scalar model with boundary interaction. © 2005 Pleiades Publishing, Inc.

PACS numbers: 03.65.5q; 03.70.+k; and 11.15.Kc

In many models of field theory one encounters tun-
neling transitions between states separated by an energy
barrier of finite height Eg. The famous examples are
false vacuum decay in scalar theories [1] and topol ogy-
changing transitionsin gauge-Higgstheory [2, 3]. Inthe
weak coupling regime, the rate of tunneling at zero
energy isexponentially small [1, 2], but one suspectsthe
suppression to vanish once energy exceeding the height
of the barrier is injected into the system. A particular
way of inducing the tunneling process is a collision of
two highly energetic particles. It was conjectured some
time ago [4] that the collision-induced tunneling pro-
cesses may become unsuppressed at high collision ener-
gies. Semiclassical study of scalar and gauge-Higgs
theories[5, 6] showed, however, that thisis not the case:
the tunneling probability remains exponentialy small
even if the collision energy E considerably exceeds the
barrier height E5. Furthermore, analyses of toy models
[7, 8] and unitarity arguments [9] suggest that the colli-
sion-induced transitions should remain exponentially
suppressed even if E tends to infinity. In other words, it
was proposed that (contrary to theinitial conjecture) the
probability of the process has the form

P(E)De @ (1)

where g2 isa small coupling constant and the suppres-
sion exponent F(E) remains positive at al energies.
This has been confirmed recently by direct calculation
[10] of the suppression exponent in the whole range of
energiesin atoy two-dimensional model. In addition, it
was found in [10] that the suppression exponent
reaches its minimum F,, a a certain optimal energy E,
and remains constant above this energy

F(E) = F,, E>E,. 2

TThis article was submitted by the authorsin English.

One may ask whether or not the formulas (1), (2) are
valid for other models with model-dependent val ues of

Fo, E,.

Inthisletter, we give ageneral semiclassical method
for evaluating the minimum value F,, of the suppres-
sion exponent and the energy E, at which thisminimum
is achieved. Our procedure is essentially an adaptation
of the method of [11], but it ismore straightforward and
technically ssimpler. We consider the case in which,
after the appropriate rescaling of the fields, the action S

takes the form S= S/g?, where S does not explicitly
depend on the small coupling constant g. One observes
that g? effectively plays the role of the Planck constant,
and the limit g — 0, which we consider below, corre-
sponds to a semiclassical situation.

Our starting point is the inclusive probability of tun-
neling from states with a given number of incoming
particles and any energy

Pu(N) = ¥ |HUT TP, @
i, f

Here A (T;, T) is the evolution operator, and Py
denotes the projector onto states with N particles. The
initial andfinal states, |iCand | f Crespectively, are at dif-
ferent sides of the potential barrier. Here and below the
limit, T; — +oco, T, — —oo is assumed. As we will
shortly see, the quantity (3) can be evaluated semiclas-
sically provided the initial number of particlesis para-

metrically large, N = N/gz. We will see that the result
has atypical exponential form,

—Fr(N)/g°

P(N)Oe (4)

0021-3640/05/8102-0053%$26.00 © 2005 Pleiades Publishing, Inc.
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We use the result (4) as a source of information on the
probability of collision-induced tunneling. It is clear
that the inclusive multiparticle probability % (N) sets
an upper bound on the two-particle probability of inter-
est, P(E), at arbitrarily high energies E. Indeed, the
energy of theinitia state in (3) can be arbitrarily high,
while any initial two-particle state can be promoted to
the multiparticle one by adding anumber of “ spectator”
particles that do not interfere with the tunneling pro-
cess. Hence, the exponential suppression of P .,(N)
entails the exponential suppression of P (E), and the
inequality

Fu(N) <Fp, (5)
holds. Following [11], we conjecture that
limFo(N) = Fp,. 6)

N-0

The conjecture (6) is based on the observation that, in
the leading semiclassical approximation, the probabil-
ity of tunneling does not depend on the details of the
initial state provided the initial number of particlesis
much smaller than 1/g2. The analogs of the formula (6)
have been checked in various situations [12—14].

Now, we proceed to the semiclassical evaluation of

the multiparticle exponent Fm(N). Our strategy is to
represent theinclusive probability % ,(N) in the form of
apath integral and evaluate the latter making use of the

saddle-point technique. Taking into account that Py -
Pn = Pn, one recasts Eq. (3) in the form

Pu(N) = 5 CF|OU ' CIE) P i 7| U | £ O

it f

1
—g—zj'dk[aka; +b, by

= J'Qb[cpf,a, a*, b,b*]e (7

x [y U [a T3] Pn [b (G| U o,
where |@are eigenstates of the field operators, which

we denote collectively by fp , While|al]|bCare the coher-
ent states

~ " a
() lp0= %)-(—)I@D adaci= al)

Hereafter, we use the shorthand notation OIAL = OfL (T,
T). Making use of the standard path integral for the
transition amplitude in the @ representation, one writes

@il | @cpexp%(iﬁmh&(ma)ﬁ(&

o(T¢) = o

where the boundary term B; comes from the initial
matrix element [@lal]

Bi((pU a)
a1 W, [l
= Jadr Ja- 300000 + Zaan

In this expression, (k) stands for the spatial Fourier
transform of the fields at t = T,. For the matrix element

of the projector Py one obtains (see e.g., [15, 16])
. " 01 - . ol

(8| Pn[bO= IdeexpD—z(Ne +J’dkak be ). (9
oo (9 O

Substituting Egs. (8) and (9) into expression (7) and

performing integration over the variables b, b*, one

obtains the desired path integral representation

Pu(N) = We ¢.a,a*]Be"?,

o(Te) = @(Tp)

(10)

where
F = -No-iSql +iS¢]

* [ * Gl (11)
-Bi(p, a)-Bi (@, a) +Idkak e .

Note that the integration over ¢ in (10) comes from the
path integral representation for the complex conjugate

amplitude [@|U pJ*.

The functional F defined in Eg. (11) is independent
of the coupling constant g. Hence, at weak coupling,
the integral (10) is saturated by its saddle point. The
saddle-point equations are as follows. Extremization
with respect to @ and ¢ gives the classical field equa-
tions

o¢ o¢
The boundary conditions for these equations are

obtained by varying the expression (11) with respect to
theinitial and final values of the fields. Using the rela-

tion 33@(T;, X) = @(T;, X) and taking into account the
constraint (see. Eg. (10))

O(T4, x) = @(Ty, x),

(12a)

(12b)
one obtains

®(Tix) = @(Ty,x). (12c)

Intheinitial asymptotic region T, — —oo, the evolution
of thefields ¢, @ islinear and one writes®

1 For concreteness we assume that the initial state is an excitation
above the vacuum @ = 0.

JETP LETTERS Vol. 81 No.2 2005



REAL-TIME INSTANTONS AND SUPPRESSION OF COLLISION-INDUCED TUNNELING 55

dk -0 T; * lwk |kx
= [————(f,e '+ e
(p I(zn)l/zm( k g )
1 dk |wk 1% |(-l)k IkX
= f.e N e
[ aml e teie )

The variation of the functional F with respect to @, @,

a, a* yields the following relations between the fre-
quency components:

g = gre”. (12d)
The set of saddle-point equations (12) can be simplified
if we recall that the configurations ¢ and ¢ saturate the
amplitude and its complex conjugate, respectively. This
suggests the Ansatz equation @'(t, X) = [¢(t, X)]*, which
is compatible with the boundary value problem (12)
provided the saddle-point value of 8 isreal. Then, the
boundary value problemisformulated in terms of asin-
gle set of fields @(t, x). The conditions (12b), (12c)
imply the reality of the fields in the asymptotic future

fi = f,.€

Im@(t, X) — 0, Im@(t,x) —= 0 as t — +co, (13a)
while Egs. (12d) read

f, = €°g,. (13b)
The boundary condition in the asymptotic past,
Eqg. (13b), can be understood as follows. In the limit
8 — +oo, it coincides with the Feynman boundary
condition and thus corresponds to the initial state with

a semiclassically small number of particles N 0;
finite © picks up the most favorable state with non-

zero N.

The number of equations in the boundary value
problem (12a), (13) is equal to the number of
unknowns. Generically, for a given value of 0, this
problem has a unique solution @(t, x). We call this
solution a “rea-time instanton,” as it lives on the red
time axis, in contrast to the ordinary instanton, whichis
defined in Euclidean time. Note that the boundary con-
dition (13b) impliesthat the real-time instanton is com-
plex-valued. On the other hand, its imaginary part
should vanish in the asymptotic future due to condition
(134). Let us discuss the consequences of this property.
Assumethat, at large (but finite) times, the solution gets
linearized about some real static configuration,
@(t, X) = @(x) + dq(t, X). Then, Eq. (12a) implies that
Imd@— 0ast —» +o0. Thisamountsto requiring that
the configuration @, is unstable; consequently, Imdg
evolves along its negative mode, Imdg@ et The
natural candidatefor @y(x) isthe static solution “ sitting”
on top of the potential barrier separating the sectors of
theinitial and final states. Accepting the terminology of
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gauge—nggstheon% [3], wecal this solution “ sphale-
ron.”

We arrive at the conclusion that the real-time instan-
tons describe the formation of the sphaleron ast —»
+co0. Thisis, in fact, acommon property of solutionsrel-
evant for collision-induced tunneling at energies higher
than Eg5[14, 6, 10]. The transition is completed by the
decay of the sphaleron into the states of interest, which
proceeds with probability of order one.

The last saddle-point equation obtained by varying
the functional (11) with respect to the parameter 0
relates the value of 6 to theinitial number of particles,

N :J'dkfkg;:.

Substituting the solution into Eq. (11), one obtains the
formula (4) with the suppression exponent

(14)

H (15)

Fo(R) = N6+ 2imES[ @ ] + X
[ 2

Notethat thetermin bracesisthe action of thereal-time
instanton integrated by parts with respect to time.

At finite value of the parameter 6 (the nonzero value

of N), the real-time instanton is by construction a
smooth solution to the equations of motion and has a

well-defined classical energy E,(N). Att —» +oo, the
real-time instanton describes semiclassical evolutionin

the final state. Thus, EO(N) coincides with the energy
of the final state saturating the probability (3). This
means that, if we restrict the sum in (3) to the states

with the fixed energy E = E,(N) (cf. [11]), we obtain

the same result (4). One concludes that EO(N) is the
optimal energy for tunneling from the states with the

given number of particlesN = N /g?. The limit

E, = limEy(N)

N-O

(16)

determlnes the optimal energy for collision-induced
tunneling.? It is easy to understand the most favorable
transition at higher energies. The system releases the
energy excess (E — E,) by a perturbative emission of a
few particles (which costs only a power suppression in
g% and tunnels at the optimal energy E, [7, 10]. Dueto
this process, F(E) staysconstant at E > E,, i.e., formula
(2) holds.

Let usillustrate our method by considering asimple

example. We consider afree massless scalar field ¢(t, x)
living in (1 + 1) dimensions on a haf-line x > 0 with

2 the case of scalar theories, such asolution is known as a “criti-
cal bubble” [1].

3In general, we cannot exclude the situation when Ey( N) —> 00
as N — 0. Inthe example below, E, isfinite.



56 LEVKOV, SIBIRYAKOV

self-interaction localized at the boundary point x = 0.
The action of the model is*

1 Dloo 2 N
S= = (dtrE [dx(8,9)° —pu[1— t,oNIo, (1
ng 5‘2{ X(0,0)" —H[1 - cos(¢( ))]E (17)

where the parameter | sets the characteristic energy
scale of the boundary interaction. Model (17) isusedin
solid state physics to describe the transport in quantum
wires [17] and Josephson chains with defects [18]. A
detailed semiclassical treatment of model (17) is given
in[10].

Modée (17) has a number of vacua @, = 2rm, n = 0,
+1, ..., which are separated by the potential barriers of
the height Eg = 2u/g? determined by the maximum of
the boundary potential. One al so finds an unstabl e static
solution @, = 11, sphaleron, which “sits’ on thetop of the
“first” potentia barrier. The processweareinterested in
is the tunneling between the vacua @ = 0 and @ = 21t
induced by highly energetic particle scattering off the
boundary. To cal culate the minimum suppression expo-
nent and the optimal energy of this collision-induced
tunneling process, one finds the family of real-time
instantons by solving the boundary value problem
(12a), (13).

Since the bulk evolution of @(t, X) is that of a free
massless scalar field, we represent the general solution
in the form

Ot X) = Gin(t+x) + dou(t—x), (18)

where ¢;, and ¢, are the incoming and outgoing
waves. The boundary interaction leads to the nonlinear
equation at x = 0,

J,¢0 = using x = 0. (29

Due to condition (13a), the outgoing wave ¢, is real.
Introducing the real and imaginary parts of the incom-
ing wave, ¢;,(&) = a(&) +ib(g), onerewrites Eq. (19) as
a set of two real equations
b' = psinhbcosu, (20)
u' = 2a —pcoshbsinu, (21)
where u(§¢) = a(€) + ¢,,(&). The remaining conditions
inthe asymptotic past, Eq. (13b), should beimposed on
the frequency components of theincoming wave ¢;,. To
this end, one performs a Fourier expansion of ¢;,,,

Pin(t+X) = jdk%(k)e‘k“”),

and finds that the positive and negative frequency com-
ponents of the solution, f_, and g*,, are proportional to
0in(—K) and ¢;,(K), k > 0, respectively. Thus, Eq. (13b)

(22)

4Normally, one should use some infrared regularization for the
massless scalar model in (1 + 1) dimensions. However, the spe-
cifics of the regularization turn out to be irrelevant for our pur-
poses.

takes the form ¢;,(—K) = €9[9;,(K)]*, where k > 0. It is
straightforward to check using the Cauchy formulathat
the latter condition is equivalent in its turn to the fol-
lowing relation between the real and imaginary parts of
theinitial wave (see[10])

&1b'(€4)
&1—¢°

where the integral is understood in the sense of princi-
pal value. We use Eq. (23) as an alternative formulation
of condition (13b) in our model.

It is aso required that the functions ¢;,, ¢, have
appropriate asymptotics. To ensure a finite number of
particles in the initial state, we require the incoming
waveto bewell localized, $;,(§) — 0as& —» too. In
addition, as the initial state is an excitation above the
vacuum @ = 0, wewrite ¢y (§) — 0 at § — —0. On
the other hand, as we have already discussed, the rele-
vant solution contains the sphaleron at t — +o0. Thus,
Oow(§) —> TASE —> +oo.

Problem (20), (21), (23) can be solved numerically
by the following iterative method. At each cycle of iter-
ations, one starts from the function® u = u©(€) and
solves Eq. (20) explicitly

1+e°1
1-e°T¢

a(g) = @Idél (23)

_ Ty o 0
b(¢) = IntanhE)——Icosu (§)dE, +kO, (24)
o2 O

where K is an integration constant. Then, integrating
numerically Egs. (23), (21), onefinds a(¢) and u(g) for
agiven value of K. Finaly, one picks up the value of K
such that the function u(¢) has correct asymptotics as
& — oo, Inthisway, the improved approximation for
u(&) is obtained and a new cycle of iterations begins.
After 30 cycles, one obtains the solution with precision
of order 10°5.

Given the family of real-time instantons, one calcu-
lates numerically the suppression exponent F,(8) via
Eg. (15) and also the energy E.(6). To calculate the
number of particles, it is convenient to recast Eq. (14)
in the form

~ o 2 .
N=g'N = —mjdza(ﬁ)b(z)- (25)

The functions F,(6), E,(6), and N () determine the
dependence of the suppression exponent and the energy

on N. These are plotted in Fig. 1. Taking the limit
N —~ 0, one obtains F,, = 10.27, E, = 2.65E¢. Thus,
the semiclassical suppression factor is exp(—10.27/g?)

at al energies exceeding E, = 2.65E¢, and the suppres-
sion is even stronger at lower energies.

5 At the very first cycle, onetakes, e.g., uQ(€) = W2 + arctan(uE).
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Fig. 1. Suppression exponent (a) and energy of real-time
instantons (b) versus the number of incoming particles in
the model (17).

In conclusion, we summarize our method. To calcu-
late the minimum suppression exponent F,, and the
optimal energy E, of acollision-induced tunneling pro-
cess, onefindsthefamily of complex classical solutions
and real -time instantons satisfying boundary conditions
(13). Given the real-time instantons, one cal cul ates the

number of particles N; the suppression exponent
F.(N); Egs. (14), (15); and the energy E,(N). By
itself, the quantity F.,(N) provides the lower bound on

Fm, EQ. (5); the limit N—0 yieldsF,,, and E, accord-
ing to Egs. (6), (16).

ACKNOWLEDGMENTS

We are grateful to S. Dubovsky, V. Rubakov, P. Ti-
nyakov, and F. Bezrukov for helpful suggestions. This
work was supported in part by the Russian Foundation

JETP LETTERS Vol. 81 No.2 2005

for Basic Research (project nos. 02-02-17398 and
NS-2184.2003.2) and by fellowships of the “ Dynasty”
foundation (awarded by the Scientific Board of
ICFPM). Thework of D.L. was supported by the CRDF
(award no. RP1-2364-MO-02) and INTAS (grant
no. Y S03-55-2362). D.L. is grateful to the Universite
Libre de Bruxelles for hospitality.

REFERENCES

1. S. R. Coleman, Phys. Rev. D 15, 2929 (1977); 16,
1248(E) (1977); Lecture Delivered at 1977 International
School of Subnuclear Physics (Erice, Italy, 1977),
HUTP-78/A004.

2. A. A. Belavin, A. M. Polyakov, A. S. Schwartz, and
Y. S. Tyupkin, Phys. Lett. B 59, 85 (1975).

3. N. S. Manton, Phys. Rev. D 28, 2019 (1983); F. R. Klin-
khamer and N. S. Manton, Phys. Rev. D 30, 2212 (1984).

4. A.Ringwald, Nucl. Phys. B 330, 1 (1990); O. Espinosa,
Nucl. Phys. B 343, 310 (1990).

5. A. N. Kuznetsov and P. G. Tinyakov, Phys. Rev. D 56,
1156 (1997).

6. F. Bezrukov, D. Levkov, C. Rebbi, et al., Phys. Rev. D
68, 036005 (2003); Phys. Lett. B 574, 75 (2003).

7. M. B. Voloshin, Phys. Rev. D 49, 2014 (1994).

8. V. A. Rubakov and D. T. Son, Nucl. Phys. B 424, 55
(1994).

9. V.. Zakharov, Nucl. Phys. B 353, 683 (1991); G. Vene-
Ziano, Mod. Phys. Lett. A 7, 1661 (1992); M. Maggiore
and M. A. Shifman, Nucl. Phys. B 371, 177 (1992).

10. D. G. Levkov and S. M. Sibiryakov, hep-th/0410198.

11. V.A. Rubakov, D. T. Son, and P. G. Tinyakov, Phys. Lett.
B 287, 342 (1992).

12. P.G.Tinyakov, Phys. Lett. B 284, 410 (1992); A. H. Mugl-
ler, Nucl. Phys. B 401, 93 (1993).

13. G. F. Bonini, A. G. Cohen, C. Rebbi, and V. A. Rubakov,
Phys. Rev. D 60, 076004 (1999).

14. F. Bezrukov and D. Levkov, Zh. Eksp. Teor. Fiz. 125,
938 (2004) [JETP 98, 820 (2004)].

15. P. G. Tinyakov, Int. J. Mod. Phys. A 8, 1823 (1993).

16. C. Rebbi and R. J. Singleton, hep-ph/9706424.

17. C.L.Kaneand M. P. A. Fisher, Phys. Rev. Lett. 68, 1220
(1992).

18. R. Fazio, K. H. Wagenblast, C. Winkelholz, and
G. Schon, Physica B (Amsterdam) 222, 364 (1996).



JETP Letters, Vol. 81, No. 2, 2005, pp. 58-61. Translated from Pis' ma v Zhurnal Eksperimental’ nor i Teoreticheskor Fiziki, Vol. 81, No. 2, 2005, pp. 65-69.
Original Russian Text Copyright © 2005 by Konorov, Serebryannikov, Ivanov, Akimoy, Alfimov, Scalora, Zheltikov.
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We report experimental evidence of waveguide self-compression for high-power Cr: forsterite-laser femtosec-
ond pulses in a hollow photonic-crystal fiber. Dispersion spreading typical of low-intensity laser pulses is
replaced by nonuniform compression for pulses with high power (above 100 MW) with the compression effi-
ciency reaching its maximum around the peak of the laser pulse. © 2005 Pleiades Publishing, Inc.

PACS numbers. 42.65.Wi; 42.81.Qb

Transmission and control of high-power ultrashort
laser pulses are the key problems of high-field physics
and laser technologies. Self-focusing and optical break-
down limit the use of standard optical fibers for these
applications. Hollow fibers with a solid cladding [1]
radically enhance nonlinear-optical interactions [2],
allowing the formation of ultrashort light pulses[3, 4]
and providing high efficiencies of high-order harmonic
generation [5, 6]. Such fibers are, however, intrinsically
multimode and offer only limiting options for broad-
band dispersion control.

Hollow-core photonic-crystal fibers (PCFs) [7-9]
can support isolated trully guided modes of high-power
laser radiation [10], thus, suggesting unique possibili-
ties of dispersion tailoring [8]. Recent experiments
demonstrate that hollow PCFs substantially enhance a
broad class of nonlinear-optical processes, including
stimulated Raman scattering [11], off-resonance four-
wave mixing [12, 13], coherent anti-Stokes Raman
scattering [14], and self-phase modulation [15]. Tem-
poral and spatial self-action of high-power laser pulses
in hollow PCFs gives rise to temporal solitons [16, 17]
and self-channeling of laser radiation [ 18]—interesting
new propagation regimes of ultrashort intense-field
pulses.

Earlier studies [19] revealed the high potential of
hollow PCFs for linear compression of prechirped
high-power laser pulses, allowing the creation of all-
fiber-optic chirped-pulse amplifiers. The idea of this
work is to use a gas-filled hollow PCF to integrate a
nonlinear-optical phase modulator and a chirp compen-
sator with aspecial dispersion profile. Our experiments
on thetemporal self-action of multimegawatt femtosec-

ond Cr: forsterite-laser pulsesin a hollow PCF indicate
guided-wave self-compression of laser pulses of this
class.

The hollow-core PCFs designed for the transmis-
sion and nonlinear-optical transformation of high-
power ultrashort laser pulses had a period of the photo-
nic-crystal cladding of about 5 um and a core diameter
of approximately 50 um (Fig. 1). The basic waveguid-
ing properties of such fibers have been discussed else-
where[20]. Thetransmission spectraof thesefibersdis-

RILA DSt |
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Fig. 1. An SEM cross-section image of the hollow photonic-
crystal fiber.
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Fig. 2. The effective mode index ng — 1 and the group-

velocity dispersion D as functions of the radiation wave-
length for the fundamental mode of the hollow PCF with the
cross-section structure shown in Fig. 1.

play characteristic well-pronounced isolated pass-
bands, which are related to the photonic band gaps of
the periodically structured cladding. The passbands in
the PCF transmission were tuned by changing the struc-
ture of the fiber cladding [21].

To model the guided modes and transmission spec-
tra of hollow PCFs, we numerically solved the wave
equations for the transverse components of the electric
field using a modification of the technique developed
by Poladian et al. [22]. We consider awaveguide where
acentra cylindrical part with aradius R and a compli-
cated refractive index profile is surrounded by a solid
uniform cladding with the refractive index ny. The two-
dimensional refractive index profile n(r, ¢) in cylindri-
cal coordinatesr and ¢ in the central part of the struc-
tureis represented as an expansion in polynomials and
periodic functions in such away as to provide the best
fit for the hollow core and the photonic-crystal cladding
of the PCF (examples of such expansions can be found
in[13, 23]). Thewave equationsfor the transverse com-
ponents | = Y(r, ¢) of the electromagnetic field are
written as

W 10w, 10 2 ayy = WP
F+rar+rza¢2+v(r1¢)w_ww! (1)

where V2(r, §) = K2R(n¥(r, ) — n3 ), kis the wave num-

ber, W2 = KRY(n% — Nn3), Ny = B/K is the effective
mode index, and 3 is the propagation constant for the
waveguide mode defined as an eigenvalue of Eq. (1).

Inside the central cylindrical domain with theradius
R, the field is represented, according to Poladian et al.
[22], as an expansion

W 9) = 5 AmWm(r, ¢) 2
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Fig. 3. Diagram of the experimental setup.

in the set of basis functions

Wonr, 9) = €™ BN 0w+, (W, (3)
where

(W) = n8nofl + Ko(WIES, (@

B (W)
_a ) (=1)" o ()
= nD 6m,o+ (1 6m,O)Km(\N)WK'm(\N)_Km(\N)D'

and K, (X) is the modified Bessel function of the mth
order.

Outside theinner domain with theradius R, the solu-
tion to EqQ. (1) isrepresented as

(r9) = B ™Ky (W), (6)

Substitution of Egs. (2) and (6) into Eq. (1) yieldsan
eigenfunction and eigenvalue problem for a matrix
equation with eigenfunctions and eigenvalues identi-
fied asfield intensity profiles and propagation constants
of waveguide modes, respectively.

The group-veocity disperson (GvD) D =
—21cA~2dPB/dwy’ (where B is the propagation constant of
the waveguide mode; A and w are the radiation wave-
length and frequency, respectively; and cisthe speed of
light) is the key parameter of a fiber controlling the
pulse lengthening rate for ultrashort light-field wave-
forms. Lines 1 and 2 in Fig. 2 represent the effective
mode index ng — 1 and the GVD as functions of the
radiation wavelength for the fundamental mode of a
hollow PCF with the cross-section structure shown in
Fig. 1. The results of the calculations presented in
Fig. 2 show that the hollow PCF designed for this study
provides anomalous GVD (D > 0) within a broad spec-
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Fig. 4. Cross-correlation traces for Cr: forsterite-laser
pulses at the output of the hollow PCF (1, 2) and at the out-
put of the laser system (3). The energy of the laser pulse at
the input of the PCF is (1) 50 nJand (2) 35 pJ.

tral range, including the fundamental wavelength of Cr:
forsterite-laser radiation (1.25 um). Such afiber alows
self-compression of Cr : forsterite-laser pulses due to
the GVD compensation of the chirp of these pulses
induced by self-phase modulation in the hollow-core of
the PCF filled with a gas having a nonlinear refractive
index n, > 0.

The laser system employed in our experiments
(Fig. 3) consisted of a Cr**: forsterite master oscillator,
a stretcher, an optical isolator, a regenerative amplifier,
acompressor, and acrystal for frequency doubling. The
master oscillator, pumped with a fiber ytterbium laser,
generated 50-70-fslight pulseswith arepetition rate of
120 MHz, acentral wavelength of 1250 nm, and amean
power of about 300 mW. These pulses were then trans-
mitted through a stretcher and an isolator to be ampli-
fied in an Nd: Y LF-laser-pumped amplifier. Amplified
pulses with an energy up to 100 pJ were recompressed
to a 100—200-fs pulse duration in a grating compressor.
Approximately 50% of the radiation energy was lost at
this stage.

A cross-correlation technique was used to measure
the temporal envelope and the duration of the laser
pulses transmitted through the hollow PCF. The signal
coming out of the PCF was mixed with a fundamental -
wavelength reference Cr: forsterite-laser pulse in a
BBO crystal with a thickness of about 1 mm (Fig. 3).
The resulting sum-frequency signal was measured as a
function of the delay time between the signal and the
reference pulse to give the cross-correlation trace.

A standard micro-objective served to couple the
amplified Cr: forsterite-laser pulses into a hollow PCF
filled with atmospheric air and placed on a three-
dimensional trandlation stage. Beam coupling was opti-
mized to provide the maximum efficiency of the funda
mental-mode excitation in the PCF. The input laser
pulseshad aninitial duration of about 270 fs(curve 3in
Fig. 4) and energy ranging from 10 nJ up to 50 pJ.

The results of the cross-correlation measurements
are presented in Fig. 4. In the regime of low intensities,
the laser pulsesincrease their pulse width asthey prop-
agate through the PCF. Pulseswith aninitial duration of
about 270 fs and an energy of 50 nJ lengthen up to
approximately 350 fs as they reach the output of the
fiber with alength of 9 cm (curve 1LinFig. 4). The high-
intensity laser pul ses experience self-phase modulation
dueto the Kerr nonlinearity of the gasfilling the hollow
core of the PCF. The characteristic length for this non-
linear-optical processL,, isdetermined by the nonlinear
coefficient y = n,w/cSy, where S is the effective area
of thewaveguide mode, and the power of thelaser pulse
P: L, = (yP)™. For laser pulses of 1.25-um radiation
withaninitial duration of 270 fsand an energy of 35 uJ,
the characteristic length of the self-phase modulationin
ahollow PCF filled with atmospheric air at the pressure
p=1am(n,=5x 10" cm?W), L, =6.3cm, isless
than the chosen PCF length. The optical nonlinearity of
the gas in the fiber core under these conditions gives
rise to a noticeable chirp of the laser pulse.

In the regime of anomalous dispersion provided by
the hollow PCF, laser pulses experience nonuniform
frequency deviation and their duration decreases. A
typical duration of a laser pulse with a power P =
130 MW at the output of the PCF is about 210 fs
(curve 2in Fig. 4). High-order dispersion noticeably
distorts the output pul se. Comparison of curves 1 and 2
in Fig. 4 shows that the highest efficiency of the pulse
compression is achieved around the peak of the laser
pulse, where the laser intensity reaches its maximum.
Off the laser pulse peak, the radiation intensity islower
and the optical nonlinearity is smaller. As a result, the
pulse edges virtually coincide for low- and high-inten-
sity pulses (see Fig. 4). A further increase in the input
energy of the laser pulses gave rise to a considerable
distortion of the output pulses. This tendency can be
attributed to the ionization nonlinearity of the gas fill-
ing the fiber core, as well asto the solitonic effects.

The experiments presented in this paper show that
hollow PCFs with a specia dispersion profile can effi-
ciently control the duration and the waveform of high-
power ultrashort laser pulses. We have experimentally
demonstrated a waveguide self-compression of
ultrashort pulses with a power exceeding 100 MW. We
expect that dispersion optimization of hollow PCFs,
extended to include high-order dispersion terms, multi-
soliton interactions, and ionization nonlinearity, should
allow the creation of efficient fiber-optic compressors
and transmission lines for high-power ultrashort laser
pul ses.
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The photoluminescence (PL) of GaN quantum dotsin an AIN matrix is studied. It is found that the maximum
of the PL line does not shift when the laser excitation power varies. The transient PL spectra indicate that the
guenching kinetics is nonexponential and the quenching law depends on the spectral range. The experimental
data are explained in the framework of a model taking into account the strong built-in electric field in wurtzite
structures and the transport of charge carriers between them. © 2005 Pleiades Publishing, Inc.

PACS numbers: 78.55.Cr; 78.67.Hc

In recent years, quantum wells (QWSs) and quantum
dots (QDs) based on group 111 nitrides have been inten-
sively studied. The structures grown in the wurtzite
phase are of special interest. This is due to the occur-
rence of a built-in electric field along the (0001) axis
induced by the spontaneous and piezoel ectric polariza:
tion of the QW (or QD) materia and the barrier. The
values of the electric field strength reported in the liter-
ature for GaN QDs in an AIN matrix vary from
3.8MV/cm[1] to7MV/cm[2]. Such astrongfield sub-
stantialy affects the optical properties of structures
with QDs.

The main manifestation of the internal electric field
is the quantum dimensional Stark effect: the energy of
the recombination emission is less than the bandgap
energy of bulk unstrained GaN in large-size QDs (the
height of the dotsislarger than 3 nm at the averagefield
of 5MV/cm [3]). The energy of dimensional quantiza-
tion in small-size QDs is sufficiently large; therefore,
the energy of recombination emission exceeds the
bandgap energy of bulk GaN. As aresult, the energy of
recombination emission variesin awide rangefrom 2.3
to 4.2 eV upon variation of the QD sizes [3-6]. More-
over, oppositely charged carriers are spatially separated
by theelectricfield, resultingin anincreaseintheir life-
time.

Screening the built-in electric field with nonequilib-
rium charge carriers can change the QD energy spec-
trum and hence the spectrum of the emitted light and
the lifetime of the nonequilibrium charge carriers [3].
The theoretical calculations performed in [1] demon-
strate that the screening of the built-in electric field by
two pairs of free charge carriers leads to a shift of the
GaN/AIN QD photoluminescence (PL) line by several
tens of millielectronvolts. The line shift of the transient

PL of QDs found experimentally at room temperature
[7] and at liquid helium temperature [8] makes up
amost 1 eV. Asfar as we know, this energy shift isthe
largest for semiconductors and semiconductor struc-
tures. It is evident that such a large shift cannot be
explained only by the screening of the built-in electric
field. Estimates show that each QD must contain sev-
eral tens of electron-hole pairsfor the observed shift to
be provided by the screening of the electric field; this
will inevitably cause fast (from 0.1 to 1 ns) Auger
recombination. However, the PL shift is observed
within several milliseconds after the excitation pulse.

In this work, the steady-state and transient PL of
QDs was studied to elucidate the mechanisms deter-
mining the recombination emission spectrum of GaN
QDsin an AIN matrix under various excitation levels.

The structures with self-organized GaN/AIN QDs
were grown by molecular beam epitaxy on a sapphire
substrate in the (0001) direction. NH; was used as the
source of active nitrogen. The given sequence of layers
was accomplished as follows: a buffer AIN layer
(100 nm) was grown first, and then 3D islands of GaN
wereformed on the AIN surface. It wasfound by reflec-
tion electron diffraction that the islands were formed at
extremely thin coatings corresponding to two GaN
monolayers without the formation of a two-dimen-
sional GaN layer. These data were confirmed in study-
ing the samples by high-resolution transmission elec-
tron microscopy. The height (4—6 nm) and the diameter
(1520 nm) of the QDs were also determined (see the
inset in Fig. 1b). The density of the QDs did not exceed
10" cm™. The layer of GaN QDs was covered by a
10-nm AIN layer. To increase the emission intensity,
this procedure was repeated ten times. Nevertheless,
the number of layerswith QDswas sufficiently small to
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Fig. 1. Steady-state PL spectra: (a) spectrameasured at var-
ious temperatures and (b) temperature dependence of the
PL line maximum. The inset in the figure shows an image
of GaN QDsin an AIN matrix obtained with atransmission
electron microscope (TEM).

minimize the effects associated with the nonuniformity
of QD excitation, which were discussed in [9].

The excitation of the steady-state photolumines-
cence was carried out by a He—Cd laser with a wave-
length of 325 nm (3.81 eV) and by the second harmonic
of an Ar* laser with awavelength of 244 nm (5.08 eV).
The diameter of the excitation light spot on a sample
was approximately 0.25 pm. The transient PL was
excited by pulsed nitrogen laser radiation (a wave-
length of 337 nm and a half-height pulse duration of
7 ns) with a pulse repetition frequency of 1 kHz. The
energy density in a laser radiation pulse was
0.02 mJcn?, and the beam diameter was about 5 mm.
Note that the radiation energy of all the lasers used in
this work was lower than the AIN bandgap (6.2 eV).

Figure 1 presents the steady-state PL spectra mea-
sured at various temperatures and the temperature
dependence of the position of the PL peak. It isevident
No. 2
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Fig. 2. Steady-state PL spectrameasured with various pump
powersat 13 K.

that the PL maximum at 5 K lies at 2.55 eV, which is
approximately 0.9 eV lower than the bandgap width of
bulk unstrained GaN (3.47 eV). The PL line width at
half-height comprises about 0.7 meV. Thisline was not
observed inthe GaN and AIN films. With increasing the
temperature from 5 to 300 K, the PL intensity drops
approximately by afactor of 2.5, whichisinsignificant;
the line shape and half-width remain virtualy
unchanged (Fig. 1a); and the PL maximum shifts
toward the region of low energies by approximately
80 meV in accordance with the decrease in the bandgap
width of bulk GaN (Fig. 1b). The data obtained indicate
that the radiative recombination of nonequilibrium
charge carriers occursin GaN QDs.

The emission of GaN QDs bel ow the bandgap width
of bulk GaN is due to the quantum Stark effect [10].
The dependence of the optical transition energy on the
QD height at different values of the electric field was
reported in[3]. According to this dependence, theemis-
sion with energy at 2.55 eV observed in QDs 5 nm in
height (which equals the average height of the QDs
studied in this work) corresponds to an electric field of
5.5 MV/cm. The broadening of the PL lineisrelated to
fluctuations of QD sizes. In the structures grown with
QDs, the height varied from 4 to 6 nm. This corre-
sponds to the recombination emission energy in the
range from 2.2 to 3.0 eV at the above field value. The
weak drop in the PL intensity with temperature con-
firms the occurrence of strong charge carrier localiza-
tion in QDs. In fact, under the action of the built-in
field, electrons and holes shift toward the vertex and
base of the QD, respectively, because of which the car-
riers undergo additional localization at barriers. With
increasing temperature, the degree of localization
decreases, resulting in an increase in the probability of
the capture of charge carriers by radiationless sites,
which occur in QDs.

Figure 2 presents the spectra of steady-state PL
measured at 13 K and various laser excitation powers.
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Fig. 3. Transient PL spectra: (a) spectra measured at differ-
ent instants of time after an excitation pulse; (b) PL decay
curves at different points of the spectrum.

The figure demonstrates that the QD PL spectrum cov-
erstheentirerange of visibleradiation. The appreciable
luminescence in the range of photon energieshv >3 eV
is associated with recombination in small-size QDs,
which aso occur in the studied samples according to
electron microscopy data. The PL spectrum varies
insignificantly upon varying the pump power. It should
be noted that the relative PL intensity in the low-energy
spectral region increases upon decreasing the pump
power. Such arelativeincreaseinthe PL intensity inthe
red spectral region was more pronounced at room tem-
perature, and the PL spectrum shifted toward the red
side approximately by 200 meV upon decreasing the
pump power from 10 to 0.01 mW.

The transient PL spectra of QDs at T = 5 K are
shown in Fig. 3a. This figure demonstrates that the PL
spectrum at small delay times after the excitation pulse
isbroad and spansthe entire visiblerange. In the course
of time after the excitation pulse, the PL line becomes
narrower and the maximum shifts toward the low-
energy sidefrom 3.0to 2.2 eV. The main shift of the PL
line takes place in the first 10 ps after the excitation
pulse. The decrease in the width of the PL spectrum

points to the fact that the recombination of nonequilib-
rium charge carriers in small-size QDs is faster than
that in large-size QDs.

ThePL decay law at different points of the spectrum
ispresented in Fig. 3b. It isevident that thislaw isnon-
exponential at all spectral lines and strongly varies
along the spectrum. The decay law in the high-energy
part of the spectrum is well approximated by the 1/tY
law withy = 2, indicating that the lifetime dispersion of
nonequilibrium charge carriers in QDs is significant.
The most interesting experimental observation is the
constancy of the PL intensity within about 10 ps after
the excitation pulse in the low-energy wing of the PL
line (curve Ain Fig. 3b). The QD PL decay law remains
virtually constant upon increasing the measurement
temperature up to 300 K. The QD PL decay law mea-
sured in thiswork differs from the data reported in [2].
In thiswork, it was inferred from measurements of PL
kinetics in a narrow time range up to 1ns that the QD
PL decay is exponential. Nevertheless, an increase in
the PL decay time in the red spectral region was also
noted in this work. The relatively long absence of the
decay of red PL found in our work means that the con-
centration of nonequilibrium charge carriers in large
QDsremains constant during thistime. Hence, the loss
of nonequilibrium charge carriersin large QDs due to
recombination is replenished by the external supply of
charge carriers. It should be noted that the PL intensity
in the high-energy line wing almost completely
decays in the same time (curve C in Fig. 3b); that is,
nonequilibrium charge carriers virtually do not remain
in small QDs.

The experimental data presented above indicate that
the huge shift of the transient PL line toward the red
side within some time after the excitation pulse is pri-
marily associated with the dependence of the lifetime
of nonequilibrium charge carriers in QDs on their
height. This dependence appears because of the occur-
rence of the built-in electric field in wurtzite structures
with QDs. This conclusion is in agreement with the
data of theoretical calculations [1], from which it fol-
lows that the lifetime of nonequilibrium charge carriers
in QDs changes by more than one order of magnitude
upon changing the QD height by 1 nm, and also with
the experimental data on the lifetime in QDs obtained
by other authors [7].

The unusual PL decay law in the red spectral region
is evidently related to the transition of charge carriers
from small-size QDs to larger QDs. The rather high
density of QDsin our structures gives grounds for such
asuggestion. Correlation between the onset time of PL
decay in large QDs and the time required for the com-
plete depletion of small QDs also provides evidencein
favor of this suggestion. The invariability of the PL
decay law with increasing temperature points to a tun-
neling mechanism of exciton transfer between QDs. At
the same time, the supply of charge carriers from some
local centersin the AIN matrix would lead to approxi-
No. 2
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mately the sameincreasein the PL decay time of large-
size and small-size QDs. It should be noted that exciton
transfer between QDs was observed previously in QDs
of other types, for example, between InAs QDs in an
AlAsmatrix [11].

Thus, the PL of self-organized GaN QDs was stud-
ied in this work. A PL line below the GaN bandgap
width related to recombination in QDs was found. The
line maximum in the transient spectrum shiftsto thered
side by approximately 1 eV for several tens of micro-
seconds. This shift isassociated with the dependence of
the recombination rate of charge carrierson the dot size
in the strong internal electric field. The long decay of
the low-energy region of the transient spectrum is also
caused by the transfer of nonequilibrium carriers from
small to large GaN QDs.
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The temperature dependences of resistivity and thermal emf on a Kondo lattice are calculated using the spin-
polaron approximation. The peaks and sign reversal points of thermal emf as afunction of temperature and con-
centration below the temperature of the transition to the paramagnetic state are determined. The concentration
region containing the metal—insulator transition below the Curie temperature and the shift of the upper spin-
polaron band are calculated. © 2005 Pleiades Publishing, Inc.

PACS numbers. 72.15.0m; 72.20.—

Intensive studies of manganites are stimulated by
both the existence of the giant magnetoresistance effect
and the possibility of application of these materials in
spintronics. The magnetic ordering changes from the
antiferromagnetic to ferromagnetic (FM) type, and the
semiconductor—metal transition occurs at the critical
concentration of the substitution of bivalent Ca?* and
Sr2* jons for trivalent lanthanum ions [1-3]. Above the
critical concentration (x > x.), the resistivity in the FM
region below the Curie temperature drops abruptly and
is correctly described in the double exchange model [4].
In the vicinity of a concentration of x ~ 0.5, the metal—
insulator transition is observed in La, :Cay5_,BaMnO,
[5] below the Curie temperature Ty, /T, = (x = 0) 0.87,
(x=0.1) 0.78, and (x = 0.2) 0.6. This transition can be
interpreted using the phase-separation model. In other
words, regions with the metal- and semiconductor-type
conductivity exist due to small-radius polarons. How-
ever, the values of the activation energy calculated from
the temperature dependences of the Seebeck coefficient
ST) and resitivity differ from each other by an order
of magnitude.

Available theories cannot explain an increase in the
absolute value of thermal emf in double-layer mangan-
ites RSr,Mn,O; (R = La, Pr) in the helium temperature
range [6]. The minimum observed in the ST) depen-
dence for Lay (Sr;_,Ca)Mn,O; in the temperature
interval 60 K < T <150 K can be interpreted as a com-
plex contribution from phonons and electronsto T) =
A/T + BT. The sign reversal of the thermoelectric coef-
ficient as a function of the temperature and concentra-
tion in manganites is explained by the presence of two
types of carriers (electrons and holes) with different
activation energies.

In this study, the above-mentioned effects are
described in the Kondo-lattice model using spin
polarons as charge carriers. The temperature and con-
centration ranges in which the Seebeck coefficient
changes its sign and the metal-insulator transition
occurs below the temperature of the transition to the
magnetically ordered state are determined as functions
of the spin-polaron band popul ation and the Hund inter-
action parameter. The model proposed herediffersfrom
the double-exchange model, in which the hopping of
Mn ions over g, levels leads to the formation of ferro-
magnetic exchange, while hopping over t,, states leads
to the antiferromagnetic exchange between localized
electrons. We assume that the motion of charged carri-
ers takes place in the oxygen system and that the elec-
tron spin is polarized by the ordered arrangement of
manganese spins due to the hybridization of oxygen
and manganese ions. According to the x-ray diffraction
data [7], the weights of the 3d°L* and 3d°L? states are
approximately equal to 41 and 9%, which corresponds
to one- and two-hole states. These states are located in
the gap, and they can be treated as impurity bands near
the chemical potential and described in the model of
nearly free electrons. As applied to manganites, our
model presumes that the substitution of the bivalent ion
Sr2* or Ca?* for the trivdent La®* ion leads to an
increase in the concentration of holes on oxygen ions.
Oxygen nonstoi chiometry also forms the hole states on
oxygen.

Spin-polaron excitations can be calculated in the
framework of the Kondo-lattice model using the
method proposed by Barabanov et al. [8]. The Hamilto-
nian has the form

H = Ho+Hy+Hy,
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_ + _ +
HO - ztgar +g,aar,o - zekak,oak,ov
r,g k
Hl =J Z ar 01S]0-01 0, r gy

r,0,,0,

(D

= _‘Z(Il§+gl§ +1,5. ),

where summation is carried out over the cubic lattice
sites, I, and |, arethe exchange i nteractions between the

nearest and next-to-nearest neighbors, a;,c is the cre-
ation operator for an electron with the spin index o =
+1, H, isthe Hamiltonian of the s—d interaction, and 6"
are the Pauli matriceswitha =x,y, z.

Let uswrite the equations of motion for the Green's
functions describing the motion of the electron over
oxygen ions. The electron spin interacts with the mag-
netically ordered spins of manganese ions. Using the
random phase approximation, we close the system of

equations for the Green's functions [, ,|a; , Mand
b, ola; , [ where b, = §66 0,8, ad a =X, y.
These equations have the form

J
56

(w—e)Gi = J(1+m=2nm)G;,
G, = U3, Ja 0 G = [Ib, Jay o0

(0-8)Gy = 1+

Jm
£ = €0+ 0 —
k kT2 H,

)

= —2(t,y(cosk, + cosk,) + t,cosk,),

€ = 2(2101‘*'22‘32)52"'3%21]"'%

n= EsﬁaT +a,a

Here, by 4, 8 4 and G, arethe Fourier transforms of
the corresponding single-node operators and Green's

functions, respectively, ¢, , = [er§+g1 . ¥ S?Sﬂgl s
the spin—spin correlation function for transverse spin
components, and z; and z, are the numbers of the near-
est and next-to-nearest neighbors. All energies are mea-
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sured from the chemica potential 1. The excitation
spectrum has the form

0y, 2(K)
3
= %[sk-"eki/\/(sk_ek)z"'xlzgl-;m—n } )

The chemical potential is calculated self-consis-
tently for a given electron concentration n,

- %zIdoof(w)%lmGl, 4)
k

wheref(w) = (exp(w/T) + 1)~. Summationiscarried out
over 8 x 106 pointsin thefirst Brillouin zone. Here, we
analyze the effect of magnetic ordering on the transport
properties. For this reason, we consider the magnetic
system in the adiabatic approximation to simplify the
problem. The free energy expansion gives a power

dependence for magnetization m = m,/J1-T/T_,
wherem, variesfromm, = 3.8z inLaMnO;[9] tom, =
2.8y in CaMnO; [10]. The spin—spin correlation for
the transverse spin components in the phase-transition
region is about ¢, ~ 0.1m, for r = 1 in accordance with
Monte Carlo calculations in the classical Heisenberg

model [11]. Forr = /2, wehavec,, ~ C4/ /2. Thetem-
perature dependence of ¢, and ¢, was described by the
power function ¢, , = Gy H(T/T)?for T<T.and ¢, , =
Ca 22 — TIT)? for T > T.. The typical values of
exchangeintegrals, |, ~1meV and |, ~ 0.2 meV [12],
are three orders of magnitude smaller than the hopping
integral and practically do not affect conductivity. The
temperature of the transition from the magnetically
ordered state to the paramagnetic phase in manganites
variesin theinterval 150 K < T, < 300 K, and we used
the normalized quantity T4/t = 0.15 in our calculations.
The dynamic conductivity o and the thermoelectric
coefficient S were calculated using the Kubo—Green-
wood formula [13]

2
e 1n
o= =L",

=
iL”
eT W

- TZZJ’ Daf(w)DA 2(k, w),

13 3 e on

where Aj(k, w)
Green's function.

According to the calcul ations of the electron density
functional LDTA + U, the gap width for the Mn-O

)

= (UmMImG,4(k, w) is the spectral
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Fig. 1. (a c) Resistivity p(T)/p(Ty) and (b, d) thermal emf ST)/YT,) vs. the normalized temperature for J/t = (a, b) 8 and (c, d) 3

and x = (1) 0.1, (2) 0.3, (3) 0.5, and (4) 0.65.

chargetransfer in LaMnO;is(g,—¢&4) ~3.2€V [14] and
the upper edge of the electron excitation band for oxy-
gen lies below the chemical potential level by ~ 1 eV.
The Mn—Mn electron orbitals do not overlap directly;
the overlap integral of the wave functions between the
Mn and O ions is t(pdo) = -1.99 eV and t(pdm) =
1.1 eV, and t(ppo) = 0.7 eV and t(ppr) = —0.16 eV for
the O-O overlapping [15]. Electron excitations are
localized on the manganeseions due to the large charge
gap and Coulomb interaction, and nonstoichiometry
facilitates the formation of holes with a higher mobility
in the oxygen subsystem. The exchange interaction of
hole spins on the oxygen ions with the spins on the
manganese ions leads to the splitting of the hole band.

Numerical calculations of the transport coefficients
by formulas (5) give two main temperature depen-
dences of resistivity: a sharp decrease in the resistivity
at atemperature of T < T, X < X4 and at the metal—
insulator transition at Ty, < T, X > X;. The correspond-
ing p(T) dependences are shown in Fig. 1. This behav-
ior becomes clear from analysis of the spectrum of
spin-polaron excitations and the density of states g(w).

In the vicinity of the Curie temperature, the two sub-
bands overlap and form a peak of g(w) in the overlap
region. For low concentrations X < X, the chemical
potential lies at the bottom of the band. Upon cooling,
the bands split and the chemical potential level getsinto
the van Hove region in the lower band. Since the con-
ductivity is proportional to the density of states N(O) at
the chemical potential level, this behavior givesriseto
asingularity in the p(T) dependence. In the concentra-
tion range x4 < X, the density N(0O) of spin-polaron exci-
tations decreases sharply during the formation of long-
range magnetic order, which corresponds to semicon-
ductor-type conductivity. The transition temperature
Ty depends on the s—d interaction parameter and the
band population and is determined by the shift of the
chemical potential level from the upper subband to the
lower one upon an increase in magnetization. The elec-
tron group velocity decreases sharply in this case, v, =
[ (K), and the conductivity is of the semiconductor

type, because o ~ v N(0)2, with a peak of ppa(Tw) at

the temperature at which the chemical potential level
exactly coincideswith the bottom of the upper subband.
No. 2
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Figure 2a shows the dispersion curves in the [111]
direction for two temperatures. T<T,, and T > T,,. The
density of states remains virtually unchanged at these
temperatures (Fig. 2b). Band splitting increases with
the s—d interaction parameter, and higher electron con-
centrations are required for the chemical potential tolie
in the upper band. This leads to an increase in the
metal-insulator transition temperature Ty, which is
observed in Fig. 1.

The calculated temperature dependences of thermal
emf are in qualitative agreement with the conductivity
type. Namely, the Seebeck coefficient for p(T) of the
metal and semiconductor types increases and
decreases, respectively, with increasing temperature
(see Fig. 1). In the quasi-two-dimensional case, this
correlation isviolated. Figure 3 showsthe p(T) and (T)
curves for the anisotropic hopping parameters t,/t,, =
0.1, which ae typical of double manganites
LaSr,Mn,0;[16]. Thethermal emf attainsits minimum
in the region of the transition to the paramagnetic state
and changes its sign from positive to negative both in
temperature and in concentration for x. < x. The sign
reversal of T) is due to the specific behavior of the
density of states in the vicinity of the chemical poten-
tial, which is shown in Fig. 2. For example, the densi-
ties of states for w > 0 and w < 0 in the energy range
close to the Curie temperature differ from each other
by several times, while the density of states g(w) in
the low-temperature range for constant parameters x
and J is practically symmetric with respect to the
chemical potential in the interval Aw = 2T.. Doped
manganites are semimetals in accordance with the
spin-resolution photoemission data [17]. The calcu-
lated p(T) and S(T) dependences qualitatively explain
two peaks in the temperature dependence of the ther-
mal emf with a minimum in the vicinity of the Curie
temperature in La; ,Sr; gMn,O; [18] and the sign
reversal of the thermal emf asafunction of thetemper-
atureinLa _,CaMnO; for x=0.32[19]. Theregionin
which the thermal emf changesits sign in the magneti-
cally ordered state at T < T, strongly depends on the
dimensionality of the space and is shown on the x-J
phase diagram in Fig. 4a.

The conductivity calculated using the dynamical
mean field method disregarding the dependence of the
electron self-energy on the quasimomentum [4]
decreases rapidly with increasing magnetization
p(m)/p(m = 0) = 1 — Cnr?. In this approximation, it is
impossible to obtain a metal-insulator transition in
temperature for Ty, < T,.

In our model, we assume that conduction is realized
over oxygen ions and that the upper edge of the band
shifts towards high frequenciesat T < T, wheret, = t,,,
and the shift increases with concentration (see Fig. 4).
Theintrinsic absorption edge corresponding to agap of
approximately 1 €V is determined from the diffuse
reflection spectra for Lay Srg;MnO; [20]. In the tem-
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(2) 0.88.

perature range from T, = 155 K to 140 K, the intrinsic
absorption edge shifts by a giant value of about 0.4 eV
[20]. Figure 4 shows the theoretical and experimental
results, which are in satisfactory agreement. According
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to Demin et al. [20], the red shift of the gap is associ-
ated with the shift of the top of the valence band and
rules out the el ectron-phonon interaction mechanismin
view of its smallness, because the isotopic effect is
small in this band [21].

The application of our spin-polaron model for
describing the transport properties of manganites is
restricted to metallic compounds with a long-range or
short-range ferromagnetic order in the vicinity of the
Curie temperature. In the framework of thismodel, itis
impossible to obtain the temperature dependence of
resitivity for nonferromagnetic doped manganites.
The temperature and magnetic-field dependences of
resigtivity in these compounds are described in the
inhomogeneous-state model [22], in which aferromag-
netic polaron is pinned at an impurity center or moves

very slowly in the insulator matrix. The main contribu-
tion to transport in this case comes from electron hop-
ping from one stationary ferron to a neighboring one.
The resistivity in the phase-separated region is gov-
erned by the Mott law p(T) ~ Texp(A/2kgT), where the
energy barrier height A ~ e’/ R depends on the ferron
radius R;. Our model can be used in the concentration
range0.18 <x<0.5for Lg; _,A,MnO;, A =Ca, Sr [23]
andintherange0.2 <x<1forLa,_,Sr , »,Mn,0O;[16]
and other ferromagnetic compounds exhibiting the
metal—nsulator transition in temperature.

Thus, the interaction of free charge carriers with
localized spinsin therange of high concentrations|eads
to aresistivity peak below the Curie temperature. The
peak observed in the p(T) dependence for manganites
with the FM ordering is also successfully explained in
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Fig. 4. (8 Lines on the x-J phase diagram separate the
upper region with the sign reversal of thermal emf at T< T,
from the lower region with S(T) > O for t,/t,,, = (1) 0.1 and

(2) 1. (b) Normalized shift of the upper edge of the spin-
polaron excitation band Wi(T)/W,(T,) — 1 as a function of

the normalized temperature T/T for J/t = 8, x = (1) 0.15,
(2) 0.25, (3) 0.35, and (4) Lag gSrg ;MnO5 [20].

the spin polaron model asin the case of lower concen-
trations. The sign reversal in the temperature depen-
dence of the Seebeck coefficient, as well asin its con-
centration dependence, also fits the spin-polaron exci-
tation model without including the phonon mechanism
or phase separation. The splitting and shift of the spin-
polaron band satisfactorily correlate with the shift of
the top of the valence band determined from the diffuse
scattering data for manganites.
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X-ray absorption spectrafrom iron donor impuritiesin mercury selenide have been analyzed in a concentration
range where the Fermi energy of conduction electronsis close to the energy of the donor d level. At high impu-
rity concentrations, the resulting spectrum corresponds to the completely filled donor state and coincides with
the spectrum of abivalent iron ion. A transition to an intermediate-filling state is observed with decreasing the
concentration. The spectra are quantitatively analyzed in a model implying the existence of a mixture of ions
that contain and do not contain a donor electron in abound state. It has been found that such amodel is signif-
icantly inconsistent with the experimental data. It has been shown that the concentration dependence of the
X-ray spectra corresponds to the manifestation of the significant hybridization of localized and delocalized
donor electron states in the conduction band. © 2005 Pleiades Publishing, Inc.

PACS numbers; 71.55.Gs; 78.70.Dm

The aim of thiswork isto demonstrate the manifes-
tation of the effects of the hybridization of electron
states on an impurity of atransition d element with the
states of the conduction band of a semiconductor in
X-ray absorption spectra. The problem of revealing a
role of such a hybridization arises when interpreting
certain dependences in electron phenomena observed
when impurity energy levelsliein the conduction band,
which can be realized in narrow-gap and gapless semi-
conductors. Mercury selenide with iron impuritiesis a
remarkable object of investigations in this field. It has
been found that Fe?* ionsin the HgSe gapless semicon-
ductor have a donor level a an energy of about 0.2 eV
above the conduction band edge [1-3]. When, with
increasing the impurity concentration n;, the Fermi
energy of conduction electrons reaches this level (at
n; ~ 5 x 10%*® cm3), phenomena associated with such a
resonance are observed. Among these phenomena are
the stabilization of the electron concentration and the
maximum of electron mability with increasing the con-
centration of impurities above the resonance level. In
many works reviewed in [4, 5], the hybridization of
electron states was thought to be immateria when
explaining such phenomena. Accordingly, it was
assumed that impurity ions Fe** and Fe** that respec-

tively give and do not give an electron to the conduction
band coexist near the resonance. In the framework of
this concept, to explain the observed dependences, one
must accept an assumption that the impurity electron
density is ordered [6] and other assumptions whose
strict justification is difficult. At the same time, it has
been shown recently [7, 8] that the main resonance effects
can be consistently explained by the hybridization of eec-
tron states, which is described by the theory of the reso-
nance scattering of conduction e ectrons on donor impuri-
ties. For this reason, it appears necessary to obtain or jus-
tify the absence of direct experimenta evidence of
hybridization. X-ray spectra of absorption on impurities
can provide such evidence. It isevident that the solution to
this problem concernsawide range of systemswith impu-
rity energy levelsin the conduction band.

Experiments on Fe L; x-ray absorption spectrawere
carried out at the Berkeley synchrotron (ALS) on mer-
cury selenide with iron impurities with concentrations
beginning with the resonance concentration. Iron L
(2ps, — 3d4s transition) absorption spectra have
been measured with an energy resolution of 0.8 eV in
the total-electron yield mode.

The figure shows the resulting spectra. We first dis-
cuss the data for the maximum concentration 102 cm 3,

0021-3640/05/8102-0072$26.00 © 2005 Pleiades Publishing, Inc.



EXPERIMENTAL EVIDENCE OF THE HYBRIDIZATION 73

Such a concentration istwo orders of magnitude higher
than the resonance value. In this case, one should
expect that the manifestations of electron states on
impurities nearly coincide with the manifestations of
bound electrons. Therefore, the spectrum observed for
this concentration apparently corresponds to the Fe?*
ion at any possible types of states in the resonance con-
centration range. Such an interpretation of this spec-
trum is corroborated by analyzing the data of the same
experiment specially carried out for the x-ray absorp-
tion on zinc selenide crystals with iron impurities with
aconcentration of 6 x 10?° cm. According to the cur-
rent concepts, iron impurity ions are in the Fe?* state in
zinc selenide and the d energy level is located in an
energy gap; i.e., it corresponds to a bound state [9].

The change in the spectrum with decreasing the
impurity concentration is associated with atransition to
incomplete occupation of electron states localized on
impurities. If the donor state is thought to be bound, it
isnecessary to assumethat it becomes unfilled for some
impurities and remains completely filled for the
remaining impurities. Therefore, the manifestations of
the mixture of Fe** and Fe** ions must be observed. At
the same time, the thermal ionization of impurities is
insignificant at this temperature, because the stabiliza-
tion of the electron concentration is manifested. In this
case, the absorption intensity | for this model in the n,
impurity concentration range under consideration must
be described by the formula

I = igNg +i1(N—Ng;). 1

Here, i, and i, characterize absorption by the Fe** and
Fe?* ions, respectively, and ny; isthe Fe* ion concentra-
tion, which is equal to the conduction € ectron concen-
tration n,. The value n, for the given samples was deter-
mined in [7] and is presented in the table (second row)
with the correction made for room temperature. The
relative concentration of the Fe3* ions, which is deter-
mined in the bound-state model asny/n;, is presented in
the sixth row of the table. The second termin Eq. (1) is
the contribution to | from Fe** ions, the number of
which is determined by the difference between n; and
Nng; (i.e., between the first and second rows of table).

Our aim is to determine whether the Fe** ion con-
centration corresponding to the observed intensity of
the x-ray absorption spectra agree with the values that

Table

1.0 F ;

n =5x10" em”

Intensity (arb. units)
(=]
W
[

710 715
Photon energy (eV)

Fe L3 x-ray absorption spectrain the HgSe:Fe system. The
solid lines are fitting curves. The iron impurity concentra-
tions are given on the plots.

are predicted in the bound-state model and presented in
the fifth and sixth rows of the table. To find the relative
contributions of the Fe** and Fe** ions to the total
absorption spectrum, we decompose the spectrum into
two components thus, involving the absorption spectra
of the standards for the bound states of Fe** and Fe**
into the description of the shape and energy position of
the partial intensities iy and i;. The aforementioned Fe
L5 absorption spectrum from the ZnSe:Fe sample with
an iron concentration of 6 x 10%° cm= is used as the
standard for Fe?*. The calculated multiplet of the Fe**
L5 absorption spectrumin atetrahedral field [10] isused
as the standard for Fe**. Such afield is realized in the
HgSe:Fe system. We emphasize that, if the experimen-

Impurity concentration n;, 10 cm3

Conduction electron concentration n, 108 cm=

Fe* ion concentration ng;, 108 cm~3 (experiment)
Relative Fe* ion concentration ng/n; (experiment)

Fe* ion concentration ny;, 10'® cm (bound-state model)
Relative Fe>* ion concentration ngy/n; (bound-state model)

5 10 50 200

2 2.5 3.9 5

2 3.3 125 36
0.38 0.33 0.25 0.18
2 2.5 3.9 5

0.4 0.25 0.08 0.025
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ta Fe L, absorption spectrum from Fe,O; is used

instead of the calculated Fe** spectrum, the results
change only dightly. Therefore, the final conclusions
are insignificantly sensitive to the choice of the Fe**
spectrum standard. The relative intensities of the stan-
dard contributions from the Fe** and Fe?* ions vary to
achieve the best approximation of the envelope of the
synthesized spectrum to the experimental absorption
curve. Theratio of the area under the Fe** contribution
to the area of the entire spectrum is then determined
from the synthesized spectrum for each concentration
and presented in the table as the relative concentration
of Fe* ions ny/n; (fourth row).

The comparison of the third row with the fifth row
and the fourth row with the sixth row shows that the
experimental values of both the absolute and relative
concentrations of the Fe** ions areinconsi stent with the
respective values predicted in the bound-state model.
Significant excess of the absolute and relative concen-
trations of the Fe** ionsis observed for all the interme-
diate compositions, and the ratio ny/n; varies more
slowly than the respective ratio predicted by the bound
state model. This difference can be treated as evidence
of electron localization that arises due to the hybridiza-
tion of the states of the impurity and the conduction
band. With the inclusion of hybridization, the formula

I/n; = aig+(1-0)i, 2

can bewritten instead of Eq. (1). Theright-hand side of
Eq. (2) is a characteristic of the intermediate-valence
state of each of the impurities that are equivaent to
each other, and the coefficient a varying slowly with
the concentration (the fourth row of the table) from
unity (adonor electronis given to the conduction band)
to zero (a donor electron is on an impurity) can be
caled the donor-electron hybridization coefficient.
Thus, according to the data obtained in this work, the
system of donor electron states of iron impurities in
mercury selenide is inadequate to the set of bound
states of two types and can be more adequately
described as a set of states equivalent to each other.
According to present knowledge, the formation of such
unbound states should be treated as a result of the
hybridization of electron states on impurity ionsand in
the conduction band.

Thus, in the experiments on x-ray absorption oniron
impurities in mercury selenide crystals, we have
observed a change in the electron state of the impurity
with decreasing the concentration from neutral in the
Fe?* ion lattice to the state corresponding to the inter-
mediate filling of the resonant donor level. Accepting
the justified criterion of the existence of two types of
electron bound states corresponding to the Fe** and
Fe** ions near the resonance, we have demonstrated
that this hypothesis contradicts the dependences
observed experimentally and have thereby found evi-
dence of the hybridization of bound and conduction
states.

This work was supported by the Russian Founda-
tion for Basic Research (project nos. 03-02-16246
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dent of the Russian Federation for Support of Young
Russian Scientists and Leading Scientific Schools
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Rectification Effect in a Quantum Contact

V. A. Sablikov, V. 1. Borisov, and A. |. Chmil’
Institute of Radio Engineering and Electronics, Russian Academy of Sciences,
Fryazino, Moscow region, 141190 Russia
e-mail: sablikov@gmail.com
Received November 4, 2004; in final form, December 22, 2004

The rectification of current has been observed in aquasi-one-dimensional ballistic quantum channel. The effect
is explained by the asymmetry of the potential profile in the channel. The dependence of the rectified current
on the height of the potential barrier in the channel exhibits sharp maxima, which are associated with conduc-
tance quantization steps. A model of the rectification is proposed. © 2005 Pleiades Publishing, Inc.

PACS numbers; 73.23.Ad; 73.40.Ei; 73.63.Nm

Quantum structures with asymmetric conductance
(ratchets) have attracted considerable interest in recent
years. One of the properties of such systemsis the rec-
tification of an alternating current [1]. The magnitude
and sign of the rectified current (or voltage) and its
dependence on the chemical potential are determined
by both the initial asymmetry of the structure and the
symmetry breaking under nonequilibrium conditions.
The rectification has been studied on multiterminal bal-
listic structures fabricated from semiconductor hetero-
structures[2—-6], on arrays of asymmetric electron scat-
terers[7, 8], and on vorticesin superconductors[9, 10].
The mechanism of rectification in ballistic semiconduc-
tor structures remains poorly understood despite the
seeming simplicity of the basic idea that attributes the
rectification to the asymmetry of electron scattering [2].
Experiments have revealed different dependences of
the effect on the potential across the electrodes and
even different signs of the rectified voltage. In view of
these difficulties, the role of electron—electron interac-
tion at the level of the self-consistent field of the excess
charge arising in these structures under nonlinear trans-
port conditions is discussed [11-13]. However, the
electronic structure of multiterminal mesoscopic sys-
tems is still poorly understood, and, hence, the afore-
mentioned important effect can be taken into account
only within fairly rough estimates.

In this paper, we note that the rectification effect
also occursin amuch simpler structure containing only
one quantum contact. Multiterminal structures contain
several such contacts, which can make a considerable
contribution to the effect observed in the experiment. In
principle, rectification is possible when electrons pass
through an asymmetric potential barrier. Such abarrier
can be implemented in a relatively short quasi-one-
dimensional quantum wire connecting two electron res-
ervoirs. The potentia relief in the wire is not flat due
either to the charge formed in the wire [14, 15] or sim-
ply to the charge of the nearby random impurities. In

any case, the potential relief has a maximum whose
positionisgenerally asymmetric with respect totheres-
ervoirs. We have fabricated such structures and mea-
sured the dc current component arising in them when a
low-frequency aternating voltage is applied. We have
found that a rectified current is observed even at low
voltages and that this current exhibits sharp maxima at
certain values of the gate voltages governing the elec-
tron density. Below, we describe the experiment in
more detail and propose a mechanism of this effect.

Structures with a quantum channel were fabricated
on the basis of selectively doped GaAs/AlGaAs hetero-
structures with a two-dimensional (2D) electron gas
characterized by an electron concentration of ~1.4 x
10 cm? and an electron mobility of ~3 x 10°cm?/V s
at 10 K. Using electron beam lithography and ion etch-
ing by a low-energy Ar* ion beam with subsequent
elimination of the damaged layer, wefabricated transis-
tor structures with a quasi-one-dimensional channel
and side gates lying in the 2D electron gas plane. An
electron microscope image of such astructureis shown
inFig. 1. Thelength of the channel (~0.7 um) is several
times smaller than the mean free path of electrons,
which isestimated as 2 um. The geometric width of the
channel obtained after etching is about 0.3 um. In the
normal state, the channel is usualy blocked likely due
to the charge adsorbed on the surfaces. When apositive
potential is applied to the gates, the channel isopen. In
this case, characteristic quantization plateaus appear in
the dependence of conductance G on the gate voltage
V, (Fig. 2a). The conductance was measured using a
small alternating voltage (with an amplitude of 50—
150 pV and afrequency of 130 Hz), which was applied
without any dc bias. In addition, the dc current compo-

nent j was measured. Asis seen in Fig. 2b, the dc cur-
rent exhibits sharp maxima at the points where V, cor-
responds to the values of G close to a half-integer num-
ber of the quantum 2e%/h.

0021-3640/05/8102-0075%$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Electron microscope image of a structure with a
quantum channel and side gates. The light strips are the
edges of the regions filled with the electron gas.
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Fig. 2. (@) Conductance and (b) rectified current vs. the
gate voltage at atemperature of 4.2 K. The solid lines rep-
resent the experimental data, and the dashed lines, the cal-
culation according to the model with two subbands and with
the use of the following parameters: 8 = 0.8, A = 0.05 meV,
V =0.3mV, and an intersubband energy of 4 meV.

The rectification effect can be explained as follows.
We assume that the potential relief in the quantum
channel isnonuniform and has a maximum whose posi-
tion is asymmetric with respect to the electron reser-

voirs (Fig. 3). An aternating voltage V(t) = Vsin(wt) is
applied to the reservoirs. The potential of the left-hand
reservoir isassumed to be fixed, and the potential of the
right-hand reservoir oscillates with the amplitude V.
The electrochemical potentia pig in thisreservoir varies
similarly, while the barrier height varies with a smaller
amplitude eV, where 3 is the standard phenomenol og-
ical parameter [16, 17], which ranges from 0 to 1 and
indicates the applied-voltage fraction of the voltage that
drops between the source and the maximum of the
potentia relief. If the equilibrium level of the chemical
potential | isclose to the maximum of the unperturbed
potential relief u,, within the band teVmax[3, (1 —B)],
thereisan asymmetry in the el ectron transport from left
toright and viceversa. If 3 # 1/2, the electronsfrom one
reservoir (theleft-hand onein Fig. 3) are blocked by the
barrier for a longer time as compared to the electrons
from the other reservoir. Thisisthe case where the rec-
tification of current occurs.

The quantity (3 is determined by both the geometric
asymmetry of the structure[16] (when the bottleneck of
the quantum constriction is closer to one of the reser-
voirs) and the charge arising in the quantum channel
under dc bias. Owing to this charge, the maximum of
the potential relief is shifted to one of the reservoirs
even in asymmetric structure [14, 18].

Let us find the magnitude of the rectified current
using the standard Landauer—Biittiker approach disre-
garding the effects of electron—electron interaction.
This approach gives a qualitatively correct description
of conductance quantization [19, 20] but does not
explain the fine structure of the conductance quantiza-
tion steps such as 0.7(2e%/h) feature, which is associ-
ated with electron—electron interaction. The calculation
on the basis of the Landauer—Biittiker approach is use-
ful to demonstrate the rectification effect and to deter-
mine the behavior of the current as a function of the
chemical potential, temperature, and barrier shape. The
deviation from these dependences in the experiment
would be an instrument for studying the shape of the
potential relief inthe structure and the effect of the el ec-
tron—electron interaction.

The current through the barrier is determined by the
partia currents from the left-hand and right-hand
reservoirs:

00

i = 2 Jef () Tale—ui™ + eV (D]
n o

~Tle—ul” —(1-B)eV(D]},

where € is the electron energy measured from the bot-
tom of the conduction band in the left-hand reservoir
for the electrons moving rightwards and in the right-
hand reservoir for the electrons moving leftwards, f(€)
is the Fermi distribution function, and T, (¢ — u) is the
electron transmission coefficient through the barrier in
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the nth subband. The quantity T, is considered as a
function of the energy measured from the maximum
potentia in the respective subband. In the case of the

parabolic approximation of the barrier shape u(x) ~
[u™ — mo? (x — X,)%/2], the electron transmission
coefficient is given by

To(e—u) = [1+exp{—(e—u)/B} ],

where A = AW, /21T

For simplicity, the following consideration is per-
formed for the current in asingle subband. Therectified
current

can be represented in the form

20 2 1

- _ 2eV ) 0 ofg

= Tth

x{ B[ Tr(e—ul” +BVE) + Ti(e—u" - BVE)] (2)
~(1-B)[Th(e—ul™ + (1 -B)VE)
+Th(e—ul" - (1-B)VE)1},

where q(8) = J/1-&* — Earccos(¥) and T, () =
dT,/de.

The simplest result is obtained for zero temperature
and an extremely smooth barrier (T = A = 0) when the

distribution function and the tunnel transparency are
step functions of the energy. Then, Eq. (2) yields

o 26’V
J Tth

*{Bla€)0(E)6(1-&1) +a(-€1)8(-€)8(1 + &)] (3)
—(1-P)[a(€2)0(€2)8(1 - &) + 0(-E2)8(—E,) 8L+ &)}

where & = (1 — Uy )/BV and & = (1 — Uy )/(1 - B)V.
The resulting dependence of therectified current onthe
chemical potential isshownin Fig. 4a. The current | (1) is
nonzero within the band [ — ul™ | < eVmax[B, (1 - B)].
The maximum current | = (2e2V/h)(2B — 1)/mt is
reached at p = u'™, and the shape of the peak is
described by the function g(§).
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Fig. 3. Potential relief in the quantum channel for the cases
of (solid line) zero, (dashed line) negative, and (dot—dashed
line) positive bias applied to the right-hand reservoir. In the
case of a negative bias, the electrons of the left-hand reser-
voir are blocked by the barrier and the electrons from the
right-hand reservoir pass over the barrier.
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Fig. 4. Rectified current vs. p calculated for (a) zero temper-
ature and asharp tunnel edge, A=T=0and 3=0.8, and (b)
temperaturesfrom0.2to 5K at V=0.1 mV, A = 0.05 meV,
u™ =30 meV, and B = 0.8.

At afinite temperature and A # 0, the peak of the

function j(u) is broadened to a width of about
max[ T, A] and decreasesin height. The maximum value

of j isreachedat pt = ul™ asbefore. The results of cal-

culating the rectified current by Eq. (2) for different
temperatures are presented in Fig. 4b.
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If A < T, the dependence of the maximum current on
the voltage amplitude and temperature is described by
the expressions

. 2821V
Jm= mth

Y BB revT, eV g
OoT 32 DTD T '
X[

lisg T <
E’l 6[3(1 spa-peva T av <t

Hence, when the voltage islow (eV < T), the rectified
current is proportional to the voltage squared, and when
eV > T, the rectification effect islinear in V. The maxi-
mum rectified current is of the same order of magnitude
as the alternating current. An increase in temperature
leads to a decrease in the rectified current asymptoti-
caly as~T

The current decreases similarly with an increase in
the tunneling parameter A in the other limiting case of
A>T

The direction of the current depends on the position
of the maximum of the potentia relief: electrons are
transferred to the reservoir that is farthest from this
maximum. The aforementioned peaks of the rectified
current asafunction of i must evidently arise when the
chemical potential level approaches the bottoms of the
dimensional quantization subbands in the transverse
direction.

The rectification mechanism is closely associated
with the nonlinear current—voltage characteristic,
which is strongest when the chemical potentia level is
close to the maximum of the potential relief. The
parameters that determine the nonlinearity of the cur-
rent—voltage characteristic are T and A. For a small
voltage eV < max|[T, A], the expression for the rectified
current can be obtained from Eq. (1) by expandingitin
voltage:

j= V-Z—E—Zj'dsf (e)T'(e—u)

(ev) 26(2[3 D[t €)' (e -1 + .

Averaging over time and taking into account that the
maximum of the potentia relief u depends on the gate

voltage V,, we arrive at the following relation between
j and the conductance G:
daG
_ 22[3 1dV
j=ev 2 du’ (4)
dVg

From this expression, one can see that the current | as
afunction of the gate voltage becomes maximal when
V, takes the values corresponding to the fastest growth
of conductance with V,. In the regime described by
Eq. (4), therectification effect is quadratic in voltage V.

If the applied voltage V is not small compared to
max[T, A], theexpansion in V isimpossible and the rec-
tified current is described by more general formulas (2)

and (3). Inthiscase, | varieslinearly with V.

These laws describing the rectification of current
agree qualitatively with the experiment. As the gate
voltage is varied, a sequence of peaks of current are
observed. The positions of the peaks correlate with
changes in the conductance. At the points of the maxi-
mum current, the conductance is close to half-integer
numbers multiplied by 2e?/h, which corresponds to the
points where the subband bottoms intersect the chemi-
cal potential level [21]. With increasing temperature,
the height of the peaks of the current decreases rapidly.
Figure 2 shows the results of the calculations for the
conductance and the rectified current. As is seen, they
agree well with the experiment. A detailed quantitative
comparison between the theory and experiment was
impossible, because the quality of the samples under
investigation was insufficient: the mobility of the elec-
trons and their density in the 2D electron gas were rel-
atively low. These causes gave rise to mesoscopic fluc-
tuations distorting the conductance quantization pat-
tern. Such a distortion is stronger for longer quantum
wires. For structures with parameters close to those of
our samples, the critical channel length distorting the
quantization is estimated as ~0.5 um [22]. A channel
with alength of ~0.7 um is used in our study because
an asymmetric barrier iseasily realized (randomly) ina
sufficiently long channel.

As one can see from Fig. 2, the parameters of the
model used by us can be chosen so as to obtain aqual-
itatively correct description of the two main sharp max-

ima of the current j(V, s Observed experimentally.
However, it is difficult to flt the maximum value of the
current to the experiment. In the experiment, the current
proves to be much higher than in the theory (the theo-
retical curves twofold overestimate the voltage ampli-
tude). The discrepancy between the theory and experi-
ment for the first maximum is noticeably greater than
the corresponding discrepancy for the second maxi-
mum.

The deviation of the current observed in the experi-
ment from the calculated values may be attributed to
the disregarded effects of the el ectron—electron interac-
tion, which are strongest before the first plateau of the
guantum wire conductance quantization, where the
electron density is small. At present, these effects are
being intensively investigated, and their study with the
use of the rectification effect seems to be rather prom-
ising. In view of these circumstances, it is hecessary to
carry out measurements on higher-quality structures. In
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addition, the rectification effect provides information
on asymmetry that isinitially present in the structure or
appears under highly nonequilibrium conditions. The
presence of the rectified current (and voltage) compo-
nent may be important for analyzing the conductance
guantization steps when the contact resistance is con-
Siderable.
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Low-energy singlet states of a spin-1/2 trimerized kagomé antiferromagnet are mapped to an effective quantum
dimer model on atriangular lattice. The mapping is done in the first-order of perturbation theory in a weaker
coupling constant of the trimerized model. The derived quantum dimer model is dominated by kinetic energy
terms (dimer resonances) on a few shortest |oops of the triangular lattice. © 2005 Pleiades Publishing, Inc.

PACS numbers; 75.10.Jm; 75.50.Ee

The resonating valence bond (RVB) state intro-
duced by Anderson and colleagues along time ago [1]
is nowadays a popular paradigm in condensed matter
physics. Short-range RVB states are considered to be
probable candidates for an elusive spin-liquid phase of
magnetic insulators. On a quantitative level, the idea of
short-range RVB states is formulated by so-caled
quantum dimer models (QDM) [2-4]. In QDMs, each
dimer represents asinglet state (valence bond) between
a pair of neighboring spins. The QD Hamiltonian is
defined on the Hilbert space of close-packed dimer cov-
erings of alattice. The dimer states are assumed to be
properly orthogonalized. The local dynamics of an
RVB state are typically described using only the small-
est plaguettes (T0), which are squares (square | attices) or
rhombi (triangular lattices):

o= Y (=M 4y D

+ V([ Z O] + | )]

Thefirst term is the dimer kinetic energy, which flipsa
pair of paralel dimers around an arbitrary plaquette;
the second term is the potential energy between such
pairs. Rokhsar and Kivelson [3] have shown that a
short-range RVB state given by a superposition of al
dimer coverings of a sguare lattice is an exact eigen-
state of the QD Hamiltonian for a specia choice of the
parameterst = V. On a bipartite square lattice, the RvB
state at the Rokhsar—Kivelson (RK) point has long-
range power low correlations and consequently
describes a gapless spin-liquid state [3, 5]. The small
perturbations away from the RK point will drive the
system into one of the ordered crystalline dimer states.
The QDM on atriangular lattice exhibits a quite differ-

TThis article was submitted by the author in English.

ent behavior at the RK point [5-7]. The short-range
RVB state has exponentially decaying correlators and,
therefore, should be stable with respect to deviations
from the RK point or on switching on extra perturba-
tionsto the QD Hamiltonian. Still, the question whether
such states or Hamiltonians can describe realistic quan-
tum spin systems remainsto alarge extent unsettled. In
the present work we discuss arealization of QDM on a
triangular lattice.

The most probable candidates for a singlet spin-lig-
uid ground state are frustrated quantum antiferromag-
nets [8]. Numerical exact diagonalization studies of a
spin-1/2 Heisenberg kagomé antiferromagnet have
shown that this spin model has a nonmagnetic ground
state with a large number of low-lying singlet excita-
tions[9, 10]. The available cluster sizes do not allow us
to draw a definite conclusion on the possible nature of
the singlet ground state.

One of very few analytic approaches to such prob-
lems is a strong-coupling expansion from small clus-
ters. The main motif of akagomé latticeisatriangle. It
is, therefore, natural to start from a trimerized kagomé
lattice, which is shown in Fig. 1. Such a strong-cou-
pling approach was pursued in relation to kagome anti-
ferromagnets in several theoretical works [11-14].
Recently, an experimental scheme to create a trimer-
ized kagomé |l atti ce was suggested for ultracold atomic
gases in optical traps [15]. This opens a possibility for
an experimental check of RVB physics in the corre-
sponding spin model.

The Heisenberg model on a trimerized lattice

% =Y 3,5 5 @
isdescribed by two coupling constants: J; for astronger

interaction between spins in A triangles and J, for a
weaker interaction inside v triangles. An array of iso-

0021-3640/05/8102-0080$26.00 © 2005 Pleiades Publishing, Inc.
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lated A triangles is a zeroth order Hamiltonian, which
has a highly degenerate ground state. Interactions
between A triangles should lift such a degeneracy even
in the first-order of perturbation theory.

Inthe beginning, let usderive the previousresultson
the effective first-order Hamiltonian [11-13] using
somewhat different notations. One starts with an iso-
lated triangle. Its Hamiltonian is

Hs = 34(8, (5, + S, (B + 5, [5)
= 28, + 5+ $)P- 3,85+ D).

The energy levels are determined by the total spin. For
S=1/2, which is always assumed below, the levels are

(i) two doublets with S= 1/2 and E = —ng and (ii) one

©)

quartet with S=3/2and E = g\]l. In the lowest order of

aperturbation expansion in J,/J,;, one can neglect states
with S= 3/2, which are separated from the lowest dou-
blets by a finite gap AE = ng. The two degenerate
stateswith S= 1/2 and &= 1/2 are

[d. 0= iz(ru =it ),

¥

1
O= —(2i1t1t =111 411 ),
P, Jé( )
where|d, [0sacombination of the spin-up apex spin and
a singlet bond between the two base spins (Fig. 1).
Spin-down states |[d, Oand |p, Dare obtained from the
spin-up states (4) by acting with S- operator. The choice
of thebasisis, of course, not unique. The apex spin can
beinstead put into a singlet state either with itsright or

left neighbor, which yields two other states |d) 0=
i(HT -1t )and|d} CF iz(ru — 111 ) with the

2 2
appropriate orthogonal partners |p; Oand |p; [ The

transformation from the old basis (4) to the new states
isgiven by

(4)

. 1 3 , 3 1
0= ~20,0 Lo, o= - 220, 5-Lyp,
1 J3 3,1 ©
|du|:|= _éldaD_7|paD |paD= 7|da|]_§|pau

wherea = 1, | isaspinor index. The main difference
with the previous works [11, 12] is that we use rea
basis states (4) or (5) instead of defining complex chiral
states. Thisyields a more transparent form of the first-
order Hamiltonian and simplifies the subsequent deri-
vation of aQDM.
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LXK
7 5 X
HXK
/N / N/ N\

Fig. 1. Trimerized kagomé lattice with two exchange con-
stants. Theindicated labeling of sitesand axesisused in the
text.

At this point, we introduce two sets of the Pauli
matrices: @', which act between the spin-up and spin-
down states, and T', which act in the orbital subspace
(d, p) preserving the total spin. The convenient choice
of orbital axes shown in Fig. 1 corresponds to

da0= |ds 7 T°|pa0= —|py LI (6)

Then, the orbital operators projected onto the rotated
Z2_1-21 '\_/_:_3)(1 23_121 ’\_/_g’xl
axes 1 ——2r —2r and T ——2r +2r

yield 1|d;, = |d, Cand 1°|d% O= |d’ Cand so on.

In order to find the effect of coupling J, between the
triangular blocks, we have to calculate the matrix ele-
ments of the on-site spin operators between the basis
states |d,0and |p,L] This problem is greatly simplified
once all the symmetries are taken into account. The
final resultis

1 1
S = édlo'agda—ép;o'uaps,
S5 = l-p:rxo'agpsi_l (pZO'quB+h.C.). v
3 2./3

7

The spinor structure is a consequence of the spin-rota-
tional symmetry, while the permutation symmetry P,
fixesthe orbital part in (7). The above representation is
further simplified once the total spin of atriangle S =

%c is defined and the orbital operators T are used.

Then, thenth spin (n=1, 2, 3) of theith triangular block
is represented by

Su = 55 (1+21), ®)

where Z,, goesfrom the center of atrianglein the direc-
tion of the corresponding spin (see Fig. 1).
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Fig. 2. Effective triangular lattice with five shortest |oops.
The arrow direction indicates a sign convention for the sin-
glet wave-function on each bond.

The effective Hamiltonian of the first order in a
weaker coupling J, isfound by substituting Eq. (8) into
the Hamiltonian (2):

I, = %ZZS, [5,(1+217) (1 + 21}, 9)

Gjo
where a trivial constant term —g J;N,, is omitted for

convenience. The derived spin-orbital Hamiltonian ¥,
isdefined on atriangular lattice such that every site cor-
responds to one A block of the trimerized kagomé
model and is attributed with spin and orbital operators.
The bond orientation uniquely determines the orbital
axes for two participating sites. In the following, we
drop the common energy factor J,, which is the same
for al theresults obtained in the first-order perturbation
theory.

The search for the low-energy states of Hamiltonian
(9) can be approached from a two-site problem (two
adjacent A triangles of the original kagomé lattice)
[12]. Thisproblemissolved exactly and itsground state
corresponds to a spin singlet with the orbital degrees

fully polarized along the bond: (¥;"0= [¥;"0= 1. The
ground-state energy is —3/4. A variationa solution for
the lattice problem (9) is constructed by splitting the
whole lattice into a close-packed structure of dimers
between nearest-neighbor sites such that the dimer
wave-function is given by the ground-state solution of
the two-site problem. A remarkable feature of these
variational states is that, at the mean-field level with
respect to the orbital degrees of freedom, the total
energy is just a sum of energies of individual dimers
and does not depend on a particular dimer covering of

atriangular lattice[12]. Indeed, once Etiz“ =1, then, for

the two other axes, Etf“Dz [T?DE —%. Therefore, the

expectation value of any empty bond, i.e., abond with-

out a dimer, identically vanishes over the variational
wave-function; either one or both sites of the bond have

" O= —1/2.

In [12, 16] the degenerate set of variational mean-
field states has been identified with low energy states of
spin-1/2 antiferromagnets on trimerized and isotropic
kagomé lattices. The number of low-lying singlets of
the kagomé model scales are then, as 1.15", in good
agreement with the full exact diagonalization study
[10]. The previous works leave off, however, without
answering the following questions: (i) how good is the
mean-field approximation? (ii) does the true singlet
ground state break certain symmetries of the lattice?
(i) is there afinite gap between the ground state and
the first excited singlet levels? We shall address these
problemsin the following text.

In order to go beyond the mean-field approximation,
one hasto consider the off-diagona matrix elements of
Hamiltonian (9) between various dimer configurations
as well as the corresponding overlap matrix. The gen-
eral rule to compute the overlap matrix for models,
where every dimer represents a singlet pair, is to con-
struct the transition or overlap graph by drawing two
dimer configurations on the same lattice [2]. Every
closed nonintersecting loop of dimers contributes 2/2'2
to the overlap matrix, | being the length of theloop. The
sign of the overlap matrix element depends on the sign
convention for singlet wave-functions. We adopt the
standard convention such that the singlet bond wave-

1

7
site in the pair or is directly to the right from a (see
Fig. 2).

To study the local dynamics of the valence bondsin
the trimerized kagomé mode, it is natural to select a
few shortest loops on an effective triangular lattice
shown in Fig. 2. Taking into account the orbital part of
the wave functions, the overlaps of two dimer configu-
rations on each loop are calculated as ¢, = -1/24, ¢, =
c;=-127, ¢, = -1/28, and c; = 1/25. These overlap
matrix elements are significantly smaller than for the
singlet bond configurations on the origina triangular
lattice. In the latter case, the corresponding loops have
¢, =1/2,¢c,=¢;=1/2% and ¢, = ¢5 = —1/22. The differ-
encereflectsthe fact that the loops on an effective trian-
gular |attice correspond to significantly longer loops on
the origina trimerized kagomé lattice. Note also that
loops C, and C; are different for the considered model
because the trimerized kagomé lattice has only athree-
fold rotation axis in the center of every triangle. Com-
parison of the overlap matrix elements explainswhy the
QDM s a poor approximation for a spin-1/2 Heisen-
berg antiferromagnet on a triangular lattice but might
be a good one for the trimerized kagomé model.

In[3], the derivation of QDM from a particular spin
Hamiltonian has been formulated in ageneral form via

functionis[ab] = — (1 .l ,— ! a® ), Wherebisan upper
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calculation of the inverse sguare root of the overlap
matrix. The actual calculations can be performed more
straightforwardly by operating with the wave functions.
The final result are, of course, equivalent in both
approaches. Specifically, let us consider two linearly
independent normalized states |, [land |y),[that have a
small (real) overlap W, |W,[= c. The matrix elements of
the Hamiltonian between the two states are assumed to

be known: Eyy = @ |H [0 Ey, = Ey = | H [yp0and
Ex = [,|H [P, The am isto compute the matrix ele-

ments in a new properly orthogonalized basis |¢,[1We
write for this

1, 20= AWy L1, 10
and demand that [ 1|$,[= O, [ 1[9;[F (o[ = 1.
Thisyields

(10)

M= —2

1+p®-2uc

C

1+ J1-c

Now, calculating the matrix elements between the new
states and assuming E,; = E,,, for simplicity, we find

h=

I~Ell =Ep+

- ElZ) '
(12)

= C
E12 = E12 + _CZ(CE:LZ - Ell) .
Since |c| < 1, one can safely neglect ¢? in the denomi-
nators and also use Y = ¢/2.

Returning back to model (9), let us explicitly write
the wave-functions of the two dimer configurations for
the shortest loop C; while numbering the sites counter-

clockwise starting from the left lower vertex:
|y, 0= [12][43] |d,d>d5d,L]
|y 0= [32][41] |d;d>d3d, L]

Here, thefirst part of |, ,Lis given by aproduct of two
spin singlet states, while the second part is an orbital
wave-function represented as a product of states (4) or
(5) such that every siteisinfully polarized orbital states
along one of the z, axes. An explicit calculation gives
for the diagonal matrix element a sum of two dimer

energies Ey; = ,|H1 [yy0= W,|H: [y,0= =372, while

the off-diagonal matrix element is E;, = [,|H1 [yy0=

9/64. Substituting the above values into Eg. (12), we

obtain for the properly orthogonalized basis
3,3 ~ 3

E11——§+ _EMF V, E12=—65—t.

(13)

(14)

The off-diagonal matrix element Ex isidentified with
the kinetic energy term in the corresponding QDM
Hamiltonian. It amountsto lessthan 5% of the coupling
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constant J,. The diagona matrix element Ej; is split
into the mean-field energy Eyr = —3/2 and an excess
part determined by quantum fluctuations. This excess
partispresent only if two paralel dimersoccupy anele-
mentary plaguette and should be identified with the
potential energy V of QDM. The ratio of the potential
energy to the kinetic term constant is very small V/|t| =
1/16. Note that t < O in the above calculation. As was
noted in [3, 5], the sign of t isamatter of convention. A
gauge transformation from real wave-functions used to
calculate Eqg. (14) for complex wave-functions with
appropriately chosen phase factors leadsto t — —t
(see below).

Since the potential energy V is very small, the next
relevant interaction in the QDM Hamiltonian may be
resonances along longer loops. Let usfirst consider the
loops C, and C;, which can be investigated by asimple
extension of the previous analysis. For two dimer con-
figurations consisting of three dimers aong theloop C,
(c, = =1/28), the diagonal matrix elements coincide
again with the mean-field result E,; = E,, = —9/4 while

E, = -9/2°. Using Eq. (12), we find that, for the prop-

erly orthogonalized basis, E1 =-27/21° =t while the
potential energy term is vanishingly small V/t = 1/28,
For loop Cs (c5 = 1/2%), explicit calculations yield

E12 =0 or no tunneling. This can be understood by
drawing the two dimer configurations on a correspond-
ing cluster of akagomeé lattice and noticing that they are
exact degenerate eigenstates for such a cluster.

Finaly, let us consider the loops C, and C;. One
cannot use the previously derived Eq. (12) in this case
since, in addition to the two dimer configurations reso-
nating along a perimeter of C,, there is an extra state
with three parallel dimers on the same parallelogram.
The first two state are denoted by |g,0and |Y,0)
W,|y, = ¢ and the third state by |Wsl) W5, 0= c.
Three orthogonal states are constructed similar to
Eq. (10):

|4, 2 CO[ W, 20 W5, G- W,

(15)
|6 5L W3- R, B W,0].

The orthogonality conditions yield i = %c + 0@,

which coincidesin the leading order with Eq (11) The
second relation for the relevant case |c] < |c] < 1

becomes ' = ZB: ——czD The resonances around

smaller loopsleadto arenormal ization of thelargeloop
resonance. Now, calculating the matrix elements of the
Hamiltonian between states (15), we find that the reso-

nances on smaller loops, that is, E13 and E23, do not
change compared to Eq. (12), whereas the large loop
resonanceis

élZ =E;,+ (C2 —C)E; -

CEy,. (16)
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Using the above expression to calculate the resonance
of the singlet bonds on C, and C;, we find that in both

cases Ep = 15/21° = —t, The potential energy term is
again extremely small.

Following [6], let us consider now more carefully
the issue of the sign of the kinetic energy coefficientst.
To change the sign of the resonance matrix element for
the shortest loop, one multiplies the basis states by a

r+nl,e_nl,o

factor i" , Where, for a given dimer configura-
tion, n, counts the number of dimers on links pointing
upwards and right and n; ¢(n, ,) counts the number of
dimers on links pointing upwards and left from sites
with even (odd) vertical coordinates. Dimerson strictly
horizontal bonds do not contribute to the phase factor.
By means of this operation, every resonance move
along C,; loops picks up an extra (-1) factor, thus,
changing t; — —t;. At the same time, the resonance
moves along C, and C; loops and does not change its
sign, while the sign change takes place again for the C,
loops: t, 3 — t, 3 and t, — —t,. An effective QD
Hamiltonian for the trimerized kagomé antiferromag-
net is, therefore, dominated by kinetic energy termsfor
resonance moves between the orthogonal dimer config-
urations|¢, Cand |<|>|'n [(for every loop C,, of four differ-

enttypesn=1, ..., 4 on an effective triangular lattice:

Hoo =5 ~tolo, T0).

(17)

n

The kinetic matrix elements are t; = 3/25, t, = t; =
-15/20, and t* = —27/2°. The tunneling matrix ele-
mentsfor thelonger loops have no significant smallness
compared to the strongest resonance move: t,/t; =
-0.56, t, 5/t; = -0.31. They have also different signs,
which leadsto frustration and a sign problem for possi-
ble Quantum Monte Carlo investigations of this model
[17].

The QDM (17) with only the shortest loop reso-
nance was investigated in [5, 6] via mapping to a frus-
trated Ising model in a transverse field. The ground
state of the dimer model is believed to be a crystalline

J12 x /12 state, which consists of locally resonating
dimer pairs and breaks the trandational symmetry of
thelattice. Such astate should have afully gapped exci-
tation spectrum. The properties of the QDM (17) with
several dimer resonances are not clear at the moment.
Since the potential terms are vanishingly small, the QD
Hamiltonian is far away from the RK pint and the
ground state should break certain lattice symmetries.

The excitation spectrum is also expected to be gapped
unless a fine tuning of t, drives the system towards a
transition point between two crystalline states.

In conclusion, the presented derivation of QDM for
aredlistic spin model on a trimerized kagomé lattice
illustrates the generation of small energy scalesin frus-
trated quantum magnets. The dimer resonance matrix
elements in (17) are given by small fractions of a
weaker exchange constant, e.g., t; = 0.047J,. In awide
temperatureinterval t; < T < J,, the quantum spin sys-
temsare described by an RVB liquid of singlet pairs. At
very low temperatures T < t;, a valence bond crystal
probably replacesthe RV B state. The dimer crystalliza-
tion is, however, driven by local resonances. Therefore,
variational mean-field type approaches[12, 14] are not
capable of describing the precise nature of the corre-
sponding ground states.

The author is grateful to D.A. Ivanov and G. Jackeli
for interesting discussions.

REFERENCES
1. P. Fazekas and P. W. Anderson, Philos. Mag. 30, 423
(1974); P.W. Anderson, Science 235, 1196 (1987).
B. Sutherland, Phys. Rev. B 37, 3786 (1988).

3. D. S. Rokhsar and S. A. Kivelson, Phys. Rev. Lett. 61,
2376 (1988).

4. R. Moessner, S. L. Sondhi, and P. Chandra, Phys. Rev.
Lett. 84, 4457 (2000).

5. R. Moessner and S. L. Sondhi, Phys. Rev. Lett. 86, 1881
(2001).

6. R.Moessner and S. L. Sondhi, Prog. Theor. Phys. Suppl.
145, 37 (2002).

7. A.loselevich, D. A. lvanov, and M. V. Feigelman, Phys.
Rev. B 66, 174405 (2002).

8. A. Auerbach, Interacting Electrons and Quantum Mag-
netism (Springer, New York, 1994).

9. P.Lecheminant, B. Bernu, C. Lhuillier, et al., Phys. Rev.
B 56, 2521 (1997).

10. C. Waldtmann, H.-U. Everts, B. Bernu, et al., Eur. Phys.
J. B 2,501 (1998).

11. V. Subrahmanyam, Phys. Rev. B 52, 1133 (1995).
12. F. Mila, Phys. Rev. Lett. 81, 2356 (1998).

13. C. Raghu, I. Rudra, S. Ramasesha, and D. Sen, Phys.
Rev. B 62, 9484 (2000).

14. R. Budnik and A. Auerbach, Phys. Rev. Lett. 93, 187205
(2004).

15. L. Santos, M. A. Baranov, J. I. Cirac, et al., Phys. Rev.
Lett. 93, 030601 (2004).

16. M. Mambrini and F. Mila, Eur. Phys. J. B 17, 651 (2000).

17. Similar results have been recently obtianed by F. Mila
et al., private communication (2004).

N

JETP LETTERS Vol. 81 No.2 2005



	43_1.pdf
	47_1.pdf
	53_1.pdf
	58_1.pdf
	62_1.pdf
	66_1.pdf
	72_1.pdf
	75_1.pdf
	80_1.pdf

