Proc. Estonian Acad. Sci. Phys. Math., 1995, 44, 2/3, 266-273
https://doi.org/10.3176/phys.math.1995.2/3.16

TWO-BAND ELECTRON-PHONON INTERACTION IN
FULLERENE IN THE BOND-CHARGE MODEL

Matteo DOMINONI®, Giorgio BENEDEK",
and Nikolai KRISTOFFEL*: ®

¢ Dipartimento di Fisica Universita degli Studi di Milano (Department of Physics, University of
Milan), via Celoria 16, I-20133 Milano, Italia (Italy)

b Permanent address: Eesti Teaduste Akadeemia Fiiiisika Instituut (Institute of Physics, Estonian
Academy of Sciences), Riia 142, EE-2400 Tartu, Eesti (Estonia)

Received 30 August 1994, accepted 17 April 1995

Abstract. A simplified bond—charge model calculation of the electron—phonon (W.,) and exchange
(Wzc) coupling constants entering the two-band model for superconductivity in doped Ce is
presented. The dynamics for the isolated molecule is restricted to the bond stretching modes, and
the electronic states near the HOMO-LUMO gap are represented within a four-parameter tight-
binding scheme. We have obtained W, = 1.2 meV and W, = 39 meV, which is in reasonable
agreement with previous estimations by Kristoffel and Ord (Phys. stat. sol. (b), 1993, 175, 1, K9-
K12; Fullerene Science and Technology, 1994, 2, 3, 201-212).

Key words: fullerites, superconductivity, electron—phonon interaction, exchange coupling, isotope
effect.

1. INTRODUCTION

Recently the class of organic superconductors has been enriched by the
discovery of superconductivity in alkali-doped fullerites A3Cego (With A =
K or Rb) with a fairly high critical temperature (e.g., 7. = 33 K in Rb3;Cgp
[ 2]). Despite the great effort made to elucidate this new phenomenology,
the pairing mechanism for fullerene compounds remains elusive, more or
less like the one for cuprate perovskites. Electron—phonon interaction is
commonly held responsible for superconductivity in alkali-doped fullerites
within the conventional BCS scheme [* ], but several objections have
been raised to the values and properties of superconducting parameters in
favour of alternate or cooperative mechanisms [>~7]. Various arguments,
however, indicate that the vibronic coupling, being enhanced by a small
mass of carbon atoms, and electron correlations should play a key role in
the superconductivity in fullerites.
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In previous works Kristoffel and Ord [* °] have shown that the two-
band model provides a suitable theoretical framework to understand
the mechanism of high-7. superconductivity in the systems with a
semiconducting gap, notably in alkali-doped fullerenes. A theoretical
analysis shows that, besides the two-band electronic exchange term W, a
crucial contribution to the coupling mechanism (isotope effect) originates
from the two-band electron—phonon interaction W,,,.

Although W, is considerably smaller than W,.., the two mechanisms
are shown to cooperate in determining a comparatively high critical
temperature [*°].  Thus, a thorough knowledge of high-frequency
intra-molecular phonon states seems necessary to perform a quantitative
calculation of such superconducting properties as the isotope shift and the
critical temperature. A very good description of phonon dynamics for both
Ceo and Cy9 has recently been obtained by means of a transferable bond-
charge model (BCM) ['* '']. This model allows for the electronic degrees
of freedom associated with the dynamical bond polarizability and the ion—
ion interaction mediated by the interposed bond charge. The latter is shown
to provide a quantitative value for the electron—phonon interaction W,
required in the two-band theory of superconductivity.

In this paper we present a simplified BCM calculation of electron—
phonon and exchange coupling constants, where the dynamics of an
isolated Cgp molecule is restricted to bond stretching modes. Moreover,
the electronic states near the gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are
represented within a four-parameter tight-binding linear-combination-of-
molecular-orbital (LCMO) scheme.

2. BOND-CHARGE-MODEL THEORY FOR COUPLING
CONSTANTS

We describe the eigenstates of 7 electrons for an isolated molecule in
the LCMO scheme and write the wavefunctions as

¢r=Zer7rj, (1
J

where [ labels the irreducible representations of the Y}, point group which
the eigenstates belong to, as well as their components. The localized -
orbitals 7; = m;(r —r;), are centred at the midpoints of the covalent bonds
;.

The matrix element of the electron—phonon interaction that we need in
our calculation is written as

oM . oIl
VI:YI" =< Pr (’}A,Y P >= %;C[‘j cprjr < M m T >, (2)
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where the derivatives of the Hamiltonian / are made with respect to
the phonon normal coordinates A,. The index < labels the irreducible
representations which classify the Cgp phonons and their components. If
the normal coordinates are written as linear combinations of the atomic
displacements u; (y=1, 2,..., 60)

A=y eqpuy, (3)
]

the electron—phonon interaction can be expressed by a combination of local
matrix elements:

OH

oo T > . 4)

Vi = D_eri™ervjpeqis <
i

It is argued that only the m-orbitals 5 and j’, which are neighbours to
the ¢th atom, make a substantial contribution. Thus only a limited number
of matrix elements ought to be calculated — a task that many authors have
undertaken, using various theories and methods for the electronic structure
[%7). Then the coefficients cr; and e,; can easily be obtained as the
eigenvectors of the LCMO electronic structure and of the dynamical matrix,
respectively, i.e. the two problems can be solved with semi-empirical
models.

Here we consider the dynamical matrix in the framework of the BCM,
which has proved very successful for Cg ['°]. The BCM relies on a simple
description of the electron—phonon interaction, providing the coupling
between the ionic and electronic degrees of freedom. Actually we show
that the electron—phonon matrix elements we need can be approximately
expressed in terms of known BCM parameters.

The nonplanar threefold coordination occurring in fullerenes permits
the projection of the displacement u; of each atom : onto its three
bonding directions defined by the unit vectors b;(;. Thus the 180 atomic
displacement coordinates u; can be replaced by a new set formed by the
90 bond stretching s;b;(;) and by 90 longitudinal rigid-bond displacements
parallel to the bonds (d7;)b;(;). The choice of the (s;, ér;) bond coordinates
is advantageous because the contribution of each 7; state to the electron—
phonon coupling is mostly made by the bond stretching s;, whereas the
rigid-bond displacement ér; can be assumed to be ineffective. Thus we
write:

oH

Doy T >, (5)

T = D ey eyt < m;
jjlj"

where a.; are stretching eigenvectors. Then, in this representation we can
keep only the diagonal matrix elements (; = 7’) involving the same orbital
7; and only the contribution from the jth bond stretching. Due to the
Hellman-Feynman theorem, the jth diagonal element < ;|0 H/0s;|m; >
gives the change of the short-range force constant between the two atoms
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linked by the jth bond produced by the addition of one 7 electron. We
express such a force change in a linear approximation as (9®’/dY;)«
where @' is the first derivative of the short-range ion—ion potenudl and )
is the bond charge. This quantity is easily obtained from the trdnsferable
BCM potential recently introduced for fullerenes ['']. In this potential the
bond charges Y; have a known dependence on the interionic distance r;:

Y; = Yoexp[—c(rj — )] , (6)
o=!
where ¢ = 0.511 A is the charge transfer parameter. The central values

Yo = —(8/3)e and ro = 1.42 A refer to graphite. This enables us to write:

ol oV, oY /ay e

R e =
b ds; (?Yje Or; or; %

m; >R

(7

where the ion—ion short-range force constant ®’; is equal to 1453 N/m for
short bonds and 1285 N/m for long bonds (see set 1 in ['']). We note that in
evaluating the sum in Eq. (5) one may use, for simplicity and with little
error, one single average value for 7, e.g., the central (graphite) value

¢y = 1361 N/m ['']. This gives a uniform value for the electron—phonon
matrix elements

< m;|0H/ds;|m; >~ 1.0 x 107N (8)

for all bonds.

In this way the calculation of the electron—phonon matrix element
is virtually solved, being reduced to that of the electronic (LCMO) and
phonon (BCM) eigenvectors.

With regard to phonon eigenvectors we want to discuss, at this point, a
further simplification which exploits a relatively weak coupling between
the dynamics of the s; and r; coordinates. Indeed, the Cg normal
modes exhibit either a dominant stretching or a rigid-bond character,
depending on whether they fall in the high- or low-frequency regions of the
spectrum, respectively. Such a separation leads to a straightforward, albeit
approximate, handling of the problem. The dynamical matrix restricted to
only the s;-coordinates with nearest-neighbour (nn) interaction needs just
four parameters and takes the same formal structure as the LCMO matrix
when restricted to only one kind of nn 7 — 7 hopping and m-state Coulomb
integrals per bond.

In this case both LCMO and BCM matrices have two different diagonal
elements, a, and «y, due to two distinct bond lengths of Cep, and two
different nn coupling elements, (3, and [3,, associated with the long-long
and long—short nn bond pairs. The best fit of the Cq electronic states
around the HOMO-LUMO gap ["] and of the high-frequency modes ['°]
is obtained with the values

a,(LCMO) = 6.0eV,  a,(BCM) = 2.8 x 10* dyne cm™",
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a(LCMO) =2.0eV, a(BCM) = 3.4 x 10* dyne cm™',
Bop(LCMO) = —7.4eV,  f3,,(BCM) = —0.9 x 10* dyne cm™',
Bon(LCMO) = 3.2eV,  Bx(BCM) = 0.4 x 10* dyne cm™" .

The resulting eigenvalues are displayed in the Figure together with the
corresponding symmetries, and compared with the calculations by Troullier
and Martins (for the Cq electronic structure) ['?] and with the previous
complete BCM calculation (for the phonon structure) ['']. The latter
comparison is rather instructive. The stretching modes are distributed
over three spectral regions around 1500, 1000, and 600 cm™', as expected
from the complete calculation. The highest region, containing most
of the stretching modes responsible for the electron—phonon interaction,
nicely reflects the actual phonon density. On the other hand, the lower
modes become of less and less stretching character and the correspondence
between stretching and full spectra gets worse. As regards the electronic
states, apart from a scale factor depending on the fitting of different gaps
(we have used an experimental gap of 2.2 eV ['*], which is somewhat larger
than the one reported in ['?], 1.75 eV), there is a good correspondence,
except for a discrepancy for the T,, — G, splitting, which in the present
calculation is very large. Also, in this case such discrepancy is not crucial
because only the eigenvalues and the eigenvectors for the levels around the
gap are used in the calculation.

3. SUPERCONDUCTIVITY PROPERTIES

We can now evaluate the interband electron—phonon and exchange
coupling coefficients, W, and W,,, respectively, which enter a two-band
model for high-T', superconductivity in doped Cg [* °]. They are expressed
as

1 (2nd0\° 1 4 .
B M ( cYo ) 2 Eg; 2 (hwq)zlgcﬁ €rrjay;|” )
zc = 622 IT‘J L7 Ier*c[vjc[Vj:*crj, . (10)

where M is the carbon mass and the LUMO-HOMO energy separation,
Eg = Er — Ep = 2.2 eV, refers to the band centres ['*]. Here I" labels the
HOMO and covers the three components of the irreducible representation
T1u, while [ labels the LUMO and covers the five components of the
irreducible representation H,. Due to the intrinsic isotropy of the isolated
molecule, all of the 15 possible HOMO-LUMO state pairs contribute
equally to the coupling constants so that the sums over the level multiplicity
are implicit in Egs. (9)—(10).
The calculation of Eqs.(8) and (9) yields the following results:

Wep = 1.2 meV, W, =39.0meV,
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Fig. 1. The stretching vibrational frequencies (expressed in wavenumbers; A) and the electronic
levels (C) of Ce calculated with a four-parameter stretching BCM and a four-parameter LCMO
tight-binding model, respectively. The present approximated levels are compared with the
vibrational levels calculated by Onida and Benedek (B; ['’]) and the = clectronic levels by Troullicr
and Martins (D; ['?]), respectively. Note that there are 90 stretching vibrational modes (A) as
compared to the 180 modes of the whole spectrum (B; here 37 modes below 496 cm™' are not
shown). 271



W =W + Wy =40.2 meV .

These values compare very well with the values W, = 1.7meV and W, =
46 meV estimated by Kristoffel and Ord [* °] from a dielectric expression
for W, and the experimental isotope shift« = —@InT./dIn M = 0.4 (for
a critical discussion of the experimental « see [°]).

By introducing the LUMO and HOMO bandwidths (£. and F,,
respectively) and locating the Fermi level exactly in the middle of the
LUMO band (e.g., 0.5 eV above the bottom, as chosen in [®]), we have
the two-band model expressions for the isotope shift and the critical
temperature [* °]:

- EcEvWep 11
* = [60W3In[(Be + 1/2E.)/(Eo — 1/2E.)]) H
and
T,(°K) = 6.617E.(eV) exp[—1/2a(W/W,,)] - (12)

For E. = 1 eV,a = 0.4, and a critical temperature of 7. = 20 K,
one gets a ratio W,,/W = 0.034, which is in good agreement with the
calculated value of 0.030.

In conclusion, we have shown that the electron—
phonon and the exchange coupling constants entering the two-band model
for superconductivity in alkali-doped fullerite are well accounted for by the
transferable bond-charge model recently introduced for the dynamics of
fullerenes. This result provides further support to the applicability of the
two-band model to the theory of superconductivity in the systems with a
semiconducting gap.
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KAHETSOONILINE ELEKTRON-FOONON-INTERAKTSIOON
FULLEREENIS SIDEMEL ASUVA LAENGU MUDELIS

Matteo DOMINONI, Giorgio BENEDEK, Nikolai KRISTOFFEL

On esitatud fulleriitide A3Cq (A = K; RDb) iilijuhtivuse kahetsoonilise

teooria elektron—foonon- ja vahetusinteraktsiooni seosekonstantide (vasta-
valt W, ja W) arvutustulemused sidemel asuva laengu mudeli lihtsus-
tatud versiooni korral. Isoleeritud Cgy molekuli diinaamikas on arvestatud
vaid sidemete deformatsiooni, elektronseisundeid pooljuhtpilu naabruses
on klrjeldatud neljaparameetrilises tugeva seose skeemis. Tulemus W,
1,2 meV ja W, = 39,0 meV on kooskdlas iilijuhtivuse alase t66 [g "
hmnangutega Arvutatud W,,/W,. suhe on kooskdlas tsoonidevahelisel
interaktsioonil pohineva mudeli iilijuhtivuse siirdetemperatuuri ja isotoop-
efekti eksponendi valemist miiratud suhtega viimase eksperimentaalsel
viirtusel 0,4.

ABYX30HHOE 3JIEKTPOH-®OHOHHOE
B3AMMOJIEFCTBUE B ®YJUIEPEHE B MOJEJIH 3APSA/10B
HA CBA34X

Mareo JOMHWHOHMH, [ xopaxuo BEHEJEK, Hukonai
KPUCTO®EJIb

[IpencrasieHbl pe3ynbTaThl pacyeTa KOHCTAHT 3JIEKTPOH-(OHOHHOH W
obmennoii cesseit (W,, u Wy COOTBETCTBEHHO) HBYX30HHOH CXEMb
CBEPXIPOBOAUMOCTH (bynnepwros A3Cqp (A = K, Rb) B ynpoueHHOH
MOJE/IM 3apsJOB Ha CBi3sX. B nuHamuke usonupoBanHO# Monekynbl Cgg
YYUTBIBAIOTCS JIMLIb AedOpPMaLMM CBA3€H, 3JIEKTPOHHBIE COCTOSHUS B
OKPECTHOCTH TOJYNPOBOJAHMKOBOM ILEIH OINHMCBHIBAIOTCS B YeEThIpEX-

napame'rpnqecxoﬁ cxeme cwibHOi cBsi3u. [lonyueno W,, = 1,2 MaB u
Wye = 39,0 m2B B xogomeM COIIaCHM C OLEHEHHbIMH B pabore no
CBEPXIMPOBOAMMOCTH [~ 3HaYeHUSAMH. BBIYMCIIEHHOE OTHOLIEHHWE

ep/ch XOPOLLO comacye’rca C HaliJleHHBIM Ha OCHOBaHMM (opmyn
CXeMBbl MEX30HHOM CBS3M JUIS TEMIEPaTypbl CBEPXIPOBOUSILEIO
nepexoja M IMoKasaresis M30TONMUYECKOro 3ddgeKkra npH 3IKCIEpUMEH-
TaILHOM 3HaueHuu nocienHero 0,4.
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	Fig. 6. EPR spectra of LaSrAlg.99oCuo. 1004 v =9.48 GHz. Solid lines — experimental; dashed lines ---- theoretical. a, T=293 K, Kı =0.40; b, T=3OK, K;=0.39; c, T=4.2 K, Kır = 0.09.
	Fig. 7. Adiabatic potential of CuOg complexes in the cases of (a) a tetragonally extended octahedron, (b) an octahedron deformed by the hole delocalized on four-plane oxygen ions, and (c) distortions of the complex at the corresponding minima of the adiabatic potential.
	Fig. 8. Structure of a ferromagnetic cluster in a CuO, layer.

	ORIGIN OF GAP ANISOTROPY AND PHONON RENORMALIZATION
	Fig. 1. Gap function at T' = 0 for Eg. (3) with W = —0.19, V 2 = —0.34, 4’ = —2.22. Energies are in meV. Equipotentials are shown in the (k,, ky) plane.
	Fig. 2. Gap function at T' = 0 for Eg. (3) with V; = —0.29, V 2 = —0.52, w = —1.35. Energies are in meV.
	Fig. 3. Gap function at T' = 0 for Eq. (13) with V. = —0.46, w = —1.35 and « = 0.3. Energies are in meV.
	Fig. 4. Gap function at T' = 0 for Eq. (13) with V. = —0.29, u’ = —2.22 and x = 0.3. Energies are in meV.
	Fig. 5. Real part of dw,o at T = O for an isotropic s-wave (solid line), an anisotropic s-wave (dashed line), and the anisotropic d-wave (short-dashed line) case. The respective parameters are (@) Vo = —0.248, Vi = 0, (b) Vo = V) = —0.15 with u' ~ —2.22,and (c) Vo = 0, V| = —0.299 with 4’ = —1.35. Amaux = 17.6meV in each case.
	Fig. 6. The imaginary part of Šww at T = 0 corresponding to the three situations of Fig. 5

	TWO-BAND ELECTRON-PHONON INTERACTION IN FULLERENE IN THE BOND-CHARGE MODEL
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	Fig. 1. The stretching vibrational frequencies (cxpressed in wavenumbers; A) and the electronic levels (C) of Ce calculated with a four-parameter stretching BCM and a four-parameter LCMO tight-binding model, respectively. The present approximated levels are compared with the vibrational levels calculated by Onida and Benedck (B; ['°]) апа Ше п ¢clectronic levels by Troullicr and Martins (D; ['2]), respectively. Note that there are 90 stretching vibrational modes (A) as compared 10 the 180 modes of the whole spectrum (B; here 37 modes below 496 cm™' arc not shown). л

	DYNAMICS OF PHASE SEPARATION IN La2CuO4+, PROBED BY MAGNETIC SUSCEPTIBILITY EXPERIMENTS
	Fig. 1. Magnetization of an ’as-prepared’ La2Cu044.5 samplc as a function of temperature. The starting temperatures T, to which the sample was quenched from room temperature are indicated. The uppermost curve was obtained after quenching the sample to 5K and slowly heating it to room temperature. Beginning from the lowest data sct cach curve was shifted upwards by a valuc of 5х 1077 ети в' сотрагей 10 Шс preceding onc. The measuring field was 90 G, the arrows indicatc the direction of the temperature change during the measurcment.
	Fig. 2. Dependence of the diamagnetic signal of an ’as-preparcd’ La2CuO44s sample ( z 0.01) on the temperature 7., at which the sample was cquilibrated aficr having been quenched from room temperature to T.,. The diamagnetic signal was probed at the indicated temperatures, 7'y . Equilibration time intervals (i.e. the period for which the sample was held at T.,), At, at 7., were 10 min (a) and 1 h (b).
	Fig. 3. Recovery of magnetization at TmMm=sK of a La2CuO44s ( z 0.04) sample probed in an isochronal annealing experiment at Tan = 170 K and 220 K. Magnetization (e) was measured at 100 G. The full line is a fit with an exponential law with the time constants 7(170 K)=37oos and 7(220K)=1805.
	Fig. 4. The time constants 7(7an) as a function of the anncaling temperature at which the samples were repeatedly annealed as derived from the isochronal anncaling experiments (cf. cxamples in Fig. 3). Differcnt symbols rcfer to different samples: x, B ’as – prepared’ (6 = 0.01); o loaded with cxcess oxygen at 600 °C in a 700 bar oxygen atmosphere 6 = 0.04.
	Fig. 5. The difference AM of the diamagnetic signals measured at Ty = 5 K after equilibration at T.q for 1 h and 10min, i.e. the difference of the lowermost curves of Fig.2 (M(At = 1h- At = 10 min, T,4). The solid line is a fit with the difference of two exponentials as described in the text.

	MAGNETIC EXCITATIONS IN LOW-DOPED CuO2 LAYERS
	Fig. 1. A schematic sketch of the smallest magnetic polaron formed in the AF-ordered CuO; planc via doping with an additional hole. The arrows indicate the main direction of spins only.
	Fig. 2. The measured magnetic susceptibility xg versus temperature for various doping concentrations according to [7].
	Fig. 3. Localized dispersionless states that split up from the AF magnon band (hatched region) for an external magnetic field of Ho/Jo = 0.01 and an anisotropic field H 4/Jy = 0.3. The figure is drawn about different values of the magnetic impurity exchange coupling, Js. The relevant part is the region for Js/Jy > 1.5 (see the text).
	Fig. 4. The calculated magnetic susceptibility for the uperturbed AF as a usual quadratic increase towards the Neel temperature. The perturbed part (dotted line) is the average of nine lattice sites around perturbation.
	Fig. 5. Total calculated magnetic susceptibility for different doping concentrations. Notc that with the exceplion of some temperalure-independent background susceptibility the exact lineshape of the cxperimental data (sce Fig. 2) was obtained.

	POLARONS IN THE TWO-DIMENSIONAL HOLSTEIN-t-J MODEL
	Fig. 1. The lowest energy E of bound hole-magnon-phonon states (solid lines, left scale) and the number of escorting phonons N, (dashed lines, right scale) for k =k, (e) and k= 0 (D). J//t = 0.3, O/t = 0.15. The hole—phonon continuum edge is shown by the dotted linc.
	Fig. 2. Coexistence of self-trapped (O) and free-hole states (o) for J/t=o.l and Q/1=0.15.
	Fig. 3. Dependence of the ground-state energy E on S for different values of J/t.

	DIFFERENCES BETWEEN ONE- AND MULTIBAND HUBBARD MODELS
	Fig. 1. a) Stabilization process for a spin fluctuation in a single-band quantum antiferromagnet. b) Walk on a square when no fluctuation is initially present.
	Fig. 2. Hopping process of a spin cluster. The first action of (32) on state (1) restores as an intermediate step the AF order which has a k boson with the hole. The second action ends up with state (3) where the cluster has been shifted by two sites compared with (1).

	RENORMALIZATION OF ELEMENTARY EXCITATIONS OF THE t-J MODEL WITH DOPING
	Fig. 1. The hole spectral function A(kw). Curves 1 to 3 correspond to z = 0.005, 0.058, and 0.252 (u = —2.6, —2.4, and —1.7, respectively); k = (0,7), J = 0.2, n = 0.015. The dotted lines indicate the zero levels of the spectral function, the scale is arbitrary.
	Fig. 2. Energy bands at z = 0.252. The horizontal dotted line shows the position of the chemical potential.
	Fig. 3. The magnon spectral function B(kw). k = (0, 7/10); curves 1 to 4 correspondto z = 0.01, 0.022, 0.045 (u = —2.52, —2.47, —2.45), and 0.252, respectively.
	Fig. 4. The hole density of states. Curves 1 to 4 correspondto z = 0.005, 0.045, 0.11 (д = —2.25), and 0.252, respectively. The dotted lines indicate the zero levels. The arrows show the positions of the chemical potential.

	EFFECTS OF VIBRONIC COUPLING IN LOW-DIMENSIONAL SYSTEMS
	Fig. 1. Calculated transition energies (shown by continuous curves) of the Isg [(0, 0, 0)] to the (3, 1,0) and (4, 1,0) metastable states including the full effects of polaron interaction and band nonparabolicity for the complete field range are shown. The resonant polaron effect is clearly seen to lead to avoided crossings of the (3, 1,0) and (4, 1,0) metastable states with the states I‘l’l s q) , and |‘l‘2p ,q) . The experimental points are shown by A. The calculated transition energies excluding the polaron effect are also shown (by dashed curves).
	Fig. 2. The calculated polaron correction for the Is, 2p,, and 2p_ energy levels at selected values of the magnetic field for a GaAs/GaAlAs MQW in the nonresonant region in which both the wells and barriers have a width of 150 A.

	ТНЕ Н h2 JAHN-TELLER EFFECT IN ICOSAHEDRAL SYMMETRY
	MULTIMODE JAHN-TELLER EFFECTS IN STRONGLY-COUPLED VIBRONIC SYSTEMS
	Fig. 1. Energies relative to the T, ground state for n =O.l and @, = @, = 0 with the key: T 1 = solid lines, T 7 = short dashes, E states and their accidentally chenerate T 1 states = medium dash, A 9 = long dash.
	Fig. 2. Energies as in Fig. 1 but with n =0.6.
	Fig. 3. Energies as in Fig. 1 but with n =0.9.
	Fig. 4. Energies asin Fig. 1 but with n = 0.6, o =0 and o, = 0.8 о.

	HAWKING PROCESS IN A VIBRONIC SYSTEM: RELAXATION OF STRONG VIBRATION
	QUANTUM EMISSION CAUSED BY OPTICAL NUTATION
	ON A CLASS OF SQUEEZED EXCITED STATES IN EXCITON-PHONON AND JAHN-TELLER SYSTEMS (’EXOTIC STATES’)
	Fig. 1. Eigenfunctions of FG equation (5) for p=-1, D= 15, T=so. All functions below n = 54 display an odd number of nodes, whereas the eigenfunctions n = 54 and n = 57 display an cven number of nodes. For p = +1 the situation is reversed.
	Fig. 2. Contrast in the functional forms of the lowest conventional state (dashed line) and the lowest nonconventional state (’exotic’, solid line), represented by optimized trial wave function (10), which practically coincides with the numerically exact result. Parameter set: p =-1, D = 15, T = 50.
	Fig. 3. Energy uncertainty of variational ansatz (10), the approximate wave function deduced by the Fröhlich-type transformation and adiabatic wave function (15) for p = —l. Solid line: T= 15, dashed line: T= 50.
	Fig. 4. Adiabatic potentials Vfd (@) and v:" (Q) (see Eg. (22)) for fixed transfer T= 50 апа фе coupling constants D = 0 (long dashes), D = 10 (short dashes), D = 20 (solid line). For finite D the upper adiabatic potential approximately corresponds to a squeezed parabola and its squeezed eigenstates are connected with nonconventional states.
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	Fig. 1. The structure of a KDP crystal.
	Fig. 2. The oxygen 6 AOs participating in the A-O bonds (a) and 6 MOs scheme for the AO, tetrahedron (b).
	Fig. 3. The layer structure in the H,SQ crystal (low-temperature phase)
	Fig. 1. Shift of layers such that h stacking is converted into hc stacking. This shift belongs to a wave at the A point (q = 0,0,7/c) with respect to the h lattice.
	Fig. 2. The cooperative Jahn-Teller ordering in CsCußr3. Also the superexchange path of -Cu(b)- Cu(4)-Cl(a)-Cu(3)-C1(b)-Cu(1)-Cl(a)-Cu(2)- with successively acute and almost straight angles is shown.
	Fig. 1. The parent hexagonal perovskite lattice.
	Fig. 2. The exchange spectrum of the CsMg,_,Cu,Cl3 crystal for T=4.2 K, Vl =9.3 GHz. The orientation of B is close to Cs.
	Fig. 3. The low-field (a) and high-field (b) parts of the exchange spectrum of the CsMg,_,Cu,Cl, crystal for T=42K, v, = 37.2 GHz. The orientation of Bis arbitrary.
	Fig. 4. Projections of two face-sharing octahedra (common face is shown by a broken line) on the ab plane. All possible variants of the orientations of long axes in two octahedra are shown. When going from the first octahedron to the second one, the orientation of the long bond is rotated by 60° clockwise (a) and anti-clockwise (b).
	Fig. 1. Dependences of the extremum energies of the adiabatic potential for a defect with one trapped electron in the initial t, state оп the yammcte f nonlinear elastic forces = k /40b", n = 05. 1, W; 2, W; 3, Wš„'p .4, wäz„)o.
	Fig. 2. The same as in Fig. 1, for two electrons in the initial t, state. The vertical line corresponds to t=o.3.
	Fig. 3. The same as in Figs. 1 and 2, for three electrons in the initial t, state
	Absorption spectrum, T=lOK. SrF,:Ag*, plate of 2,2 mm thickness. Spectral decomposition into elementary gaussian bands (---- experimental, — fitted spectrum). Insert: absorption spectrum of a SrF,:Ag* plate (3.2 mm) at T =3OO, 90 K.
	Fig. 1. Spectra of photoluminescence related to Ga vacancy-donor complexes in GaAs:Te (/), GaAs:S (2), GaAs:Sn (3), and GaAs:Si (4). T=2 K.
	Fig. 2. Spectral dependences of the polarization ratio in the 1.18 eV-band of photoluminescence under uniaxial pressure for GaAs:Te (/), GaAs:S (2), GaAs:Sn (3), and GaAs:Si (4). Т= 2 К. a, Pl [loo] ;5, Pl [lll] .P: la, 2a, 3a, 4a, 4b -8 kbar; Ib, 2b, 3b — 10 kbar.
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	Fig. 3. Dependences of the polarization ratio at iw = 1.18 eV on the applicd pressure for GaAs:Te (1), GaAs:S (2), GaAs:Sn (3) and GaAs:Si (4). a,c, P Il [loo] ; 6.4, Pl [lll] . T(K): a, b, 2; с, а, 77.
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	Fig. 4. Calculated dependences of the integrated polarization ratio on the applied pressure for VGaDas (@, b) and Vg,Dg, (. d). а, с, Р || B[loo] ‚Б а, Р|| [lll] . Т(К): / -6, 2 – 77. Values of parameters: deformation potential constants: B = —O.B ¢V, D = —2 eV; spin-orbit splitting: 150 meV; splitting of initial p state due to fixed distortion: -38 meV for Vg,Das, —23 meV for VGaDga; splitting of initial p state due to reorienting distortion: 150 meV.
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	Fig. 5. Characteristic orientations of a Vg,Dg, complex under the external pressure, directed along the [lll] axis (a, &) and the calculated changes in the energies (E) of the emitting state for different complex configurations (c, d). The arrows 14 identify the directions of the reorientable distortion, related to adiabatic potential minima 1-4, shown schematically in 5¢ and 54 for P=o and P = 10 kbar. For the calculation of E(P) for a V,Dg, complex the values of complex parameters of Fig. 4 have been used.
	Fig. 6. Dependences of the polarization ratio at #® = (.95 ¢V on the applicd pressure for GaAs:Te (1), GaAs:S (2), GaAs:Sn (3), and GaAs:Si (4). a,c, P || [loo] ; 6.4, Pl [lll] . T(K): a 5, 2; c, d, 17.
	Fig. 1. Unpolarized first-order resonant Raman spectrum of KI:MnO, at 5 K excited at &. = 2.4093 eV, showing intramolecular and localized vibrations. The weak structures at 32.5, 99.9, and 120.8 meV (not labelled) are due to higher-order scattering processes (2vloc, 2vs, Vi + Vioc).
	Fig. 2. Time dependence of the vy Raman scattering intensity at different temperatures. The excitation photon energy £, = 2.4093 eV. The cxcitation power was 20 mW before and after bleaching and 400 mW during bleaching. All intensities are normalized to the incident lascr power (see the text).
	Fig. 3. Time dependence of the vi Raman scattering intensity at different bleaching powers. 7° = 50 K. The intensities are normalized to the incident power which was 20 mW before and after bleaching and otherwise as indicated.
	Fig. 4. Optical absorption of KI:MnO; around the zero-vibrational transition N = 0 at 50 K before (a) and after (b) bleaching together with the differences curve (c). The sample thickness is 2.5 mm. The bleaching was accomplished at 7 = 50 K with 300 mW from a dye laser (Er, = 2.040 eV), the absorption was measured with 0.3 mW. The inset shows the 'A; — 'T, absorption band of KI:MnO7 at 5 К over a larger spectral range.
	Fig. 1. Orientations of the Z-axes of {g} tensor (at low temperature)
	Fig. 2. Experimental spectra of CsMgCl3:Cu2*.
	Fig. 3. Dependences of simulated spectra (SLE model) on the frequency of random jumps v (Hz) : a, 107; b, 108; c, 10%2; a, 1084; e, 1085; f, 1088; g. 10%; A, 10'9; ;, 101
	Fig. 4. Dependences of two low-ficld hyperfine lines on 31°/A valuce
	Fig. 1. Concentration dependence of LaSrAl,_,Cu,O4 lattice constants.
	Fig. 2. EPR spectrum of LaSrAlgggNig 1004, T=293 K, v=35.6 GHz: a, experimental spectrum; b, simulated spectrum.
	Fig. 3. EPR spectrum of LaSrAlo 9gNig.0204, v =9.32 GHz. a, b, experimental spectra at T=2so K and T=7o K, respectively; c, d, the corresponding simulated spectra.
	Fig. 4. Adiabatic potential of NiOg complexes in the case of a tetragonally extended octahedron for the following values of lz“el/ (2B) : a, 5.5; b, 7.5; c, 12.5.
	Fig. 5. EPR spectra of LaSrAl,_,Cu,O4, T=293K; v =35.14 GHz. a, x=0.02; b, х = 0.10.
	Fig. 6. EPR spectra of LaSrAlg.99oCuo. 1004 v =9.48 GHz. Solid lines — experimental; dashed lines ---- theoretical. a, T=293 K, Kı =0.40; b, T=3OK, K;=0.39; c, T=4.2 K, Kır = 0.09.
	Fig. 7. Adiabatic potential of CuOg complexes in the cases of (a) a tetragonally extended octahedron, (b) an octahedron deformed by the hole delocalized on four-plane oxygen ions, and (c) distortions of the complex at the corresponding minima of the adiabatic potential.
	Fig. 8. Structure of a ferromagnetic cluster in a CuO, layer.
	Fig. 1. Gap function at T' = 0 for Eg. (3) with W = —0.19, V 2 = —0.34, 4’ = —2.22. Energies are in meV. Equipotentials are shown in the (k,, ky) plane.
	Fig. 2. Gap function at T' = 0 for Eg. (3) with V; = —0.29, V 2 = —0.52, w = —1.35. Energies are in meV.
	Fig. 3. Gap function at T' = 0 for Eq. (13) with V. = —0.46, w = —1.35 and « = 0.3. Energies are in meV.
	Fig. 4. Gap function at T' = 0 for Eq. (13) with V. = —0.29, u’ = —2.22 and x = 0.3. Energies are in meV.
	Fig. 5. Real part of dw,o at T = O for an isotropic s-wave (solid line), an anisotropic s-wave (dashed line), and the anisotropic d-wave (short-dashed line) case. The respective parameters are (@) Vo = —0.248, Vi = 0, (b) Vo = V) = —0.15 with u' ~ —2.22,and (c) Vo = 0, V| = —0.299 with 4’ = —1.35. Amaux = 17.6meV in each case.
	Fig. 6. The imaginary part of Šww at T = 0 corresponding to the three situations of Fig. 5
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	Fig. 1. The stretching vibrational frequencies (cxpressed in wavenumbers; A) and the electronic levels (C) of Ce calculated with a four-parameter stretching BCM and a four-parameter LCMO tight-binding model, respectively. The present approximated levels are compared with the vibrational levels calculated by Onida and Benedck (B; ['°]) апа Ше п ¢clectronic levels by Troullicr and Martins (D; ['2]), respectively. Note that there are 90 stretching vibrational modes (A) as compared 10 the 180 modes of the whole spectrum (B; here 37 modes below 496 cm™' arc not shown). л
	Fig. 1. Magnetization of an ’as-prepared’ La2Cu044.5 samplc as a function of temperature. The starting temperatures T, to which the sample was quenched from room temperature are indicated. The uppermost curve was obtained after quenching the sample to 5K and slowly heating it to room temperature. Beginning from the lowest data sct cach curve was shifted upwards by a valuc of 5х 1077 ети в' сотрагей 10 Шс preceding onc. The measuring field was 90 G, the arrows indicatc the direction of the temperature change during the measurcment.
	Fig. 2. Dependence of the diamagnetic signal of an ’as-preparcd’ La2CuO44s sample ( z 0.01) on the temperature 7., at which the sample was cquilibrated aficr having been quenched from room temperature to T.,. The diamagnetic signal was probed at the indicated temperatures, 7'y . Equilibration time intervals (i.e. the period for which the sample was held at T.,), At, at 7., were 10 min (a) and 1 h (b).
	Fig. 3. Recovery of magnetization at TmMm=sK of a La2CuO44s ( z 0.04) sample probed in an isochronal annealing experiment at Tan = 170 K and 220 K. Magnetization (e) was measured at 100 G. The full line is a fit with an exponential law with the time constants 7(170 K)=37oos and 7(220K)=1805.
	Fig. 4. The time constants 7(7an) as a function of the anncaling temperature at which the samples were repeatedly annealed as derived from the isochronal anncaling experiments (cf. cxamples in Fig. 3). Differcnt symbols rcfer to different samples: x, B ’as – prepared’ (6 = 0.01); o loaded with cxcess oxygen at 600 °C in a 700 bar oxygen atmosphere 6 = 0.04.
	Fig. 5. The difference AM of the diamagnetic signals measured at Ty = 5 K after equilibration at T.q for 1 h and 10min, i.e. the difference of the lowermost curves of Fig.2 (M(At = 1h- At = 10 min, T,4). The solid line is a fit with the difference of two exponentials as described in the text.
	Fig. 1. A schematic sketch of the smallest magnetic polaron formed in the AF-ordered CuO; planc via doping with an additional hole. The arrows indicate the main direction of spins only.
	Fig. 2. The measured magnetic susceptibility xg versus temperature for various doping concentrations according to [7].
	Fig. 3. Localized dispersionless states that split up from the AF magnon band (hatched region) for an external magnetic field of Ho/Jo = 0.01 and an anisotropic field H 4/Jy = 0.3. The figure is drawn about different values of the magnetic impurity exchange coupling, Js. The relevant part is the region for Js/Jy > 1.5 (see the text).
	Fig. 4. The calculated magnetic susceptibility for the uperturbed AF as a usual quadratic increase towards the Neel temperature. The perturbed part (dotted line) is the average of nine lattice sites around perturbation.
	Fig. 5. Total calculated magnetic susceptibility for different doping concentrations. Notc that with the exceplion of some temperalure-independent background susceptibility the exact lineshape of the cxperimental data (sce Fig. 2) was obtained.
	Fig. 1. The lowest energy E of bound hole-magnon-phonon states (solid lines, left scale) and the number of escorting phonons N, (dashed lines, right scale) for k =k, (e) and k= 0 (D). J//t = 0.3, O/t = 0.15. The hole—phonon continuum edge is shown by the dotted linc.
	Fig. 2. Coexistence of self-trapped (O) and free-hole states (o) for J/t=o.l and Q/1=0.15.
	Fig. 3. Dependence of the ground-state energy E on S for different values of J/t.
	Fig. 1. a) Stabilization process for a spin fluctuation in a single-band quantum antiferromagnet. b) Walk on a square when no fluctuation is initially present.
	Fig. 2. Hopping process of a spin cluster. The first action of (32) on state (1) restores as an intermediate step the AF order which has a k boson with the hole. The second action ends up with state (3) where the cluster has been shifted by two sites compared with (1).
	Fig. 1. The hole spectral function A(kw). Curves 1 to 3 correspond to z = 0.005, 0.058, and 0.252 (u = —2.6, —2.4, and —1.7, respectively); k = (0,7), J = 0.2, n = 0.015. The dotted lines indicate the zero levels of the spectral function, the scale is arbitrary.
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	Fig. 4. The hole density of states. Curves 1 to 4 correspondto z = 0.005, 0.045, 0.11 (д = —2.25), and 0.252, respectively. The dotted lines indicate the zero levels. The arrows show the positions of the chemical potential.
	Fig. 1. Calculated transition energies (shown by continuous curves) of the Isg [(0, 0, 0)] to the (3, 1,0) and (4, 1,0) metastable states including the full effects of polaron interaction and band nonparabolicity for the complete field range are shown. The resonant polaron effect is clearly seen to lead to avoided crossings of the (3, 1,0) and (4, 1,0) metastable states with the states I‘l’l s q) , and |‘l‘2p ,q) . The experimental points are shown by A. The calculated transition energies excluding the polaron effect are also shown (by dashed curves).
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	Fig. 2. Contrast in the functional forms of the lowest conventional state (dashed line) and the lowest nonconventional state (’exotic’, solid line), represented by optimized trial wave function (10), which practically coincides with the numerically exact result. Parameter set: p =-1, D = 15, T = 50.
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