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The formulation of a model for describing the interaction of current carriers in copper oxide
HTSC with displacements of the apex oxygen in a two-well potential is discussed in

detail. The interaction is treated using the generalized anisotropic s-d exchange model in
which it is shown that the interaction matrix is determined by five independent parameters.
Corrections to the electronic energy spectrum in the weak coupling regime are calculated.

The corresponding contribution to the density of states changes dramatically near the Fermi
energy Ep on small energy scales on the order of the characteristic collective mode
frequency @ and, what is unusual, is asymmetric about Er, which can add substantially to
the thermopower. The reaction of the conduction electrons on the lattice subsystem,

in particular the suppression of the two-well feature by the pseudo-Kondo effect, is
investigated. The renormalization group equations for the single-center problem are developed,
and the “Kondo temperature” for the case of an anisotropic xyz model is found.

1. INTRODUCTION

At present it may be considered established that the
apex oxygen atoms located at the apices of the elongated
CuQg octahedra in the crystal lattices of copper oxide
HTSC are in a two-well potential. Apart from direct EX-
AFS experiments!, this view is supported by x-ray,’
Mossbauer,® and Raman* data (the system YBa,Cu;0;_s
being most closely studied in this respect), as well as by
first-principle total energy calculations for La,_,Sr,CuQO,
using the density functional method with inclusion of cor-
relation effects.® A number of workers (see, e.g., Refs. 1, 2,
6-9) have presented arguments showing the important role
of apex oxygen in superconductivity mechanisms, such as
temperature dependence anomalies in the relevant EXAFS
parameters at T, the correlation between the amount of
apex oxygen in a unit cell and the exponent of the isotopic
effect,® the correlation between the pressure variations of
T, and the distance from the apex oxygen to the CuO,
plane,’ etc. Strictly speaking all these arguments are indi-
rect in nature (except perhaps EXAFS), but they are a
sufficient motivation to raise the theoretical problem of the
role of apex oxygen in determining the special properties of
HTSC. Indeed this problem may be of more general inter-
est from the viewpoint of strong correlation physics, as an
opportunity to consider new multiparticle models with in-
teresting types of behavior.

There have recently been a large number of theoretical
studies on the subject.'®=!> While the particular forms of
the proposed models vary, all of them consider the inter-
action of conduction electrons with atoms in a two-well
potential, treated as two-level systems. The majority of
these studies are concerned mainly with the superconduc-
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tivity mechanisms possible in such models; in Ref. 10 the
properties of the normal phase are briefly discussed. In all
cases the strong coupling regime is considered from the
outset, when the electronic spectrum near Ep is completely
reshaped by the interaction with the two-level system. Be-
cause reliable estimates of interaction parameters appear at
present impossible and may in addition vary from one sys-
tem to another, it appears necessary to perform a detailed
analysis of the electronic spectra for different regimes,
starting from the perturbation theory (weak coupling) ap-
proach. It is the purpose of this study to present such an
analysis.

The question of the influence of an excited two-level
system on the magnitude of 7', has been investigated in a
number of studies following Refs. 16 and 17 and will not be
discussed here.

Apart from the mere fact of existence of two-level sys-
tems associated with apex oxygen, an essential factor in the
formulation of our model is the strong evidence for the
“ferroelectric”’ behavior of HTSC.'®—2! Therefore, unlike
Refs. 11-15, our primary concern will be with the effects of
interaction between two-level systems, which may lead to
ferroelectric ordering (at least in a short range sense) and
“pseudospin” collective excitations.”? Even prior to any
evidence for the importance of apex oxygen—and hence
without the necessary specifics—a simple model for these
effects was considered in Ref. 23. The problem we are dis-
cussing formally resembles the problem of magnetic
Kondo lattices, in which the key factor is the competition
between the resonant scattering of conduction electrons by
localized spins (in our case, by two-level systems treated as
pseudospins) and the spin-spin exchange interaction.*?
The point to note is that even in the weak coupling regime,
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a small energy scale appears in the electronic spectrum
near Ep over which the density of states N(E) changes
sharply. The role of this scale is played by the character-
istic spin excitation frequency @.2* The corresponding
anomalous contributions to N(E) are incoherent (non-
quasiparticle) in nature and have a number of unusual
features, in particular, the electron-hole asymmetry.?3

However, as compared with magnetics®*?* and with
the specialized model of Ref. 23, the interaction between
conduction electrons and a two-level system has a much
more complicated structure (because of the nonconserva-
tion of the total “spin,” for example). It is a detailed the-
oretical discussion of the effects of this interaction which is
the objective of the present work.

In Sec. 2, the form of the initial Hamiltonian is dis-
cussed, and in particular the minimal necessary set of in-
teraction parameters is determined and the physical mean-
ing of the parameters is indicated. For simplicity, the
lattice subsystem is described by a pseudospin formalism,
corresponding to an order—disorder transition model.??
This model presumably describes the required qualitative
properties of the apex oxygen subsystem (the two-well fea-
ture, “ferroelectric” aspects, etc). Sections 3 and 4 employ
second-order perturbation theory in the above parameters
to evaluate the electron and lattice properties of the model
respectively. In Sec. 5, the Kondo temperature T g for the
case of a single two-level center is predicted using the
present model. In this case it is known? that the condition
&> Tk determines the range of applicability of the results
obtained in Secs. 3 and 4.

2. FORMULATION OF A PSEUDO-KONDO LATTICE MODEL

We are interested in a particular vibration mode of the
apex oxygen, one in the normal direction to the CuO,
plane. Denoting the corresponding coordinate of an ion in
the ith cell by g;, and its canonically conjugate momentum
by p;, we write the part of the lattice Hamiltonian associ-
ated with these displacements as

P,
Ho=2 Hi+i 3 Wgs)), H=z7+V (),
i ” (1)

where M is the mass of the ion, ¥(q) is the potential for
the apex oxygen ion produced by all the ions of the other
type, and W(g;,q;) is the interaction potential between the
above displacements in different cells. In a quantum me-
chanical description of vibrations in a highly anharmonic
potential, it is convenient to introduce the representation in
terms of the exact eigenfunctions of the Hamiltonian H;,
and to define the corresponding projection operators,?*

Hi|iv)=E,|iv), X"=|iv)(i|. 2)

With the picture of a two-well potential ¥'(g) for an apex
oxygen in mind let us assume, as customary in two-level
analyses,?’ that the first excited state is close in energy to
the ground state |0>:

E,—E0<EV—E0, v>1. (3)

937 JETP 78 (6), June 1994

According to Ref. 1, the condition (3) holds well for apex
oxygen displacements in YBa,Cu;0, (E;—Ey~ 10* K, and
for the remaining differences E, — E,~ 10° K). Since in the
electronic spectrum analysis which follows we are only
interested in the vicinity |AE| < 10° K of the Fermi level,
we may limit ourselves to only two states, |0> and |1>,
and change from the complete set of X operators of the
form (2) to the pseudospin operators:

X0'=s+, xY=s-, Xx%=3+§7,
XN=1_957 S§*=85%4iS. (4)

Then the ion interaction Hamiltonian in Eq. (1) will take
the form a pseudospin operator. As a result, it has been
shown by the standard theory of ferroelectric order—
disorder transitions?? that, for a symmetric two-well poten-
tial and to leading order in the overlap of the ion wave
functions, H),, reduces to the transverse-field Ising model,

Ha=—Q X Si—} X J;Sis5, (5)
i i~

where Q=E,— E,, and J; is a certain combination of the
matrix elements W(q;,q;). Here |0) and |1) are the even-
parity (bonding) and odd-parity (antibonding) states, {2 is
the tunneling frequency, and the dipole moment determin-
ing the difference in population numbers of the right-hand
and left-hand wells is proportional to (S*). The important
point is that even in the absence of the ion—ion interaction
the quantity (S?) is nonzero due to tunneling:

74 1 Q
(S%) =3 tanhﬁ. (6)

If the wells are asymmetric, the interaction Hamil-
tonian in Eq. (5) will also contain the terms S}‘Sj- and
Sij. However, except in discussing the effect of conduc-
tion electrons on the pseudospin system (Sec. 4), this com-
plication will not produce any qualitative effects. For sim-
plicity in what follows we will therefore use the expression
(5).

The Ising interaction J can yield a “ferroelectric” (or
“antiferroelectric”) transition at a certain temperature
T=T,. For T <T,, both (S?) and (S*) are nonzero. In
the system described by the Hamiltonian (5) there exist
collective pseudospin excitations of two types, the dissipa-
tive mode and the “pseudospin waves.” The frequency of
these latter, in the simplest approximation, is?2

0= (Jo(S)) 2+ Q(Q— T (5?)), (7)

with (%) =Q/Jy=const for T < T,. In the following we
consider the interaction between the conduction electrons
and these collective excitations while neglecting the inter-
action with the usual phonons.

The scattering of the conduction electrons of a metal
by centers with internal degrees of freedom may give rise to
special quantum-mechanical multiparticle “Kondo” reso-
nances. In perturbation theory they are described by con-
tributions to the scattering matrix which depend logarith-
mically on the electron energy measured from Ep (see
Refs. 28-31). It is necessary to distinguish between two
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cases, in which, as a result of the scattering event (with a
change in the state of the localized center involved), the
conduction electron changes only its quasimomentum, and
in which it also changes either its spin or band (pseudos-
pin) index. While Kondo type divergences exist for either
situation, the formal description of the above cases differs
substantially (cf. the corresponding results for electron
scattering by magnetic impurities,® by two-level systems in
metal glasses,?>* and by local excitons and phonons®).
Thus, the effects of interaction between the conduction
electrons and pseudospins are dependent on the presence of
electron band degeneracy near Er (because of the weak
spin—orbit interaction, the spin degree of freedom is of no
importance, so in what follows we will merely omit the
spin index). In general, the Fermi level passes through
several energy bands, so that scattering processes both with
and without changing the band index occur. Restricting
ourselves to the two band case, the Hamiltonian of the
model is written in the form

H= Y, &xCiturtHip+Hpy (8)
kr

where Hy,, is of the form (5), ¢, is the creation operator
for an electron of quasimomentum k and band index
7=+, and the energy &, is measured from Er. For sim-
plicity the interaction is assumed to be described by a con-
tact Hamiltonian,

Hi,= z' I'BZSS?C;:O":T,C,-T', )
ITT
where o are the Pauli matrices, 65°=S5?— ($%), and Igis
the matrix of the interaction parameters. Here and in what
follows summation over repeated cartesian indices a, B is
understood. The effects of the mean field IZ(S? ) may be
absorbed into the definition of &,

The model (8), (9) is an analog of the anisotropic s-d
exchange model?!, the major difference being that the ma-
trix Iy is in general nondiagonal because, unlike spin sys-
tems, there is no reason for requiring the conservation of
either the total “spin” or its z projection. The only restric-
tion is that all the /g must be imaginary, as implied by the
time-reversal invariance (for pseudospin systems with no
spin—orbit interaction this simply reduces to complex con-
jugation). Since the operators ¢” and S” contain a factor of
the square root of —1, we have

rro r
i=lo 2 o] (10)
o0 I

Let us explain the meaning of some of the matrix elements
Iy The o=z terms in Eq. (9) correspond to the change in
the splitting of the degenerate electron spectrum due to the
interaction with the two-level system. In particular, if
&+ =k — initially, we have a static (for =x) or dynam-
ical (for B=z) Jahn-Teller band effect (recall that the
dipole polarization is directed along the x axis). The
a=x,y terms describe the interband scattering of the con-
duction electrons. The physical meaning of the parameter
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I- will be discussed below in Sec. 4. As we shall see in the
next section, the terms in I; are qualitatively important
because they are the only ones capable of producing an
asymmetric contribution to the density of states. We note
therefore that even if I§=0 holds initially, an effective in-
teraction of this form appears anyway in higher orders in
perturbation theory (Sec. 5).

Other theoretical treatments of the interaction of cur-
rent carriers with apex oxygen''~!° are usually based on
modifications of the Yu-Anderson model® for A15 com-
pounds. These modified models relate to the pseudospin
model in the same way as Anderson’s relates to the s-d
exchange model in the Kondo problem. The pseudospin
operator formulation is much more convenient for a per-
turbative analysis because the singularities of interest to us
appear in this case in lower orders.

3. ELECTRONIC SPECTRUM IN THE WEAK COUPLING
REGIME

We now turn to consideration of the electronic spec-
trum in the model (8) using perturbation theory in Hj,,.
To this end we introduce the spinor operators
¥ = (¢, ,cx_) and the retarded matrix Green’s function

é(k,E):((lﬁkh/},’f))E:—i J: dt exp(iEt)

X {¥t¥d (1)}), ImE>O0.

The calculation of G (k,E) to second order in H;;; and with
the formally exact inclusion of Hj,, (pseudospin dynamics)
may be carried out either directly by the equation-of-
motion method (cf. the discussion of the s-d exchange
model in Ref. 24) or by using a diagram technique for the
Matsubara Green’s functions, with a subsequent analytical
continuation (cf. Ref. 33). As a result we find

G\ (kE)=E—& —3(k,E), (11)

where &, =diag(e,,€x_) is a diagonal 2 X2 matrix,

. 1 -
S(KE)== 2, do KP(q,0) [aﬂ(1+m*=)

2 q,T=+ 0

Sr—qrt+Nplw)

X o
E—Ek_q'-,-'f'(l)

+0*(1470%)

Xoﬁl_fk—q,f+NB(w)]’ (12)

E_Ek-—q,r_ @

where fy,=f(&,) and Ng(w) are the Fermi and Bose
distribution functions, and

1
kP (qo) = ——Im((hG|K2.Q)), (13)

is the spectral density of the components of the effective
field through which acts the pseudospin system acts on the
electron,

h=I3555, (14)
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If the pseudospin dynamics is neglected (Hj,; — 0), the
Fermi function terms in (12) yield Kondo logarithmic di-
vergences; these are substantially modified by the dynam-

ics.
As seen from Eq. (12), the electronic density of states

1 A
N(E)=——Tr X Im G(kE) (15)
k

contains incoherent (‘“‘nonquasiparticle’) contributions
due to the cuts of the Green’ function
1 A«
Im 2(k,E). (16
E—2)? (k,E). (16)

1
SN(E)=——Tr % Re| zz

It is these contributions which produce the sharp energy
dependence of N(E) (E being measured from Ey) that has
been discussed in Ref. 23 for the ordered phase of an an-
isotropic s-d model.

At T=0, the first term in brackets in Eq. (12) has a
nonzero imaginary part for E <0, and the second for E> 0.
Let us now separate the self-energy into contributions
which are symmetric and asymmetric about Ef:

3 (k,E) =3,(k,E) +2,(k,E), (17)

A 1 ©
zs(k,E)=52 . do{(1—70*)K**(q,0)
qTr

+710%[K**(q,0) + K*(q,0) ] }

Sx—qr+Np(®)
E—Ek_q,r-}-w

1— N
4 fk—q,r+ B(w)l’ (18)

E—g_qo,—o

" do KP*(q,0) (Teqg—Eapy0")

R i
24(kE)=7 > )
qTr

fk_q,f+Nﬂ(w)
E—Ek_q’1+a)

l_fk-—q,f+NR(w)
 E—g_g—0 |

(19)

where £,5, is the antisymmetric unit tensor. In the sym-
metric part of SN(E) due to the contribution (18), only
terms in K survive the trace in (16). The antisymmetric
part of SN(E) arises from the terms proportional to
i(K¥—K™)=K~*T—K*~. In view of the identity

i f " do[K?(q0) — K (q0)]

=i([ g, h5]) =L (I;(S™) — I,(S%))

one argues that the antisymmetric part is @ priori nonzero
even in the “paraelectric” phase provided I}0,I;70.
The incoherent contribution N (E) changes near the
Fermi level dramatically in the energy interval |E|~a,
where @ is the characteristic pseudospin excitation fre-
quency. From Egs. (16), (17)-(19) it follows that
SN(E-0) -0 for T=0 (Ref. 23), in a manner determined

(20)
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by the specific form of K*(w) (pseudospin dynamics).
Thus, the total density of states can be represented in the
form

1+, E> o,
N(E) -
— B = T O/ = 1, |E| <o,
P 1+0_, E<0, |E|>a,
(21)

where p(E) is the bare density of states and
®, ~I*p*(0) (P, #P— if I70).

The asymmetry in N(E) yields a substantial contribu-
tion to the thermopower S(7). According to the Mott-
Jones formula,?? for elastic scattering we have

1 ® df(E)
S =zrary |, (e . o

@ JIf (E
o(T)= f dE(—L)a(E),

d(E) (23)

where e is the electron charge, o(7T') is the conductivity,
and o(E) is the contribution to this latter from the layer
with the given energy. Setting dc(E) ~8N(E), we find
that for T> o

eS(T) @, —D_~p*(0)I JI 3(S?) (24)

(the last estimate applies to the para phase). We see that
the thermopower does not contain the usual small factor
T/Er. An alternative means for detecting the antisymmet-
ric part of SN(E) may be provided by tunneling experi-
ments.

In order to find the temperature dependence of the
nonquasiparticle contributions to o(7) and S(T) for
T <@, it is necessary to specify the form of the spectral
density (13). At low temperatures short-wavevector pseu-
dospin excitations dominate, so for the frequency of the
pseudospin waves (7) we have

w(21=w(2,+v2 7, (25)

where wy — 0 for T — T,. After we average over q the
corresponding contribution to K takes the form

Ki(0) « (0—ap) > V0(0—wy), (26)

where 6(x) is the Heaviside function, and d=2, 3 is the
space dimensionality. Then, if the function p(E) is smooth
near Er, we find

801(T),88,(T) « T¥? exp(—wo/T). (27)

In the presence of a two-dimensional van Hove singularity
at the Fermi level, when p(E) < — In|E]|, the expression
(27) is multiplied by In( W/T'), where W is on the order of
the conduction bandwidth.

In the ferroelectric phase the spectral density exhibits a
“central peak’?

_ 1
Kz(w)“;<5">2 ra’ (28)

Irkhin et al. 939



where I'=1/T), is the inverse time for the longitudinal
relaxation of the dipole moment. Substitution of (28)
yields

6N,(E) «const+arctan(E/T). (29)

A nonzero contribution to (23) from the odd-parity term
in (29) arises from including the energy dependence of the
smooth factors in o(e):

80(T)« T f‘” dE(—df(E)/E)

X (09+01E+...)arctan(E/T). (30)
Then
T
80,(T), T&SZ(T)oc(S")zm. (31)

IfT(T)> T for all T, a linear temperature contribution to
the conductivity and a large constant contribution to the
thermopower arise (cf. Ref. 24).

4. EFFECT OF CURRENT CARRIERS ON THE PSEUDOSPIN
SUBSYSTEM

The perturbation theory framework also makes it pos-
sible to consider the reaction of the conduction electrons
on the lattice pseudospin subsystem. At present, experi-
mental information about this latter is rather limited (to
EXAFS data,' in fact). Nevertheless, the pseudospin dy-
namics can in principle be separated in inelastic neutron
scattering superposed on the usual phonon contributions.
Therefore its theoretical study may be of use in designing
an appropriate experimental research problem.

Here it is necessary, however, to remember the simpli-
fications we employ in the model (pseudospin formalism,
or the assumption of a ferroelectric order—disorder transi-
tion; and the use of the Hamiltonian (5), which implies the
symmetry of the two-well potential). Consequently the re-
sults obtained in this section should be regarded as only
qualitative when applied to real HTSC materials.

The effect of conduction electrons on the pseudospin
dynamics is conveniently analyzed by the method of
retarded-commutator Green’s functions for pseudospin op-
erators,

T (q,0) = ((S2|S* Mo (32)

in an analogous fashion to the RKKY interaction in the s-d
exchange model. By decoupling to second order in I we
find

T (q,0) — ({[S5Hiat] |S* ) ) o=1€1,(S")
—ilgEapy 2 05| fubd T (q0)
k77’

fkr_fk+q,'r’

O —Eg 4 q,r +&kr

— (S Ifo?., +T%(go) | (33)

The system of linear equations for the Green’s functions,
Eq. (33), determines the spectrum of pseudospin excita-
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tions. In contrast to the usual s-d model, the population
difference between electronic energy subbands

An= 2, (fus—fi) (34)
k

is not small in I (except for the case of a degenerate bare
band to be discussed below). It is therefore possible to limit
ourselves to first-order terms by retaining only the first
term in the brackets in (33) [note that a=z and, by (10),
B=x,z]. Then we obtain for the spectrum

W?=Q(Q—J () +&, (35)
where
Q=Q+IAn, g=I’An+Jo(S*). (36)

Expression (35) differs from (7) by the renormalizations
(36). While the replacement Q- does not lead to any
radical consequences, the appearance of the An term in g is
very important. Its implication is that the conduction elec-
trons cause a spontaneous distortion of the lattice at any
temperatures (the left-hand and right-hand wells become
inequivalent). If there is no physical reason to expect this
inequivalence, then it is necessary to set I:=0 in Eq. (10);
generally speaking, it is only in this case that a ferroelectric
phase transition may occur.

In the case of the band Jahn-Teller effect, when in the
absence of electrons ¢, =&, _ holds and An is small in 7,
the “mixing” of (S?) and (S*) due to the I- and I inter-
actions arises only in higher orders of perturbation theory.
For this case, the dependence on the pseudospin indices
may be neglected in the second-order terms on the right-
hand side of Eq. (33). Then Eqgs. (33) become

oI (qw) —i[ Q4 (S7) ()Mo, 1T (q,0) =ig,5,(S7);

HQ—Jo(S%) + (S [(I5)+ (%),
—(SYILA+ T 1, T (q,0) + 0T (q,0)
—i{g—(S*Y (I + I,

+ (SN [N+ I, 3T #(q,0) =ie,,(ST);ilg
+ (5™ (B) M1, 1T%(q,0) + 0T #(q,0) =ie5/(S"),
(37)

where

2 fk_fk+q

I, =
© k co+£k—£k+q

(38)

is the polarization operator in the random phase approxi-
mation. Restricting ourselves for simplicity to the case of a
paraelectric phase ((S*)=0), we find that to within
second-order terms,
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Q+(S7) ()M
XX _ y 9 oz
D(0) =z — (57,
iw(S?)
ny(q,w)=—r‘yx(q,w)= 2 2 (39)
o”—Ag,

Q—J (S +(SH [T+ (1)1,

Fyy( q,0 )= w2 — Aim

(Sz> ’

where the square of the renormalized frequency has the
form

AL, =Q(Q—J(SD)) +{SH Mgy {Q— o (S) (1)
+QUI+ I} (40)

The imaginary part of the quantity A describes the damp-
ing of the pseudospin waves due to their interaction with
electrons. Since

ImMy,~—70 2 8(6)8(ersq) (|o|<W), (41)
k

the damping is linear in frequency. Analogous to the case
of Kondo magnetics,>*?* this damping gives rise to loga-
rithmic contributions to the pseudospin correlation func-
tions (S:SE q) and the means (S?). Using the spectral rep-
resentation we obtain

1 o
(9 =t—(sts7) =tt-1m S [7 do Na()
q — o
X ((SE+iIS|S% =i N -
(42)

Singular contributions arise from the imaginary part of the
numerators in (39) (note that we can set Ay, =, in the
denominators). Then we have

8(SHy=—[ID*+ I+ 1)

1— fir
wsy 3§ DS (43)

kk’ (ek_ek’)z_wk_kl

To logarithmic accuracy we find

8(S%) . §
Wz —(5 )Pz(o) [ (Ix)2

Y T —— (44)
yroATx max(o,T) ’

Thus, Kondo singularities reduce (S?) in proportion to
the tunnel splitting and hence suppress the two-well nature
of the potential; this effect is similar to the suppression of
local moments in Kondo systems. According to Ref. 1, the
effective separation between the apex oxygen potential
wells is a minimum at the superconducting transition point
T=T,. The explanation is that the reduction in (S?) with
decreasing temperature follows Eq. (44) only in the nor-
mal phase. For T < T, the logarithm is cut off at the value
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of the superconducting gap A(T'), where A(T<T,) is
much greater than 7 and &, so that the decrease in (S?)
becomes growth. A similar conclusion was reached in Ref.
10 based on a calculation of the static “‘susceptibility”
(% S5%).

5. THE RENORMALIZATION GROUP AND THE KONDO
TEMPERATURE

The appearance of logarithmical singularities in the
self-energy and in the “local moment” correction raises the
problem of summing them in order to examine the low-
temperature (low-energy) behavior. This problem has
been repeatedly considered for a single-impurity s-d model
with I=18,5 (isotropic case) and I=diag(l, ,I, ,I})
(see Ref. 35 for a review). We will examine a single-center
model with an arbitrary I matrix and Hy,, — O.

The simplest, and easiest to grasp, approach to the
summation of singularities at low temperatures is the
renormalization method in Anderson’s “poor man’s
scaling.”** In order to derive the equations for the effective
interaction parameters, let us evaluate the electron Green’s
function averaged over the states of the electronic sub-
system (but not over the pseudospin states). The result
may be written

G (E) =t ¥ N e

=GO (E)6ye+ GO (E)T (E)GY (E), (45)

where

. 1
GO(E) =diag( ———) (46)

E—& 'E—g_

is the free-electron spinor Green’s function and the 7" ma-
trix is (for the contact interaction) independent of k and
k’, and has the spinor structure of

T(E)=— (I.4)§(E)SP6", (47)

with I.g=1 to within first-order perturbation terms [see
Eq. (9)]. When we evaluate the Green’s function (45) by
the equation-of-motion method, corrections to I appear
in second order which contain £=In|W/E| (W is the
cutoff parameter of the order of the bandwidth). The cor-
responding renormalization group equations are obtained
by the replacement I — Igin I /9& (cf. Refs. 36, 35, 31,
25). After calculations which are in principle analogous to
those for the usual Kondo problem® we find

o,
3= —erwidls @

where, for simplicity, we have set p+(0)=p—(0)=p
and introduced the dimensionless interaction constants
g4 = p(Ig)% Itis convenient to introduce the vectors

o= (g ).
Then Eq. (48) becomes
1e)

a—§=28,,gy[gﬁgyl- (49)
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From Eq. (49) it follows that if the bare interaction matrix
is of the form (10), i.e., @1 g*,g° for £=0, the same will be
true after renormalization. In this case Eqs. (49) take the
form

0,
- -

agv % o
FUEE—EE), G, g=uE (50)

We see that setting I;=0 in the Hamiltonian would in
general be dangerous because from Eq. (50) it follows that
in higher orders in perturbation theory the corresponding
interaction processes are induced anyway. Thus, the main
physical result of the interaction I;—-——the appearance of an
electron-hole asymmetry in the density of states (Sec.
3)—is true even for Iy 0 At the same time, if the matrix
1 is diagonal (i.e., =0), this structure will remain in
all orders in perturbatlon theory. The discussion which
follows is restricted to this latter case, in which Egs. (50)
can be integrated in full. Then we have

8‘:=gp5,m

From (51),

g—8=C, &—&=0, (52)

where the constants are defined in terms of the bare pa-
rameters as

— p2[ ( I§)2_
Specifically, let us assume that
\ZI> |5, |, (54)

sothat we have C; > 0,C, > 0 (otherwise permute the indices
x,y,2). Two cases then arise.

For g,8,8,> 0, the sign of g, is the same as that of the
product g,g, and, according to Eq. (51), renormalization
reduces the absolute value of g,. This case, similar to the
“ferromagnetic” s-d exchange Kondo problem, does not
lead to the strong coupling regime and is not overly reveal-
ing physically. We will not discuss this case below.

Let g,8,8,, <0, that is, either one or three interaction
constants are negative. Then we have from (51), using
(52), that

¢9§ —2¢€,p18881- (51)

(5?1, G=pUD*—UTD?]. (53)

d|gx
& aig-cog-conm (55)
Equation (55) can be represented in the form
2 at 56
pIL:IE= J/¢ [(1—m ) (1—n, )12’ (36)

in which

(12)?
¥
whence it is possible to express ¥ in terms of £ with the aid
of Jacobi elliptical functions. We will not give this expres-

()

m=1=gy> M= Vy=Uep T, (57)
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sion because of its length, but restrict ourselves to a dis-
cussion of the ‘“Kondo temperature” T g. This is defined as
the boundary of the strong coupling region, at which the
quantity g, goes to infinity when evaluated perturbatively.
From (57) with = c0,§=In(W/Tg) we find

1 _
——X—J—F(arcsin \/17+, ”I_) ,
2p| | Vn 4 n+

(58)

Tx=W exp

n,max(n,,7;), m_=min(n,n;),

where

] dt
Few= || G

is the elliptic integral of the first kind. Of special interest is
the case in which

| IZ| > | )| =|IZ]. (59)
Then from Eq. (58) we obtain
1 14+ 1
Tx=W exp ————Tx ln‘ ‘, (59)
K 4p|1x| n 1— \_}77

which agrees with the corresponding result for anisotropic
s-d model®® in the weak interaction case.

From (52) it is seen that as E — T, all three effective
constants diverge, their signs coinciding with those of the
bare constants. If one of the latter is equal to zero (apart
from the already assumed condition I;=I2=0), we are
dealing with a peculiar—‘‘marginal”’—case in which the
usual strong coupling regime is not realized. For example,
for ;=0 we have g,=const, g,=const, and g, grows lin-
early with &.

The above results are valid for Tx>é& (for a one-
center case this condition implies 7 x> (). For the simul-
taneous inclusion of the Kondo effect and pseudospin dy-
namics, the Kondo divergences are cut off at @, this latter
in turn being renormalized by the conduction electrons [to
lowest perturbation order, via the renormalization in
(S?), Eq. (44)]. Thus, there is a need for a self-consistent
treatment of the problem. An analogous Kondo lattice
problem (isotropic, periodic s-d model with Heisenberg
type dynamics) has been solved in Ref. 25. In the present
case the situation is much more complicated because both
the effective interaction and dynamics are characterized by
several relevant variables. The construction of a scaling
theory for the “pseudo-Kondo lattice” seems to be an in-
teresting problem for future investigation.

In concluding this section, we emphasize that the usual
perturbation theory considered in Secs. 3 and 4 is valid for
all temperatures and energies (including the case
T,|E| <Tk) provided Tx<a. This follows from the fact
that, because of the ‘“cutoff” of the Kondo logarithm at
|E| ~& [see Eq. (44)], the quantity & is bounded by the
inequality §<In(W/&) and its entire variation is within
the weak coupling region (small renormalization of §) for
@> Tg. According to Eq. (40), the conduction electron
contribution to @ is of order g2, while Tk depends expo-
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nentially on |g|. Consequently, for a weak electron—
pseudospin interaction and high density of two-level sys-
tems perturbation theory is always applicable except in the
case of a “spurious” smallness of @ due to the cancellation
of the direct, J;;, and indirect, « g7 interactions. At the

. same time, for dilute systems @ may be small (for small Q)
because of the large separation between the two-level sys-
tems involved.

6. DISCUSSION AND CONCLUSIONS

Let us emphasize the most essential points of our dis-
cussion.

1. We have relied on the pseudospin description of the
anharmonic vibrations of apex oxygen, which is obtained
by considering atomic displacements after first projecting
onto a space of states, each center of which contains the
ground and first excited states of a two-well potential. Such
an approach relates to the usual phonon picture in the
same way as the description of electronic states in the lan-
guage of atomic terms relates to the band description. In
other words, if the phonon—phonon interaction at a single
center exceeds the characteristic phonon frequency, we go
over to the “Hubbard subband” description of atomic dis-
placement dynamics, the pseudomagnetic mode (7) corre-
sponding to excitations from the lower to upper subband.

In fact, if the interaction between d-electrons in a nar-
row energy band is large enough to lead to the formation of
localized magnetic moments, then the interaction of the
wide-s-band with the d-electrons reduces to an s-d ex-
change and leads to the Kondo effect. This case is in sharp
contrast to the situation in which both subsystems retain
their band (or, more precisely Fermi-liquid) character.
Consequently, the interaction of the conduction electrons
with highly anharmonic local atomic displacements has
different properties than the usual electron—phonon inter-
action.

In the problem of localized magnetic moments one can
interpolate between the cases of a weak and strong
d-electron correlation within the framework of the Ander-
son model. For the electron-lattice problem the role of
such a model is played by that of Yu and Anderson,*? in
which the two-well nature of the potential is due to a
strong electron—phonon interaction and its appearance is
described by formal analogy with the appearance of the
localized moment. Unlike Ref. 32, we do not specify the
nature of the two-well potential (it may arise for purely
lattice reasons) and instead describe the electron—ion in-
teraction phenomenologically with the use of the interac-
tion matrix (10). This approach appears to be more suit-
able for constructing a perturbation theory as well as for
including the effects of center—center interactions.

2. For the weak coupling regime, the major result of
our discussion is that corrections to the density of states
change dramatically near the Fermi level on the scale of
the characteristic dynamics frequency @ and, in contrast to
the usual electron—-phonon interaction, do not have an
electron-hole symmetry and so may lead to large values of
thermopower even in a perturbative regime.
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