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It is shown that the experimentally observed anomalies of the kinetic, thermodynamic, and
optical properties of cuprate metal-oxide compounds in the normal metallic state can be
explained on the basis of a model of a two-band layered metal with degenerate “light” carriersina
wide band and nondegenerate “heavy” carriers in a narrow band, if quasiparticle relaxation
occurs primarily via interaction with acoustic plasmons, whose spectrum in the tight-binding
approximation is a periodic function of the quasimomentum and lies in the transmission range
(outside the region of strong Landau damping) in the entire volume of the Brillouin zone.

1.INTRODUCTION

It is well known that high-T. superconductors, disco-
vered by Bednorz and Miiller,! based on cuprate metal-ox-
ide compounds (MOC) with a layered crystal structure®®
in the normal metallic state at temperatures T above the
critical superconducting transition temperature
T, =~30-125 K exhibit a whole collection of anomalous kine-
tic, thermodynamic, optical, magnetic, and other properties.
In particular, the following are typical a) nearly linear tem-
perature dependence of the resistivity p( 7") and inverse Hall
constant R ;; '(T) over a wide range of values of T:'%'' b)
supralinear increase of the electronic heat capacity C(T) at
high temperatures T3'> c¢) violation of Korringa’s law
7, '(T) « T for the inverse relaxation time of the nuclear
spin;'? d) deviation of the high-frequency dependence o'(w)
from Drude’s damping law in the infrared-reflection spec-
trum and the Raman scattering spectrum;'*!'* e) symmetric
relative to the sign of the applied voltage ¥, linear depen-
dence of the conductance g, (¥) of tunneling contacts;'®
etc.

The analysis of experimental data performed in Ref. 17
showed that some features of the normal state of cuprate
MOC can be explained on the basis of the assumption that
current-carrier scattering or spin relaxation occurs via inter-
action with collective excitations of the charge or spin den-
sity, if the damping of these excitations is described by an
imaginary part of the polarizability (electric susceptibility)
of the following form (=k; =1):

—N©0)o/T, |o|<T,

Im II(q, ~{
(g, ©) —N(0)signo, |o|>T,

(1)
where N(0) is the unrenormalized single-particle density of
states at the Fermi level.

This construction of the dissipative part of the response
of a Fermi system, on the one hand, implicitly presupposes
the absence of complete degeneracy of the current carriers
and spin (conduction electrons, holes) at 7' 0 and, on the
other hand, it leads to a logarithmic divergence of the renor-
malization factor Z(w) =1 — 3 Re 2 (w)/dw as w -0 and
T'-0 [where 2(w) is the single-particle self-energy], i.e., it
corresponds to an infinitely heavy effective mass of quasi-
particles on the Fermi surface and a completely incoherent
ground state of the Fermi system; in Ref. 17 such a Fermi
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system is termed marginal. In Ref. 17 no microscopic justifi-
cation of the phenomenological dependence (1) is given,
with the exception of an indication of the existence of a sin-
gularity in the amplitude of s-wave scattering in a 2D Fermi
gas with an attractive interaction.'® It should be noted, how-
ever, that the negative sign of the quantity
[Res~'(q, w) — 1], as implied by the Kramers-Kronig re-
lations'® for the inverse dielectric response function, does
not at all signify that there exists near the Fermi surface an
effective attractive interelectronic interaction, which is
necessary, in particular, for Cooper pairing.

In this paper it is shown that all the paradoxes of a
marginal Fermi liquid'” vanish and the dissipative processes
necessary for an adequate description of anomalous relaxa-
tion remain in the model of a two-component two-dimen-
sional Fermi liquid with “light” and “heavy” charge car-
riers," ifitis assumed that a) A-carriers are almost localized
on lattice sites, so that for these carriers the tight-binding
approximation is applicable, and b) at sufficiently high tem-
peratures the A-carriers become nondegenerate, while the /-
carriers remain degenerate.

This model corresponds, in particular, to a layered 2D
metal with overlapping wide and narrow 2D bands (Fig. 1).
In this case, as will be shown below, inelastic scattering of
almost-free l-carriers by low-frequency collective excita-
tions of the charge density of the A-carriers—acoustic plas-
mons (APs) with frequencies w(q) =~ g, u as ¢, -0, where q;
is the longitudinal momentum of the APs in the plane of the
two-dimensional layers and u is the velocity of “plasma
sound”’®> —makes the main contribution to the kinetic pro-
cesses.

If the single-particle spectrum of A-carriers in a narrow
2D band of width W, has the form

W

E, (kxv kv) = 9

[1——;—-(coskxa+cosk,,b)], (2)

where a and b are lattice constants in the plane of the layers
(a=b), then the acoustic-plasmon spectrum is a periodic
function of the quasimomentum q; and lies in the region of
transmission (outside the region of strong damping) in the
entire volume of the Brillouin zone, if the following condi-
tion is satisfied:

W;.<min{82/8ia, ﬁz/ml.az}v (3)
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FIG. 1. The density of states (a) and the spectrum in overlapping wide
and narrow 2D bands in the case of identical (b) and different (c) types of
carriers.

where ¢; is the permittivity of the ionic lattice and m?¥ is the
longitudinal effective mass of /-carriers in the wide 2D band.

This is attributable to the fact that Landau damping of
nondegenerate h-carriers in a narrow band with the spec-
trum (2), as is shown in this paper, is not equal to zero in the
limited energy range |o| < W, sin(q,a/2), in contrast to 3D
and 2D metals with wide bands and a quadratic spectrum of
degenerate /- and h-carriers,”®>?® in which a wide region of
quantum Landau damping by A-carriers delimits the acous-
tic-plasmon spectrum at large momenta, i.e., the spectrum
has a cutoff point q,,,, ~Q,/vg,, where Q, and v, are the
plasma frequency and the Fermi velocity of A-carriers.>

The imaginary part of the polarizability, calculated in
the present paper, of nondegenerate h-carriers in a narrow
2D band with the spectrum (2) has the form

Im I, (qy, @, T)= —sh (%)-?(q",m,T), 4)

where the function # with g,a S 1is a slowly varying quan-
tity over a wide region of values of w and 7, so that for
|o| S TS W, /4 the expression (4) is actually identical to the
phenomenological dependence (1) postulated in Ref. 17.
This makes it possible to explain the almost linear tem-
perature dependence of the resistivity p(7T) < T (Refs. 10
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and 11) by scattering of /-carriers by low-frequency collec-
tive excitations of the charge density of A-carriers (A-plas-
mons), while the weak temperature dependence of the relax-
ation rate of nuclear spins'® can be explained by relaxation
by excitations of the spin density (paramagnons). By taking
into account the electron-electron scattering of nondegener-
ate h-carriers by degenerate /-carriers we can explain both
the linear temperature dependence of the inverse Hall con-
stant R 7 '(T) ~T (Ref. 11) in the case of /- and h-carriers
carrying charges (effective mass) of the same sign, and the
inversion of the sign of R, at high temperatures T for oppo-
sitely charged /- and A-carriers.

On the other hand, the interaction of degenerate /-car-
riers with acoustic plasmons gives rise to renormalization of
the single-particle spectrum, which in turn results in a supra-
linear temperature dependence of the electronic heat capa-
city C(T) =yT + BT? at high temperatures T, in qualitative
agreement with the experiment of Ref. 12, while the fre-
quency dependence of the high-frequency conductivity ow-
ing to relaxation of /-carriers by acoustic plasmons corre-
sponds to the experimentally observed IR reflection
spectra.'®"

It should be emphasized that the assumption that there
exists a narrow band (peak in the density of states) near the
Fermi level agrees with the results of numerical band calcu-
lations for layered-chain-type cuprate MOC of the type
YBa, Cu;0, (Refs. 27-30) and is consistent with the gener-
ally accepted ideas of weak hybridization of the d and p orbi-
tals of Cu®>* copper ions and O~ oxygen ions (Refs. 31 and
32) and strong direct overlapping of the p orbitals of the
nearest O*~ ions in the 2D CuQ, layers.>*** In this case, d-
holes strongly localized on Cu’?* ions can play the role of A-
carriers while delocalized p holes of oxygen can play the role
of [-carriers. We note that the model of a very narrow band
(impurity level) was employed in Ref. 35 to describe the
linear temperature dependences of p(T) and R ; '(T) in
YBa, Cu,;0,_,, while in Ref. 36 the two-band model was
used to explain the anomalous carrier-density dependence of
R, in La, _,Sr, CuO,.

2.PLASMON SPECTRUM AND LANDAU DAMPING IN A
LAYERED METAL WITH ANARROW BAND

We now study a layered metal (such as cuprate MOC),
whose quasi-2D electron spectrum contains, together with a
partially filled wide 2D band of width W, R 1 eV with a qua-
dratic spectrum of free /-carriers E; (k) = k| /2m} and an
almost constant density of states v, ~m¥ /2, near the Fermi
level a narrow 2D band of width W, < W, with the single-
particle spectrum (2) and with a much higher density of
states v, >v,, depending on the energy E (see Fig. 1):

8 2
Vh(E)-:-nzaz—I/V,.K(u(E))’ %x(E)= o

[E(Ww—E)]", (5)

where K () is a complete elliptic integral of the first kind, so
that when the band is half filled pinning of the Fermi level
occurs on account of the logarithmic singularity of the func-
tion v, (E) at the point £ = W, /2.

Neglecting the weak (on the order of the ratio v,/v,)
hybridization of the spectra of the narrow and wide bands,
we represent the dielectric response function of such a two-
band metal in the form
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e(q, o)=e:(q, ©)—Ve(q) [IL(q, 0)+II(q, )],  (6)

where ¢, is the permittivity of the ion lattice taking into ac-
count the dispersion associated with optical phonons and
interband transitions; ¥V, is the matrix element of the un-
screened Coulomb interaction in a layered metal*’3® with
interlayer separation d:

2ne? sh(q,d)

, (7
qy ch(gd)— cos(q.d)

Ve(g)=

and I1, and II,, are the polarization operators of the /- and A-
carriers, respectively. If hops (tunneling) of electrons
between layers and the fluting of the cylindrical Fermi sur-
face associated with such hops are neglected, then IT, and I,
will depend only on the longitudinal quasimomentum
q, (g5, g,) in the plane of the 2D layers.

In the region |w|SEg and g S2kg, where
Ep, = k%,/2m¥* is the Fermi energy and ky, = (27N,)"?is
the Fermi momentum of the degenerate /-carriers in layers
with /-carrier density &, in the 2D layer (per unit area of the
layer), we have

Re Hl (qllv (l)) = _2Vlv
(8)

(O]

Im II, (q, ®) = —2v,nt" 0(qvr—w),

qUr1

where vg, = kg /m¥ is the Fermi velocity of the /-carriers
and @(x) is the Heaviside function: 8(x) =1 for x >0 and
f(x) =0for x <O.

In the limit -0, when A-carriers are also degenerate,
the chemical potentials (u, and i, ) and the 2D densities (N,
and N,,) of the carriers in the overlapping 2D bands are relat-
ed (see Fig. 1) by

pvl_'p/h_——Eo, N[+NA=N0, (9)
where
N, N»
w=E = =
! Fl 2y, P 2\’;.(],1.;.) s (10)

and the total 2D density N, is determined by the average
volume carrier density n, =1/v,, where v, is the volume of a
unit cell. Thus, for example, in a layered metal like
La,_,Sr,/CuO, (Refs. 1-3) with one conducting layer per
unit cell we have N, =n,d, while in MOC like
YBa,Cu,0,__,*° Bi,Sr,Ca,_,Cu,0,,%’ or
T1,,Ba,Ca, _,Cu,O,,*° containing several (n>2) cuprate
layers per cell, the relation between N, and n, is more com-
plicated.

From Egs. (5), (9), and (10) there follows a transcen-
dental equation for the chemical potential of the A-carriers:

sl 1 2]} - e et )
W}. Wh 8 2\'1}1}.
(11)

whence for values of the parameters W, ~0.1 eV, E, ~0.5
eV, a=4 A, d~6 A and m¥~m, (where m, is the free-
electron mass), so that v, ~2-10" eV ~!-cm 2 holds, for
no~4-10*'cm ~*and N, ~2.4- 10" cm ~? we obtain the esti-
mate
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m=2,5-10-*W,=30 K.

For T'>p,,, when the h-carriers become nondegenerate
and are described by a Boltzmann distribution function

i (ky, T) = exp {_E_"(M} (12)

their 2D density N, depends on T on account of carrier redis-
tribution between bands and is connected with y,, (T) by the
relation (@ = b)

Nu(T)=2 j (dz:") na(ky, T)
=2 () e {mDZW2Y )

where 1, (x) is a Bessel function of imaginary argument. In
this case, with the help of Eq. (9) we obtain the following
equation for N, :

In[a®Nu(T) 1=1n2+21n I,(W,/4T)
E+Wy/2  No—Nn(T)
T T

(14)

Figure 2a shows the dimensionless density y=a’N,
(solid curves), determined from Eq. (14), and the ratio
4, /W, (dashed curves) as a function of x= W, /4T while
Fig. 2b shows y as a function of x ~! for different values of
the filling factor y, =a*(N, — 2v,E,) >0, when the Fermi
levelintersects the narrow band (Eg, > E, ). One can see that
for W, =0.1 eV and y, = 0.1 the A-carriers become degener-
ate (u, >T) when T'< W, /40=~30 K. On the other hand,
for y, >0, on account of carrier redistribution between bands
the A-carrier density increases almost linearly with 7, while
for y, <0 (Eg, < E,) N, depends exponentially on T

Eo—ut )
T .

The calculation of the real part of I, performed in the
Appendix makes it possible to find, on the basis of the disper-
sion equation Re £(q, ») = 0 and taking into account Egs.
(7) and (8), the dispersion relation for long-wavelength
acoustic plasmons (g,a<1) in a layered crystal:

(¢*+4/ad)~", qd<1, (15)
[d/2(q,+2/a,7)]", q,d>1,

Ni(T) xexp (—

o(q) = g, {

where
_ { 4BZW).
" nead

[E(uh)—(1—u;.z)K(u;.)] }lh (16)

in the case of degenerate A-carriers (s, =x(u,), p,>1)

and

ne*a*WN,(T) I,(Wiw/4T) 1"
£nd I, (WW/4T)

Qu(T)= [ (17)
in the case of nondegenerate A-carriers (u, < T or u, <0).
Here it is assumed that the frequency of the acoustic plas-
mons is much higher than all phonon frequencies, so that
g; =€, , where £ is the optical permittivity of the lattice,
and a¥ = ¢, /e*m¥. In the limit ¢— 0 the intersection of the
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and the chemical potential 4y, /W, (dashed curves) of nonde-
generate h-carriers in a narrow 2D band (u, <0 or p, >0, but
T>u,) as a function of the dimensionless parameter
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acoustic branch w(q) = 1/2¢, Q,, (a¥d)'”? with the branches
of optical phonons must be taken into account.

Figure 3a shows the dependence, obtained from the for-
mula (16), of Q, on the parameter §, =(1 — »2)"?, and
Fig. 3bshows the dependence, obtained with the help of Egs.
(13), (14), and (17), of Q, on x ~'=4T/W,. As we can
see, on the one hand Q, increases rapidly as the narrow band
is filled (i.e., as 8, decreases and s, increases), which is as
expected, while on the other hand, for y,>0.05 the quantity
1, decreases as the temperature increases, in spite of the
almost linear increase of the A-carrier density (see Fig. 2b).
The latter fact is attributable to the effective increase of the
effective mass of A-carriers in the narrow band as T in-
creases, since the contributions of the A-carriers having ef-
fective masses of different signs (near the top and bottom of
the band) partially cancel one another in collective oscilla-
tions.

As shown in the Appendix, the imaginary part of
I1, (q;, @, T) in the case of nondegenerate h-carriers in the
narrow 2D band for one of the basis directions (for example,
4y =4x» 4, =0) is equal to®

258 Sov. Phys. JETP 73 (2), August 1991

N, (T)sh(w/2T)
Lo(Wi/4T) [w? (ge) — @*]"

Y

cos (_q_ —
2 w*(qx)
in the region. |w|<w(q,)=(W,/2)sin(g,a/2) and Im
I, = 0for |w| >w(g,). Along the diagonal of the Brillouin
zone (g, =g, ) the width of the region of damping is dou-
bled (Im II,, #0 for |w|< W),sin(g,a/2).

In the long-wavelength approximation (g,a<1) under
the condition W, /4> ||, T the expression (18) reduces to
the expression derived in Ref. 39 for the imaginary part of
the polarizability, describing quantum Landau damping by
nondegenerate carriers in a wide band with a quadratic spec-
trum:

Im I (¢, 0, T )= —

W,

4T

(18)

xeh{

nm' \"* sh(Zw/2T)
Im T gz, 0, 7) = —20(7) - (2220
m I (g 0, T) w(T) oT g
hz IZ .« 2
Xexp{— b= _ O }, (19)
8maT  2Tq2
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where m¥ = 4#>/ W, a* is the effective mass of the s-carriers
near the bottom (top) of the band. In the classical limit
(%—0) the well-known expression for the Landau damping
rate*® in a Maxwellian plasma follows from Eq. (19):

2

n ® ®

1= R exP[_ 425:2(T)

]l

(20)

FIG. 3. The plasma frequency of A-carriers as a function of the degree of
band filling 6, =1 — 2u,/W, at T=0 (a) and as a function of the tem-
perature in the case of nondegenerate h-carriers (b) for different values of
Yo¥o =0.10 (1), 0.05 (2), and 0.01 (3).

where R, (T) = (T /4mwe*N, )'/? is the Debye screening ra-
dius and 7, (T) = (2T /m}¥)"/? is the mean thermal velocity
of the particles.”

Since in the short-wavelength region near the edge of
the Brillouin zone (g, = ¢, = 7/a) in order of magnitude
we have

FIG. 4. The dispersion curves of acoustic plasmons in
a layered crystal and the region of Landau damping
(vertical hatching) in the tight-binding approxima-
=g v tion for A-carriers in a narrow 2D band (a) and in the
! Fh case of wide overlapping bands with a quadratic spec-

4,4 trum of /- and A-carriers (b). The oblique hatching
designates regions where there is an effective attractive
interelectronic interaction owing to exchange of vir-
tual acoustic plasmons; in this region Re £(¢q, @) <O.
The curves 1 and 2 correspond, respectively, to longi-

0 gtja Gz
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1)

4 tudinal (¢, = 0) and transverse (g, = 7/d) propaga-
/ tion of acoustic plasmons relative to the plane of the
/ layers.
/
ZKep g,
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o (q)= (e*Wi/ea)"

(see the Appendix), while the imaginary part II, is different
from zero in the region

|(I.)I <W, sin(q”a/Z),

it can be shown with the help of Egs. (15)-(17) that under
the condition (3), the acoustic-plasmon branch lies above
the region of strong Landau damping in the entire volume of
the Brillouin zone, (Fig. 4a).

%Imn arbitrary units
Ny

|
0 § 0z

FIG.5.a) ImI1,(q,, @, T) as a function of t = w/w(q,) for different
values of the parameters g,.aand x=W,/4T:x =10 (1,1'),4 (2,2'), 1
(3,3');sin (g,a/2) = 0.1 (curves 1-3) or 0.5 (curves 1'-3’).b) Im I1, as
afunction of x for different values of ¢, a,¢,and y,:1,1') t = 0.5, y, = 0.1;
2,2)t=0.1,y, =0.1; 3, 3') t=0.1, y, =0.01; 3") t=0.1, y, = 0.05;
sin (g,a/2) = 0.1 (curves 1-3) or 0.5 (curves 1'-3’, 3").
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Hence it follows that in the tight-binding approxima-
tion for A-carriers in a narrow 2D band the spectrum of the
acoustic plasmons in the layered quasi-two-dimensional me-
talis a periodic function of the longitudinal quasimomentum
q;, analogous to the plasmon spectrum in a chain-type
(quasi-1D) metal with a narrow 1D band?® and in contrast
to the spectrum of acoustic plasmons in quasi-isotropic 3D
or 2D metals with wide overlapping bands and a quadratic
spectrum of degenerate /- and A-carriers,”>* in which the
region of transmission is bounded at large momenta by a
wide region of quantum Landau damping (Fig. 4b). The
periodicity of the acoustic-plasmon spectrum in the case of
the narrow band is related to strong localization of A-carriers
on lattice sites (for example, d holes on Cu’™* ions), so that
the propagation of 4-plasmons occurs in the system with an
electron density periodically modulated in space.

It must be stressed that in the region

1a

thin(iz—)<|m|<w((I)

for any q the condition Re £(q, @) < 0 is satisfied (Fig. 4a),
i.e., in the entire volume of the Brillouin zone there exists a
retarded attractive interelectronic interaction
V.(q)Ree ~'(q, @) <0, which is governed by exchange of
virtual acoustic plasmons and should give rise to much more
effective Cooper pairing of degenerate /-carriers than in
transition metals and doped semiconductors and semimetals
with wide bands (valleys), for which the possibility of the
“plasmon” mechanism of superconductivity was studied
previously,2>-2%41-43

Figure 5 shows Im II,(q,, @, T) as a function of
t=w/w(q,) andx= W, /4T for different values of the para-
meter g,.a. One can see that over wide regions of values of @
and T Im II, depends almost linearly on w and 7 ~'; this
actually agrees with the phenomenological dependence
ImII, xw/T for |w| < T, postulated in Ref. 17. We note in
this connection that all basic results concerning relaxation in
the model of a marginal Fermi liquid'” remain valid, if in Eq.
(1) weset Im IT = O for sufficiently large |w| > 7. The model
of a narrow 2D band proposed in this paper corresponds
precisely to this case—the absence of strong damping in the
region |w| > W,, where there remains only weak quantum
Landau damping by degenerate /-carriers [see Eq. (8)] as
well as Drude damping owing to elastic scattering of /-car-
riers by lattice defects and impurities.®

Figure 6 shows the quantity .= —1Im
I1, /sinh (w/2T) asafunction of w and T takinginto account
the temperature dependence of the A-carrier density (see
Fig. 2) for different degrees of filling of the narrow 2D band.
One can see that under certain conditions (in particular,
when g, a S 1), neglecting the statistical factor sinh(w/27)
the frequency and temperature dependences of Im II, are
comparatively weak in wide regions of values of w and T this
also indicates a dependence close to Im 11, «w/T for
|w| < T, as is required for a qualitatively correct description
of relaxation processes in cuprate MOC. We call attention to
the rapid (exponential) decrease of the function .7
= —Im II,/sinh(w/2T) at low temperatures T< W, /4
(Fig. 6b). This decrease is associated with the exponential
decrease of Landau damping in the region |w|> ¢,7,(7T)
(see Fig. 5a) in the classical limit. For the same reason, in
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FIG. 6. a) ¥ = —Im I1,(q,, @, T)/sinh(w/2T) as a function of
t=w/w(q,) for different values of x=W,/4T and g,a: 1) x =2, sin
(g,a/2) =0.1; 2) x=2sin (g,a/2) =0.5; 3) x=0.4, sin (g.a/2)
=0.1-0.5; b) .¥ as a function of x ' for t=0.5: 1) y, =0.1,sin
(g.a/2) =0.2;2) y, = 0.1, sin (g,a/2) =0.5; 3) y, = 0.05, sin (g,a/2)
=0.6.

the region |w|<gq,7,(T) for g.a<1 the dependence Im
I, <w/T changes to Im I1, «w/T*? [see Eqs. (19) and
(20)].

Thus, as will become evident in the subsequent analysis,
in the tight-binding approximation Landau damping by
nondegenerate A-carriers in a narrow 2D or 1D band could
be responsible for the anomalous relaxational properties of
cuprate metal-oxide compounds, if electron-electron scat-
tering is the principal relaxation channel.

3.ELECTRON-PLASMON INTERACTION AND THE SELF-
ENERGY OF /-CARRIERS

Optical measurements and calculations®” of the
anisotropic plasma frequency of free current carriers (oxy-
gen p holes) in single crystals of cuprate MOC indicate that
the longitudinal effective mass is relatively small”’ and band
calculations®”*° yield a quite large width for the 2D bands
(W, > 1¢eV). In this connection, for /-carriers with densities
ny,210* ecm~3 (i.e, N,26-10" cm~2 and kg 22-107
cm ! for d2 6 A) the dimensionless density parameter in
2D layers is :

2‘/: ez 2‘/:

14,15

(21)

rs =

€ UF; kra

for m¥ < 2m, and optical permittivity of the crystal e, X 4
(Refs. 14 and 37) falls into in the range of typical values of
the electron density of the metal (7, S6). Hence it follows
that the properties of /-carriers can be described by means of
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the standard Fermi-liquid approach!®** taking into account
the quasi-two-dimensionality of the electronic spectrum in
layered metals with a cylindrical topology of the Fermi sur-
face.

The screened Coulomb interaction betwéen the /-car-
riers, taking into account retardation effects associated with
the exchange of virtual plasmons, is determined by the equa-
tl 0n45,46

Vc(q, (0)= Vc(q)+ Vc(q)ﬁ(q’m)vc(q’ (D)‘E— Vc(q)

e(q o)’
(22)

where II = II, + II, is the total electronic polarizability.®
In the frequency range |@|> W,, where there is no strong
Landau damping by A-carriers (Im II,, = 0), for ¢;d X 1and
49, Vs R |®|, according to Egs. (6)—(8) and (15), we obtain

2 Q2 d]
aa o qa|.

Ree(q,,,u))zs.;[l-f- (23)
As can be seen, Re £(q, @) <0 holds in the region |o|
<Q,[qd/(1+2/ga1)] 12 (but |@| > W,sin(g,a/2)).

In the static limit (o —0), in the case of nondegenerate
h-carriers we find

e(q, 0) = ¢ [1+ (24)

2e. d ]
qaces  qRA(T) Y

where £, is the static permittivity of the lattice, and
R, (T) = [&,T/4me’N, (T)]"? is the Debye radius of
screening by nondegenerate h-carriers.

In order to describe the retarded interaction of degener-
ate /-carriers with acoustic plasmons we introduce the plas-
mon Green’s function

Dyi(q, ©)=Vc(q) [e7'(q, ©)—&~"(q, Omas) ], (25)

where o, >Q,, but 0., Smin{Ey, Q,}, since for ener-
gies in the range || R Ef, rapid damping (decay) of quasi-
particles occurs on account of the Fermi-liquid interac-
tion,* while in the region |w| R Q, (where Q, is the plasma
frequency of /-carriers) strong quantum Landau damping
by /-carriers occurs.

Since the Kramers-Kronig relation'®

1 1 j‘Ime“(q,(o')
e(q, ®) n . o—w—ib

do’ (6 ~+0)  (26)

is valid for the response function ¢ = '(q, @) for any qand-w,
the Green’s function (25) satisfies the dispersion relation

1 ( ImD,.(q o
D,,(q,m)=_?fwdw'

, 27
o—o’ +id S
if in the region w~w,, the damping is weak:
Ime™'(q, @max)—0.

The single-particle self-energy of /-carriers X, asso-

ciated with the electron-plasmon interaction, in a layered
metal with a slightly fluted and isotropic (in the plane of the
layers) cylindrical Fermi surface and with a quadratic spec-
trum in a wide 2D band for T #0, taking into account Um-
klapp processes with respect to the transverse quasimomen-
tum p,, can be represented in the following form:
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£

2o (py, Pz»"ﬂn)—\’tTZ j d j dpl j dg,

om 0 —Epy

XZ G.(py', p." +2nk,iom)

h=—o00

X Dy, (Pu’—Pn» p,'—pz+2nk, iOn—io,),

(28)

where @, = (2n + 1)7T are the discrete imaginary “fre-
quencies” (n =0, + 1, +2,...), @ is the angle between the
momenta p; and p; of the interacting electrons in the plane
of the layers, G, is the Green’s function of the /-carriers, £, is
the energy of the /-carriers relative to the Fermi level, and
D. =p,d. Transforming to real continuous frequencies » and
separating from Eq. (28) the odd part as a function of @

fo(o) =‘/2[2pl(m)—zm("‘0) 1,
the pole part of G, can be put into the form®’
| ¥ (5:) |

G:(gn ﬁzy (ﬂ)= (x)Z,; (m)_ El_’_‘iYPl (0)) , (29)
where
Zpi(0)= 1—%’11“’—), Yo (@) = —Im fi (@), (30)

and ¥, (p, ) is the Fourier component of the transverse part
of the wave function W, (z) of the /-carriers, localized in 2D
layers of thickness d,,. Note that in order to take into account
the electron-phonon interaction the corresponding phonon
function Jon (@), which contributes to the renormalization
of the quasiparticle spectrum and to the damping of quasi-
particles in the frequency range |w| S, (where w), is the
Debye frequency of the phonons), must be added to S (@).
For Q,, » wp, however, in the frequency range |w| 2 Q, the
effects associated with electron-phonon interaction can be
neglected.

As a result we find from Eqgs. (28) and (29), perform-
ing the averaging over the cylindrical Fermi surface of the /-
carriers,

Re fo(0)=0[1-Z; (0)]

31

N

Yo (m)=% j:d(x), {Im Qpi (0" —0) [ th( (ol" )
(22)]
2T

+ Im Qp (0" to) - [th (

— cth(

o))}
(32)
where
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2k n
2 dg do
=—¥ —_— | —D , P, ®), 33
QP!((‘)) p Vi .!. (4km2_q“z)-b »[ %M Pl(qll P m) ( )
do’ Im Qp,((o ) !
(I),,(m,T)=—5: oo th(ZT) (34)

and ¥, is the renormalized (owing to Umklapp processes
with respect to p, ) effective density of states, equal in order
of magnitude to ¥, =~v,d /d,. It should be noted that, gener-
ally speaking, the kernel of the interaction Q,, (@), just like
the polarization operators I1, and I1,, should contain a Cou-
lomb vertex part ' (p, m; p’, @'), which describes the ef-
fects due to the local field®! and satisfies, on the Fermi sur-
face with zero transferred energies and momenta
(@' —@| -0, |p’—p|—0), the Ward-Pitaevskii iden-
tity: 5253

_ ] Rejpz((l’) =27,(0). (35)

Jm =0

FC(th 0; th 0)E 1

Since, however, " decreases quite rapidly as |0’ — | and
=|p’ — p| increase and since on account of the square-root
smgulanty large values of ¢, =~2kg, make the main contribu-
tion to the integral (33), to a good approximation we can set
I'c = 1. This gives an electron-plasmon interaction constant
that is somewhat too low, while substituting into the inte-
grand of the expression (33) and into IT = II, + II,, the va-
lue of I' . determined by the relation (35) gives values of
Qpi (@) that are too high.
Near the Fermi surface (o —0), taking mto account
(7), for g;d > 1 we obtain from Eq. (31)

Re f: () =20 Re Q5 (0) =@ (1o—pee), (36)
where
2hp 2n
dg, d(P
=be'y, | ———— 90, G
o l { qu (4krP—qy*)" j o o9 0,
2kpy 2n
dg, d(p
o = 482‘-7 ———*u -_— Re [ y Py Wmax
M . _E TR (g P, Omas).
(38)
The dimensionless positive quantity
xplgum—llo>0 (39)

is the electron-plasmon interaction constant, so that
Z,00)=1+4,.""

For frequencies in the range |w|> W, sinky,a, where
there is no strong Landau damping by A-carriers
(Im II, = 0), the real part of the kernel in Eq. (33) can be
approximated by the simple expression

Q2 (40)
—

Q.
ReOM(ﬁ))’VA’m[ . -
0=

max

where, according to Eq. (15), for q) =2kg, >d ~ ' we have
- 2ked \ 't e‘m;" 1
Q~Q ( ) , G mT 41
0\ (41)

krigo kria,*

Thus, in contrast to the hypothetical marginal Fermi
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liquid,'” in the case at hand we have a standard charged
Fermi liquid with a well-defined single-particle spectrum
[see Eq. (29)] and with a finite effective mass of quasiparti-
cles on the Fermi surface. Taking into account the electron-
plasmon and electron-phonon interactions this effective
mass is determined by the expression

ﬁi,’=m,' (1+A’pl+}\4ph) .

4.ELECTRON-PLASMON INTERACTION AND ANOMALIES
OF THE THERMODYNAMIC, KINETIC, AND OPTICAL
PROPERTIES OF CUPRATE MOC

a) Electronic heat capacity

We assume that degenerate /-carriers in a wide 2D band
make the main contribution to the temperature dependence
of the electronic heat capacity of MOC.'" To calculate their
heat capacity C,(T) at constant volume ¥ we determine the
thermodynamic potential of the Fermi gas of quasiparticles
with the spectrum E, (£), which is determined by the pole of
the Green’s function (29) in the limit ¥,; »0 (compare with
Ref. 54):

Q(T)=—BT j:dg In [Hexp {— ﬂ;'g—)}]

0

__g w—Re fp (@) do

42
e*’T+1 ’ (42)

0

where B = 2¥,SN, S'is the area of one 2D layer, and N is the
number of conducting layers of CuO, in the crystal (we have
in mind an ideal single crystal with the volume V = SNd).

Neglecting the damping of quasiparticles (Im Q,
=0), we use the approximate formula (40) to calculate
Re £, (w). At sufficiently low temperatures 7< Q, we find
from Egs. (31) and (40)

Refp ()= 2—1 [ _f do’ Re Qp, ((o')—-j do’ Re Qp, (m')]
Q Qto I

In

(43)

=~ —MAp:

Qh—(l)

The expression (43) satisfies the asymptotic relation
(36), and the logarithmic singularity at the point w = Q, is
suppressed by finite damping (see below).

_Expanding the expression (43) in powers of the ratio
/9, and substituting the series into Eq. (42), we obtain to
within terms of order (7 /Q,)?

2 2 _
QT) ~ _1BT2[(1+xp,)+”—xp,T2/9h2]. (44)
12 2
Hence we obtain the following expression for the en-
tropy S,(T) and heat capacity C,(T) of /-carriers (for
U, = const and ¥ = const):

S,(T)z%BT[,(1+;»,,,)+nzx,,,TZ/s"zﬁ], (45)

z ~
C(T) ~ %BT[ (1-Fhp) + 352Ap T2/ 00?1, (46)
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As we can see, a supralinear temperature dependence of
the electronic heat capacity (~ 7'*) should be observed at
sufficiently high temperatures 7% 0.1€),; this agrees quali-
tatively with the experiment of Ref. 12.

b) Conductivity and resistivity

The conductivity of a two-band metal with wide and
narrow bands is equal to

o(T)=0,(T) +on(T), (47)

where o, and o, are the partial conductivities of /- and A-
carriers.

Let us assume that the inelastic scattering of /-carriers
by collective excitations of the charge density of A-carriers
with characteristic time 7,=v, '(0), where 7,, (0) is the
damping rate of quasiparticles on the Fermi surface and is
related with the Landau damping of /-plasmons by A-car-
riers, makes the main contribution to o;.

According to Eq. (32), we obtain

12 (0)= _{dw Im Qy: (@) [th( > ) —cth(;’—T)]
- _ fd(» Im Q5 (o) (48)
,  sh(w/2T)chiw/2T)’

where, taking into account Eq. (15) and the square-root
singularity in the integrand in Eq. (33) at the point ¢ = 2k,
to a good approximation we can set

: 5, (d
° —’f—“’lma—*(zzcm,cp,m). (49)

2vp v ) 21

Im Qp (0) =

Taking into account the fact that [Im II,|>|Im II,|,
and representing the quantity Im £~ '« Im II, averaged
over @, in accordance with Eq. (18), in the form of the pro-
duct sinh(w/27)% (w, T), we can put Eq. (48) into the
following form:

(z,T)
|

19 (0)=T ji———— dz=TP(T), (50)

ch x

where the function P(T) is virtually independent of T, i.e.,
P~const, in a wide range of temperatures T2 W, /40.'
This is confirmed by the relatively weak w and T dependence
of the quantity Im I1,/sinh(@/2T) in wide intervals of
and T (see Figs. 6a and b) and the almost linear tempera-
ture dependence of the quantity |ImII,(q,,®, )|/
sinh(w/27T) cosh(w/2T), integrated over w, for different
values of the parameters g,a and y,=a*(N, —2v,E,)
shown in Fig. 7. It follows from Eq. (50) that the partial
conductivity of degenerate /-carriers, which is governed by
the scattering of these carriers by damping acoustic plas-
mons, is inversely proportional to T:

Qi1

« Yyt (0) < TN (51)

g, =

The temperature dependence of the conductivity of
nondegenerate h-carriers o, =} 7,/4m is determined. by
the temperature dependence of the relaxation time 7, and
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FIG. 7. The integral I=4¢ [|ImIl, (q,, ©, T)|dw]/
[sinh(w/2T)cosh(w/2T) ] as a function of T for different values of the
parameters ¢, @ and y,: a) the curves 1-3 correspond to y, = 0.1, 0.05, and
0.01 with sin (g,a/2) = 0.1; b) the curves 1, 2, 3, and 4 correspond to sin
(g.a/2) =0.1, 0.5,0.7, and 0.9 with y, = 0.05.

their plasma frequency ©, (see Fig. 3b).

The relaxation of A-carriers is determined primarily by
their Coulomb scattering by I/-carriers, since the electron-
phonon interaction and the Drude scattering by defects and
impurities are significantly suppressed for them (because of
strong localization near lattice sites). In this case the relaxa-
tion time can be estimated from the formula 7, =~/./7, (T),
where /. is the temperature-independent Coulomb mean
free path of a charged particle in the degenerate Fermi liquid
of I-carriers, and 0, « T'/? is the mean thermal velocity of
nondegenerate A-carriers,'*’ sothat 7, « T ~ 2,

R2(T) 61T
—
—
—_—
{ 1 |
2 7 2 J 1z

FIG. 8. Q; as a function of T for different values of y, (curves 1-3) and
o, ' (Q%7,) ~ ! as a function of T (curves 1’-3') for nondegenerate A-
carriers in a narrow 2D band: y, = 0.1 (1, 1'), 0.05 (2, 2'), and 0.01 (3,
3.
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Figure 8 shows curves of Q2 versus T for different va-
lues of y, as well as the dependence of the quantity
(Q27,) '«o, ' on T, which to a good approximation is
linear in the entire temperature interval studied,
0.025W, < T<0.6W,, corresponding for W, =0.1 eV to
30 < T <700 K. Hence it follows that in this interval we have
o, (Tyoc T .

Thus we obtain a nearly linear temperature dependence
for the resistivity at temperatures 7> 7,:

o(T)=[a(T)+aou(T) }-'~p,+BT. (52)

This agrees with the experimental data of Refs. 10 and 11 for
most superconducting cuprate MOC in the normal (metal-
lic) state.'®

¢) Nuclear-spin relaxation and magnetic susceptibility

In a normal paramagnetic metal the inverse nucelar-
spin relaxation time caused by the creation of virtual excita-
tions of the spin density (paramagnons) is determined, as is
well known, by the expression

T 2
15~ (T) < — lim [—-f ]
(a1}

lim (an)? (53)

L g (ay @) |

Here the imaginary part of the paramagnetic (spin) suscep-
tibility y has the same structure as the imaginary part of the
electronic polarizability:

Imy «<ImI,=—sh(0/2T) - F(q,, 0, T),

where .%, according to Eq. (18), at @ = 0 and in the limit
g = gx —0 has the form

Nh(T) Ch(Wh/4T)

F=F (¢.,0,T)=2 - .
I, (W./4T) Wysin(g.a/2)

(54)

Figure 9 shows plots of the function (54) versus 7, tak-
ing into account the temperature dependence of N, (T) for
different degrees of filling of the narrow band (see Fig. 2b).
It should be kept in mind that since in the limit w - 0.5 hasa
singularity at the point g; = 0, the region of small values of
gya <1 makes the main contribution to the integral over g
in Eq. (53), so that the variables 7T and q; in Im y separate
for any directions, analogously to Eq. (54). For this reason
the temperature dependence shown in Fig. 9 actually deter-

02}

1
0 1 2z
FIG. 9. The temperature dependence of the function . (g,, 0, T) in the

limit ¢, -0, determining the temperature dependence of the inverse nu-
clear-spin relaxation time 75 'y, = 0.1 (1), 0.05 (2), and 0.01 (3).
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10k b

FIG. 10. The Hall constant R } (a) and 1/R ; (b)
for /- and h-carriers of the same type for y, = 0.05 and
o,/0, =4 (curves 1 and 1') and for y, =0.1 and
o,/0, =2.5 (curves 2 and 2').

mines the temperature dependence of 75 '. One can see that
this dependence differs significantly from Korringa’s law
745 '« T for normal metals; this agrees qualitatively with the
experimental data for ®*Cu and ®*Cu nuclei in cuprate
MOC.!?

On the other hand, a nearly linear temperature depen-
dence 745 '(T) is observed for '’O nuclei in YBa,Cu,0,."
This could indicate that A-carriers (d-holes) and the spin-
density excitations associated with them are localized near
the copper ions Cu®?*, while the density of delocalized /-
carriers (p-holes) predominates in the neighborhood of the
oxygen ions O®~ thanks to the direct overlapping of p-orbi-
tals in the CuO, cuprate layers.*>**

Note that the experimentally observed®® weak tempera-
ture dependence of the magnetic susceptibility y(7) in
YBa, Cu; O, _, in the temperature interval 7 = 100-300 K
can be explained by the contribution to y (7' of the tempera-
ture-independent Pauli susceptibility y, of degenerate /-car-
riers in the wide 2D band as well as by the weak temperature
dependence of the paramagnetic susceptibility of nondegen-
erate h-carriers in the narrow 2D band y, (T) < N, (T)/T
thanks to the almost linear temperature dependence of N,
(see Fig. 2b).

d) Hall Effect

The Hall constant R of a two-band metal is expressed
in terms of the partial conductivities (o, and o,) and the
average number densities of the carriers in the bands (7, and
n,) as follows:

=

or )2 1 ( On )" 1 ’ (55)
0,10 en, 0,10 eny
where the plus and minus signs correspond, respectively, to
I- and h-carriers with the same and different signs of the
effective masses (charges), and the resulting sign of R is
determined by the sign of the charge of those carriers (elec-
trons or holes) that make the main contribution to the Hall
effect.
Since, as shown above, ¢, and o, have virtually identi-
cal temperature dependences (o, < T ~ 1y and n, ~const,
the temperature dependence of R ; is determined by the
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1/x

temperature dependence of n, (T), which is shown in Fig.
2b.

Figure 10 shows, respectively, the temperature depen-
dences of R 7 (T) and 1/R ;£ (T) in the case of /- and A-
carriers of the same sign (p and d holes, see Fig. 1b). These
dependences were obtained from the formula (55) using the
curves in Fig. 2b for y, = 0.05 with 0,/0, = 4 (curves 1 and
1, respectively) and for y, = 0.1 with 0,/0;, = 2.5 (curves2
and 2') under the condition that the density of /-carriers
corresponds to one /-carrier per unit cell. As we can see, for
W, ~0.1 eV the temperature dependences 1/R ;" (T) are
nearly linear in the temperature interval 100 <7< 700 K;
this is in good agreement with the experimental data.'®>¢

Note that for oppositely charged /- and A-charge car-
riers the sign of the Hall constant R ; (7' can change, de-
pending on the temperature.

Thus the two-band model, combined with electron-
electron scattering of nondegenerate h-carriers by /-carriers
and inelastic relaxation of degenerate /-carriers by acoustic
plasmons, makes it possible to describe different tempera-
ture anomalies of the Hall effect in cuprate MOC.

We note that the anomalous carrier-density depen-
dence of R, is.also explained on the basis of the two-band
model with wide and narrow 2D bands which overlap near
the Fermi level.?¢

e) Optical conductivity

Taking into account both elastic scattering of /-carriers
by defects and impurities with characteristic time 7,
(Drude damping) and inelastic relaxation of quasiparticles
by A-plasmons with the damping rate y,, (@) owing to Lan-
dau damping by A-carriers, the w-dependent high-frequency
conductivity o (@), which determines the IR reflectance, has
the following form:

en, ¥pi(@)+ 1! (56)

0(0))= fﬂf((l)) (l)z+[7p[((0)+‘l.'p_1]2 9

where, according to Egs. (29) and (30), the renormalized
mass and damping rate are equal to

' (0)=m'Zu (o), Yo (0) =Yp(0) /25 (o). (57)
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If the finite Landau damping of virtual A-plasmons in
the region w > W), by l-carriers as well as the Drude damping
owing to scattering of /-carriers by lattice defects and acous-
tic phonons are taken into account, then the real part of the
electron-plasmon interaction kernel assumes the following
form under the condition w,,, >, [compare with Eq.

(40)1:
Q2 (@ —O?) —0 ( 0,2 )]
((‘)2 - fzh2)2 + 4?]12(‘)2 w%nax '

Re Qpl ((1)) = }"pl {

(58)

where ¥, is the damping rate of 4-plasmons in the resonance
region (o=, >7¥,). In this case, instead of Eq. (43) we
obtain, accurate to the leading-order (logarithmic) terms,
Atp[ ~ (Qh'l"(l)) + 'Yhz

Refp(0)~ ——QIn | ————
e fr (@) i ©w) + g (59)

Figure 11a shows the curves of Z,, (0) =1 —Re f,, (0)/0
versus o for different values of 7.

According to Eq. (32), at low frequencies v, () is a
quadratic function:

”(0), (60)

“{pz(ﬁ))"’

while at high frequencies |w|> W, terms with a small fre-
quency difference |0’ — w| S W,, make the main contribu-
tion to 7, (@), since in the region |0’ + w| > W, there is no
strong Landau damping by h-carriers. For this reason, to a
good approximation in the high-frequency region we can set

6(w) A(w)
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Whn

sz(w)z——izjdm’ Im @, (0)cth (’/2T). (61)

Comparing the expression (61) with Eq. (48), we can
see that the integrand in the expression (61) contains the
additional factor coth?(w’'/2T), which is always greater
than unity and rapidly increases as o’ increases. For this
reason, in spite of the factor 1/2, for finite » the inequality
Vo (@) > 7, (0) is always satisfied, and as o increases
Vo1 (@) approaches its limiting value ¥, =y, (®).

Figure 11b shows y, (dot-dashed curve) and 7~/p,
=y,/Z, (solid and dotted curves) as a function of » for
different values of y,. Figure 11c shows the corresponding
o(w) dependence. One can see that at plasma resonance
o = Q,, where the renormalization function Z,(w) hasa
maximum (Fig. 11a), the frequency dependences f/p, (w)
and o(w) have a minimum, which can be compared with the
corresponding features in the experimental depen-
dences.'*'>*" The appearance of such a minimum at the fre-
quency Q, of the A-plasmons owing to the electron-plasmon
interaction is analogous to the Holstein effect®®>® at phonon
frequencies owing to the electron-phonon interaction.

When comparing theory with experiment it is necessary
to take into account the fact that in the case when ionic bond-
ing predominates in the crystal lattice of the MOC hybridi-
zation of acoustic A#-plasmons with longitudinal (LO) and
transverse (TO) optical phonons with frequencies w, o and
1o should occur (see Refs. 48 and 49). In this case, the
characteristic frequency of the coupled phonon-plasmon os-
cillations, which determines the Holstein singularity in the
dependence o(w), is equal to

FIG. 11.a) A(w)=Z_, — 1 as a function of @ for ,/8, = 0.01
(solid curve) and y,,/ﬂ = 0.1 (dotted curve). b) 7, (@) asa
function of @ (dot-dashed curve) and
~Yu(@) =y, (0)/Z, (o) for ¥,/Q, = 0.01 (solid curve) and
¥./Q, =0.1 (dashed curve). The interpolation formula
Yo (@) =7, +7 [l —exp(— @ ?/92) | was employed for y,,;
Y. =% +7:.c¢) o(w) as a function of w in accordance with
Egs. (56) and (57) in the limit 7, — o for y,,/ﬂ =0.01 (solid
curve) and ¥, /Q,, = 0.1 (dotted curve). The dashed curves 1
and 2 are plots of the functions o(w) correspondmg to Drude’s
law with relaxation time constants y; ' and ¥, =y, '(0), re-
spectively.
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O~ (840t (1+a.)]"
for w; o > wro [compare with Eq. (41)].

5.CONCLUSIONS

Thus the simple model of a band spectrum containing
only two overlapping 2D bands near the Fermi level—a wide
band (W,21 eV) and a narrow band (W, 0.1 eV)—
makes it possible to explain qualitatively a large number of
anomalous physical properties of cuprate MOC in the nor-
mal state in terms of the interaction of charge (spin) carriers
with low-frequency collective excitations of the charge
(spin) density of nondegenerate h-carriers in the narrow
band.

Of course, the real band structure of cuprate MOC is
much richer and contains a large number of overlapping
wide and narrow bands (see, for example, Refs. 27-30), and
this must be taken into account when making a more de-
tailed quantitative comparison of theory with experiment. In
particular, the model of two bands of different width cannot
explain the symmetric (relative to the sign of the applied
voltage V) quasilinear dependence of the tunneling conduc-
tance g, (V) =g, + &:|V| (Ref. 16). This dependence can
be obtained, for example, in a model of two close-lying iden-
tical narrow bands above and below the Fermi level super-
posed on a wide band.

Additional features should also arise in the carrier-den-
sity and temperature dependences of the Hall constant, the
thermal-emf, and other characteristics. However, the main
results obtained in this work and indicating the important
role of low-frequency collective electronic excitations with a
quasiacoustic spectrum in relaxation processes do not de-
pend on the fine details of the band spectrum and apparently
correctly reflect the physical nature of the electron-electron
scattering and interaction in layered cuprate MOC at high
temperatures.

In conclusion it should be noted that the interaction of
acoustic plasmons with degenerate /-carriers in the wide
band, as pointed out above, results in an effective attractive
interelectronic interaction in the energy range W, <o < Q,
in the entire volume of the Brillouin zone. This attractive
interaction should give rise to Cooper pairing of /-carriers
and should increase 7, while at the same time suppressing
the isotopic effect, as is observed in superconducting cuprate
MOC.%-%2 The question of the role of the electron-plasmon
interaction in the mechanism of high-temperature supercon-
ductivity is examined in Ref. 63.

We thank V. F. Gantmakher, V. B. Timofeev, L. 1.
Fisher, and G. M. Eliashberg for helpful discussions of a
number of questions studied in this paper.

APPENDIX

In this section we calculate in the random-phase ap-
proximation the real and imaginary parts of the polarization
operator of h-carriers in a narrow 2D band with the spec-
trum (2):
d’ky  f(En(kytqy))—f(En(ky))

(2n)? En(k))— En(k+q)+ 0—id

Hh(qny 0)=2

8 - +0, (A1)

where f(E) is the Fermi distribution function. In the case of
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degenerate h-carriers, in the limit 7—0 the expression for
the polarization operator is found to be in many ways analo-
gous to the expression for the polarization operator for elec-
trons I1,, (¢, @) in a quasi-1D (chain-type) metal with a
narrow 1D band.?¢ Thus, for example, along the diagonal of
the Brillouin zone (g, =g, ) the expression (Al) for the
polarization operator of a quasi-2D (layered) metal
I1, =I1I,, can be represented in the following form:
g
Mo (Q. Q) = — S dvflyp (v, 0, Q).

—kp

(A2)

Here I1,;, differs from the expression obtained in Ref. 26 for
I1,, in that the parameters k. and 2sin Q are replaced by
A(v)=cos ~'(8,/cos v) and 2sin Q cos v, respectively,
where Q= (q, +g,)a/4, 6, =1—=2u,/W,, Q=20/W,
and k, = arccos §,.

In order to calculate the real part of the polarization
operator in the long-wavelength approximation we expand
the integrand in Eq. (A2) in powers of Q through terms of
fourth order, and performing the integration over v we find

2
- Po()

Re Hh(glh 0)=

2

Wa
T

x {1 e " Witqy'a* [2P, (xn) + Pa ()] } 7
24 40P (%)
(A3)

where

Po(nn)=E (%) —(1—%:*) K (%), wn®= A (1— e ),

Wi W
(A4)
P, () =I5 (11%x2—10) E (%n) +%/5 (1—x%4%) (5—3%s?) K (%),
(A5S)
P, (%) =4[ (2—%) E(%a) —2 (1—%s2) K (1) 1; (A6)

K(x,) and E(x, ) are complete elliptic integrals of the first
and second kinds. Hence we obtain, taking into account Eq.
(7), the following dispersion relation for the long-wave-
length plasmons in a layered metal with a narrow 2D-band
(g= (g} +¢)'™):

2

2,72 & 2,2
w(q)z%gh{w q“ﬁd (1-2 , @ )

2¢*  2¢°%qf’ 24
Wi2g?a*[ 2P, (3s) + P, (%) ] }-,, o _[ 4e* W, By "b
4Q2P, (1) s e O I
(A7)

When the contribution of the polarizability (8) of degener-
ate /-carriers in the wide 2D band to the permittivity is taken
into account, we obtain instead of Eq. (A7) the spectrum of
acoustic plasmons (15) with the plasma frequency (16).
On the other hand, by expanding Eq. (A2) near the
corner of the Brillouin zone (Q = 7/2) the plasmon spec-
trum in the short-wavelength limit (g, =#/a) can be ob-
tained. In so doing it should be kept in mind that the expres-
sion (7) for the Coulomb matrix element is, generally
speaking, not applicable in a layered crystal, since here the
spatial localization of A-carriers near the lattice sites must be
taken into account explicitly. In order to estimate the addi-
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tional momentum dependence V,(q) associated with the
periodic distribution of the electron density in the plane of
the 2D layers, we employ the model potential

ne’a

VC x Yy = 1 ’
(4 94) [sin?(g.a/2)+ sin®(q,a/2) 1"

which for ¢, a €7 transforms into the Coulomb potential of a
2D system V,p, (g, ) = 2me?/q, (Refs. 37, 38) [see also the
potential (7) for ¢ d>1]. We note that in Ref. 26 the locali-
zation of the electron density on lattice sites was approxi-
mated by Gaussian functions.

The result is the following expression for the squared
plasmon frequency near the corner of the Brillouin zone in
the high-frequency approximation (w?>W?2; Q=n/2
—Q<L7n/2):

<2 (75 2"3e* Wk sin ke ( _E_F 2)

°(Q) TMEwl ! 2 &)
Thus for k.~1 the frequency satisfies @(0) > W, for
W, <é/ea.

In the case of nondegenerate A-carriers the polarization
operator (A1), with Eqgs. (2) and (12) taken into account,
assumes the form

(A8)

(A9)

3 p,,.—W;./Z \ JAﬂ/n dky w/a dk/1
Hh(qu qv» &))—eXp ( .T _) ’ —m/a T —a/a T
sh[ (Wi/4T )u(ks, ky, gz qy) ]

o — (Wh/z) u(kxv kva qx, qv) —id

+ cos (k,a) cos g

w,
Xexp {—Zi—Th[cos(kxa)cos a4 va ]} , (A10)

where

a a
u (ks ky, gy gy) = sin (k.a)sin 1 + sin (k,a) sin 2

The real part of the polarization operator (A 10) in the high-
frequency approximation, to within terms of order
(W,/w)? isequal to

Re IT: (¢x gy, ®)

- NW, 1 (W,/4T) Sin?'( q’a)+sin2(~q—'£)],(A11)
w® [,(W,/4T) 2 2

where I, (x) is a Bessel function of imaginary argument of
the first kind, whence Eq. (17) is obtained in the limit q, —0.
The imaginary part of the polarization operator, deter-
mined by the residues of the poles of the integrand in Eq.
(A12), assumes the following form'> after the change of
variables sin (k,a) =t:
Im Hh(q:, qys (D)
4 sh(0/2T) (
=— exp

nzaz

un—W;./2
T

)L(qx» qu, ®), (A12)

where
L(gx qy ©)

1
2o . »
( S dtF (£ qer 4y» ©), _%,I_'<sm(
-1 t

Sl dt F (t; Gx» Gy ®), sin (%)—sin(g’i;—) (A13)
= Ay a0 ©)
<21w|< m((;x )Jrsm(gz_),
|l i)
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A(Gxy gy ©)= [Elw-fo—)—l—sin( qz,,a )]/sin( qzva ), (A14)

F=(1~t2)"”[ (Z_,a)_[zvl;hl tsm(qva)]]
e on(32) o] {22
_[iv;’l_tsinz(%)] [ (25)}).

h

(A15)

Forg, =0and g, = ¢, Eq. (A12), substituting Egs. (A13)
and (A15), reduces to the expression (18). From Egs.
(A13), (A14),and (A15) it follows that when the direction
of the wave vector q; changes the width of the region of
Landau damping (in which Im II,#0) changes from
1/2W,sin(q,a/2) at g, =0 to W,sin(g,a/2*?) along the
diagonal of the Brillouin zone (¢, = ¢, = ¢/ 217%).

We note that averaging over the directions of q; spreads
the square-root singularity in the expression (18) at the
point |w| = 4 W,sin(q,a/2) over w into a peak of width
Ao=}W,sin(kga) at ) =2k

D In what follows, for brevity, we shall denote them as /- and A-carriers,
from the English words light and heavy.

» The possibility of the existence of acoustic plasmons was studied pre-
viously in Refs. 20-23 for 3D multiband transition metals, semimetals,
and multivalley semiconductors and in Ref. 23 for two-band layered
metals like cuprate metal-oxide compounds.

3 In Ref. 23 it is incorrectly asserted that in 2D systems wide transmis-
sion windows occur in regions of quantum Landau damping at frequen-
cies |o| < 4yvrlqy/2kp — 1|, where k. is the Ferm1 momentum. Such
transmission windows exist on]y in 1D metals.?®

® This expression is valid both in the case of a narrow 1D band with
nondegenerate carriers in conducting chains and for a narrow 3D band
along the principal axes of a cubic crystal.

) Here it is presumed that passage to the continuous limit, when a -0 but
#i/a = const and m} = const, is made.

® For almost localized A-carriers Drude damping should be largely sup-
pressed, but the electron-electron scattering can be significant (see be-
low).

" The optical longitudinal mass in the plane of the layers satisfies
mit~my, while the transverse mass (along the c¢ axis, which is parallel
to the z axis) satisfies m* > 102m‘| , since the ratio of the longitudinal
and transverse plasma frequencies satisfies o, /w}, > 10. Thermodyna-
mic, kinetic, and magnetic measurements give too high values of m;*on
account of the renormalization of the spectrum of quasiparticles near
the Fermi surface (see below).

® On the basis of the *“plasma” model of a metal*>*¢ or in the polar model
of an ionic crystal*’** the polarizability of the ionic lattice, i.e., ex-
change of virtual optical phonons, is also included in II.

9The even part of 2, (@) as well as the Coulomb self-energy 2., which is

determined by the screened matrix element of Coulomb repulsion
Vc(Q)/€(Q,0pma ), are included in the renormalization of the chemical
potential i, and the effective mass m} in the energy of the /-carriers &,.

19 When the electron-phonon interaction is taken into account, the renor-
malization of the effective mass at the Fermi surface is determined by
the renormalization factor Z(0) =1+ A, + 4,,,, where 4, is the
electron-phonon interaction constant.

') The heat capacity of the nondegenerate gas of A-carriers in a narrow 2D
band C,(T)~kzN,(T), at least for TS W, /4, ie., C,<C, for
N,<N,.

'2) For T< W, /4, when the expression (19) can be used for Im IT,, we
have P(T) < T =" and y,, (0) « T2,

'3 In a narrow 2D band with the spectrum (2) the exact dependence has
theform v, (T) < 4T sinh(W,/4T)/ W, 1,(W,/4T); for T<K W, /4 we
obtain v, o« T''/2

"If ¥,,(0) < T'? and 0, €0, then p(T) « T'/. This is characteristic
for intermetallic compounds of the form V,Si and Nb,Ge.'""??

'3 A more detailed discussion of the calculation of Re ﬂ »and Im I1, is
given in Ref. 64.

Pashitskir ef al. 268



'1. G. Bednorz and K. A. Miiller, Z. Phys. B 84, 189 (1986).

2C. W. Chu, P. H. Hor, R. L. Meng et al., Phys. Rev. Lett. 58, 405
(1987).

3R.J. Cava, R. B. Vandover, B. Batlogg et al., Phys. Rev. Lett. 58, 408
(1987).

4K.M. Wu, J. R. Ashburn, and C. J. Torng, Phys. Rev. Lett. 58, 906
(1987).

SP. H. Hor, L. Gao, R. L. Meng et al., Phys. Rev. Lett. 58, 911 (1987).

M. A. Subramanian, C. C. Torardi, J. C. Calabrese et al., Science 239,
1015 (1988).

7H. Maeda, Y. Tanaka, M. Fukutomi, T. Asano et al., Jpn. J. Appl. Phys.
27,1209 (1988).

8T, Itoh, H. Uchikawa, and H. Sacata, Jpn. J. Appl. Phys. 27, L559
(1988).

°S. S. P. Patkin, V. Y. Lee, E. M. Egler ez al., Phys. Rev. Lett. 60, 2539
(1988).

10 A, Kapitulnik, Physica C 153155, 520 (1988).

"' M. Gurvitch and A. T. Fiory, Phys. Rev. Lett. 59, 1337 (1987).

12M. E. Reeves, T. A. Friedmann, and D. M. Ginsberg, Phys. Rev. B 35,
7207 (1987).

131, Furo, A. Janossy, L. Mihaly ez al., Phys. Rev. B 36, 5690 (1987).

14T Timusk, S. L. Herr, K. Kamaras et al., Phys. Rev. B 38, 6683 (1988).

15G. Thomas, J. Orenstein, D. H. Rapkine et al., Phys. Rev. Lett. 62, 1313
(1989).

16 M. Gurvitch, J. M. Valles, A. M. Cucolo et al., Phys. Rev. Lett. 63, 1008
(1989).

'7C. M. Varma, Phys. Rev. Lett. 63, 1996 (1989); ibid. 64, 497 (1990).

185 _Schmitt-Rink, C. M. Varma, and A. E. Ruckenstein, Phys. Rev. Lett.
63, 445 (1989).

1D, Pines and P. Nozieres, Theory of Quantum Liquids, W. A. Benjamin,
New York, 1966.

20D, Pines and J. Schrieffer, Phys. Rev. 124, 1387 (1961).

210, V. Konstantinov and V. I. Perel’, Fiz. Tverd. Tela 9, 3051 (1967)
[Sov. Phys. Solid State 9(11), 2409 ( 1968)].

22E. A. Pashitskii, Zh. Eksp. Teor. Fiz. 55,2387 (1968) [Sov. Phys. JETP
28(6), 1267 (1969)].

237, Ruvalds, Adv. Phys. 30, 677 (1981); Phys. Rev. B 35, 8869 (1987).

24y. Z. Kresin, Phys. Rev. B 35, 8716 (1987).

25y, Z. Kresin and H. Morawitz, Phys. Rev. B 37, 7854 (1988); J. Super-
conductivity 1, 89 (1988).

26p. F. Williams and A. N. Bloch, Phys. Rev. B 10, 1097 (1974).

27L. F. Mattheiss, Phys. Rev. Lett. 58, 1028 (1987).

287 Yu, A. J. Freeman, and J. H. Xu, Phys. Rev. Lett. 58, 1035 (1987).

291, F. Mattheiss and D. R. Hamann, Phys. Rev. B 40, 2217 (1989).

9y, P. Antonov, V1. N. Antonov, V. G. Bar’yakhtar et al., Zh. Eksp.
Teor. Fiz. 95, 732 (1989) [Sov. Phys. JETP 68(2), 415 (1989)].

31V, J. Emery, Phys. Rev. Lett. 58, 2794 (1987).

373, E. Hirsch, Phys. Rev. Lett. 57, 228 (1987).

3V. M. Loktev, Sverkhprovodimost’. Fizika, Khimiya, Tekhnika 2, 71
(1989).

34 A. A. Abrikosov and L. A. Fal’kovskii, Pis’'ma Zh. Eksp. Teor. Fiz. 49,

269 Sov. Phys. JETP 73 (2), August 1991

463 (1989) [JETP Lett. 49(8), 531 (1989)].

35 A. 1. Golovashkin, O. M. Ivanenko, and K. V. Mitsen Sverkhprovodi-
most’. Fizika, Khimiya, Tekhnika 2, 82 (1989).

36J. Ruvalds and A. Virosztek, Phys. Rev. B 42, 399 (1990).

37P, B. Visscher and L. M. Falicov, Phys. Rev. B 3, 2541 (1971).

*¥D. Grecu, Phys. Rev. B 8, 1958 (1973).

V. L. Bonch-Bruevich and S. V. Tyablikov, The Green’s Function
Method in Statistical Mechanics, Wiley Interscience, N. Y., 1962.

4L, D. Landau, Zh. Eksp. Teor. Fiz. 16, 574 (1946).

41J. W. Garland, Phys. Rev. 153, 460 (1967).

“2H. Frohlich, Phys. Lett. A 26, 169 (1968); J. Phys. C 1, 544 (1968).

43B. T. Geilikman, Fiz. Tverd. Tela 12, 1881 (1970) [Sov. Phys. Solid
State 12, 1497 (1971).

4 A. A. Abrikosov, L. P. Gor’kov, and I. E. Dzyaloshinskii, Methods of
the Quantum Field Theory in Statistical Physics, Prentice-Hall,
Englewood Cliffs, N. J., 1963.

433, Schrieffer, Theory of Superconductivity, W. A. Benjamin, N. Y., 1964.

46V. L. Ginzburg and D. A. Kirzhnits (eds.), High-Temperature Super-
conductivity, Consultants Bureau, N. Y., 1982.

47V. L. Gurevich, A. I. Larkin, and Yu. A. Firsov, Fiz. Tverd. Tela 4, 185
(1962) [Sov. Phys. Solid State 4, 131 (1962)].

“8E. A. Pashitskii, Ukr. Fiz. Zh. 14, 1882 (1969).

“°E. A. Pashitskii, V. L. Makarov, and S. D. Tereshchenko, Fiz. Tverd.
Tela 16, 427 (1974) [Sov. Phys. Solid State 16, 276 (1974)].

50 A. B. Migdal, Zh. Eksp. Teor. Fiz. 34, 1438 (1958) [Sov. Phys. JETP
34,996 (1958)].

5'0. V. Dolgov and E. G. Maksimov, Usp. Fiz. Nauk 138, 95 (1982)
[Sov. Phys. Usp. 25(9), 688 (1982)].

52J. C. Ward, Phys. Rev. 77, 293 (1950); ibid. 78, 182.

S3L. P. Pitaevskii, Zh. Eksp. Teor. Fiz. 37, 1794 (1959) [Sov. Phys. JETP
37, 1267 (1960)].

L. D. Landau and E. M. Lifshitz, Statistical Physics, Pergamon Press,
N.Y., 1980, Part 1.

55 A. Bezinge, A. Junod, T. Graf et al., Physica C 153-155, 1513 (1988).

%6 G. Bricene and A. Zettl, Phys. Rev. B 40, 11352 (1989).

57Z. Schlesinger, R. T. Collins, F. Holtzberg et al., Phys. Rev. B41, 11237
(1990); Phys. Rev. Lett. 65, 801 (1990).

S8T. Holstein, Ann. Phys. 29, 410 (1964); Phys. Rev. 96, 535 (1954).

S9P. B. Allen, Phys. Rev. B 3, 305 (1971).

%B. Batlogg, R. J. Cava, A. Jayarama et al., Phys. Rev. Lett. 58, 2333
(1987); 61, 1670 (1988).

¢' H. Katayama-Yoshida, T. Hiroka, A. Oyamada et al., Physica C 156,
481 (1988).

62 P. B. Allen, Nature 335, 258 (1988).

$3E. A. Pashitskif, Sverkhprovodimost’: Fizika, K himiya, i Tekhnologiya
3,2669 (1990).

$4E. A. Pashitskii, Yu. M. Malozovskii, and A. V. Semenov, Ukr. Fiz. Zh
36, 889 (1991).

Translated by M. E. Alferieff

Pashitskir et al. 269



