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Phenomenology of the Normal State of Cu-0 High-Temperature Superconductors
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The universal anomalies in the normal state of Cu-0 high-temperature superconductors follow from a
single hypothesis: There exist charge- and spin-density excitations with the absorptive part of the polari-

zability at low frequencies co proportional to co/T, where T is the temperature, and constant otherwise.

The behavior in such a situation may be characterized as that of a marginal Fermi liquid. The conse-

quences of this hypothesis are worked out for a variety of physical properties including superconductivi-

ty.

PACS numbers: 74.70.Vy

The normal-state properties of the Cu-0 superconduc-
tors are as perplexing as their high transition tempera-
tures. The electrical resistivity p(T), ' the thermal con-
ductivity x(T), the optical conductivity cr(co), the Ra-
man scattering intensity S(ro), the tunneling conduc-
tance as a function of voltage g(V), the nuclear relaxa-
tion rate T~ '(T), and the Hall coefficient RH(T) (Ref.
7) are all anomalous. Except for the temperature depen-
dence of RH (T), they are also qualitatively the same in

all Cu-0-based high-T, compounds. This collection of
properties is unlike those observed in any other metal or
expected for a Fermi liquid. At the same time, experi-
ments have revealed that within a resolution of 20 meV,
these materials have an energy distribution quite con-
sistent with having a Fermi surface.

We shall show that the universal anomalies as well as
the appearance of a "Fermi surface" within the stated
bounds can be understood from a single hypothesis. The
hypothesis is that, over a wide range of momentum q,
there exist excitations which make a contribution to both
the charge and spin polarizability of the form
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where N(0) is the unrenormalized one-particle density of
states.

Given (1), one finds for the retarded one-particle self-

energy due to exchange of these charge and spin fluctua-
tions

zk ' - [I —ci ReZIBr0] -E, -ln I ~,IEk I (3)

near the "Fermi surface" Ek 0. Thus, according to
(3), the quasiparticle weight vanishes logarithmically as
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Equation (2) is quite different from the one-particle
self-energy in a conventional Fermi liquid where, at
T 0, ReZ —m and ImZ ——m and a quasiparticle rep-
resentation for the one-particle Green's function is valid:

G(k, co)- 1 +Gincoh ~

ZIc

ru —eg —Z(k, ru) a) Ek + irk—
In the present case, we find

~(k, ro) —g N (0) coin —i—x
toe

(2)

Here, x max(
~

co ~, T), co, is an ultraviolet cutoff, and g
is a coupling constant. If Eq. (1) is multiplied by a
smooth function of q which is nonzero over a substantial
part of the Brillouin zone, no qualitative change occurs
in Eq. (2) or in any of the results we will discuss (see,
however, Ref. 9).
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FIG. l. The spectral function A(k, col for three values of eg'.

solid line, ei, 0; dotted line, el, —0.5; and dashed line, ei,
—1.0 {in units of co, ). The coupling constant in Eq. {2) is

chosen to be 1.
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Ek 0, and G is entirely incoherent. We refer to this as
representing a marginal Fermi liquid. Figure 1 shows
the single-particle spectral function A(k, co) following
from Eq. (2) as a function of co for three choices of eq.
The differences of A(k, co) from a normal Fermi liquid
are subtle but observable. It is much broader (a normal
Fermi liquid, for example, has a &function peak when

0), and carries substantially more weight in the
wings because of the co ' tail.

We now discuss the normal-state properties of Cu-0
superconductors and how they are consistent with the
consequences of Eqs. (1)-(3). Only properties that are
observed by more than one experimental group and in
more than one Cu-0 compound are considered.

Resistivity p(T).—From Eq. (2), a contribution to the
resistivity proportional to T is obtained. The normal-
state in-plane resistivity of all Cu-0 superconductors is a
constant plus a term linearly proportional to the temper-
ature. ' Using p (cour) ' and rough estimates for the

g-go+gi I v I, (4)

for I VI between 0 and about 100 meV. go and g~ are
very weakly temperature dependent. Quite generally,
the current in a tunneling experiment is given by"

squared plasma frequency m~, one finds from the mea-
sured slope of p(T) that r '(T) —T, consistent with Eq.
(2).

There have been suggestions that the linear tempera-
ture dependence of p may be the usual behavior from
electron-phonon interactions for T) eD/4 where eD is
the Debye temperature. Recently, the resistivity of a
single crystal of Bi2Sr2Cu06+&, with T,—10 K, has been
measured. ' The temperature dependence of p(T) is, to
high accuracy, proportional to T from slightly above T,
to 600 K. This should eliminate electron-phonon in-
teractions as the source of this behavior.

Tunneling conductance g(V).—The Cu-0 based su-

perconductors have been found to have a conductance in
the normal state given by

dco ~ dco2I 4neX I 1M', g I J A i(k, co~)„A2(k',co2) [f(co~) —f(co2)]b(co~ —co2+eV), (5)

where A~ and A2 are the spectral functions for the two
materials between which tunneling takes place and MI, z.
is the tunneling matrix element. Suppose 2 is an unin-

teresting metal with a very slowly varying density of
states near the Fermi surface UV'2(0)l and 1 is the metal
with interesting many-body eA'ects. Then, with the usual
assumption that M is independent of momentum, it is
straightforward to show from (5) that

g(v) -4ne'I lrf I
'N, (0)gw, (k, —ev). (6)

The tunneling experiments in the normal state are
very significant; they state directly that the one-particle
density of states, N(co) —PqA(k, co) —No+tV~ I co I, is
nonanalytic at the chemical potential. It is noteworthy
that the photoemission experiment, ' which also mea-
sures N(co) but only for co (0, has also been fitted with
this form with the ratio No/N ~ and the slope N~ of simi-
lar magnitude as in the tunneling.

Since A(k, co) —ImG(k, co)/x, it follows from (6)
that a necessary condition for the experimental result (4)
is that ImZ(k, co) ——

I co I as in Eq. (2), in the energy
range extending to at least 0.1 eV. The sign of g~ de-
pends on the k dependence of Z. For example, a positive

g~ is obtained if an elastic-scattering contribution is add-
ed to Eq. (2) with a cutoff smaller than the bandwidth.

1Vuclear relaxation rate T ~

' (T).—Recent measure-
ments of the in-plane Cu T~ ' in YBa2Cu307 can be
fitted by

T) ' —aT+b,
where the magnitude of a is about a factor of 2 larger
than that expected from a Korringa law. The surprise is
the temperature-independent term b, whose value is

b —SaT,. If b is interpreted in terms of a characteristic
fiuctuation time r via b—:2n I Hht I r, where the
hyperfine coupling IHhtI has been independently mea-
sured, then ~ turns out to be —1 eV

Quite generally,

Ti ' ——lim —glmg+ (q, co),
m~0 CO q

where g is the transverse magnetic susceptibility. We
have two important contributions to g+: P from Eq.
(1), and the contribution from particle-hole pairs renor-
malized according to Eq. (2). In spite of the non-
Fermi-liquid character of the single-particle propagator,
Eqs. (2) and (3), the latter yields the term proportional
to T (up to logarithmic corrections) in Eq. (7), just as
for ordinary metals. However, the contribution P yields
the constant term in Eq. (7), with z~ —N(0). Below, we
will encounter the necessity of including both these con-
tributions again, when we consider the optical conduc-
tivity. We have used I', Eq. (1), to denote the leading
frequency contribution of renormalized particle-hole ex-
citations with the complete vertex; the other term is the
leading frequency contribution of renormalized particle-
hole excitations without any vertex correction. Such a
decomposition is always possible.

Speciftc heat C, (T) and thermal conductivity
rc(T).—The electronic contributions to C, in the normal
state cannot be extracted from the data with high accu-
racy because the contribution of phonons is very large
above the high T, of these materials. x(T) in the nor-
mal state is observed to be nearly temperature indepen-
dent. Since the conductivity is proportional to T, the
Wiedemann-Franz law x(T)/cr(T) T const is obeyed if
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we assume that the observed x(T) = const is electronic.
The Wiedemann-Franz law holds if the scattering pro-
cesses for cr(T) and x(T) are the same and the specific
heat varies linearly with temperature. If the self-energy
of Eq. (2) is used to calculate the entropy, logarithmic
corrections to the linear-in-T dependence are found. The
observed K/Tcr ratio allows such a weak correction.

Raman scattering. —The most notable feature of the
Raman scattering intensity in the normal phase of super-
conducting samples is a large featureless, nearly fre-
quency- and temperature-independent background ex-
tending to about 2 eV. The Raman intensity is

I(to) ——[I+n (to) ]Ime '(0, co),

—(T/to)imP(O, to) for to ( T,
—ImP(O, to) for to & T.
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Inserting Eq. (1), a constant background is immediately
obtained. This has consequences for superconductive
pairing which we discuss below. Other contributions to
P give the usual peak near the plasma frequency.

Optical conductivity cr(to) Fr.—om (1) and (2) (as in
the discussion for T~ '), cr(to) is the sum of two terms,

cr (to ) ~ cr ~ (to ) + cr2 (to ) ~
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o;.(to) is the Drude contribution

~, (m) -Immp'I/[m+ ix(m) ],
az(to) is the direct absorption due to (1) itself

cr2(to) ——to ImP(0, to) . (12)

The frequency-dependent conductivity from Ref.
3(b) is shown together with the theoretical fit based on Eq.
(10). For this fit Eq. (1) is parametrized as ImP (q, ro)
——tanh(Pro/2)(1+ro /to2) ' with co, = 1200 cm ' and co~2o'

ro~ 1/5. The dotted curve gives the contribution of a~, the
dashed curve that of a2. The dash-dotted curve is the total.

The integrated oscillator strength, to~I in (11), plus that
in (12), must add to the total band structure value to~.
In Fig. 2, we compare the calculated cr(to) using (10),
with to~&/co~ and to, as adjustable parameters, with exper-
iment. There is a peak around zero frequency of width
—T; cr(co) then increases slowly on a scale of T and de-
clines as co

' on a scale of m, .
Photoemission —As already mentioned, the deduc-

tions from (1) and (2) are consistent with the measure-
ments of N(to) in high-resolution photoemission experi-
ments. s The differences of the spectral function A(k, to)
following from Eq. (2), shown in Fig. 1, from that for a
normal Fermi liquid are measureable in an angle-
resolved photoemission experiment.

Superconductive pairing. —The particle-particle scat-
tering amplitude, which is the pairing kernel in a theory
of superconductivity, is given approximately by V(q)
XRee '(q, co), where V(q) is the bare interaction. As
we discussed, the measured Ime '(O, ro) —ImP(O, co) in
Raman scattering has precisely the form of Eq. (1) up to
a (soft) cutoff, say to, of the order of few tenths of an
eV. The agreement with experiment which we have
found supports our initial hypothesis of the q indepen-
dence of P over a substantial range. The sign and behav-
ior of Ime ' which follows from these considerations

leads, by the Kramers-Kronig relation, to a negative con-
tribution to Re[a '(q, to) —1] over a sizable region of q
and co & co, . It thus appears likely that the excitations
represented by Eq. (1) are responsible both for s-wave

pairing consistent with observations, ' and for the anom-
alous normal-state properties. Contributions from other
processes, in general, ensure that Ree '(q, O) & 0 as re-
quired for stability. These contributions presumably ex-
tend on a scale of the bandwidth »co„sothat the at-
tractive contribution for co & co, can win out for pairing.

Conclusions Asingle hyp. o—thesis, Eq. (1), unifies the
universal features of the normal state of Cu-0 based su-
perconductors. This hypothesis characterizes these ma-
terials in the normal state as marginal Fermi liquids, and
leads, as well, to an attractive particle-particle interac-
tion for superconductive pairing.

The success of the phenomenology based on Eq. (1)
puts at least two constraints on microscopic theories.
Equation (1) demands that the charge and spin suscepti-
bility have the same functional form; the fit to experi-
ments, say T~ ' and a(to), necessitates that they are
even similar in magnitude. It seems to be inescapable
that charge and spin degrees of freedom have similar en-
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ergy scales in the metallic phase of Cu-0 based materi-
als.

The other important conclusion follows from Eqs. (I)
and (2). Such a behavior can only be obtained if pertur-
bation theory, starting from a noninteracting Fermi gas,
breaks down well above the eventual superconducting
transition temperature. A singularity with a large scale
has indeed been found in particle-particle scattering in

2D Fermi gases with attractive interactions. ' More
work is needed to see if it leads to Eq. (I).
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