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We demonstrate that a variety of normal-state properties of the cuprates are similar to what is
observed in heavy-fermion metals, provided that the temperature or frequency are rescaled. This
leads to a characteristic energy scale T.,n==150 K and suggests that the “non-Fermi-liquid-like”
behavior of the cuprates is related to the high-temperature breakup of coherence of a Fermi-
liquid ground state. We propose a concrete physical picture for future theories and give predic-

tions which can be tested.

There is a growing concensus that the normal state of
the high-temperature superconductors is close to, but nev-
ertheless different from, a canonical Fermi liquid. A
number of alternative pictures' have been proposed for
this state which assume that the metallic phase is distinct-
ly different from all metals which have been previously en-
countered. Here we build on the observation that the
heavy-fermion metals are reasonably well-documented ex-
amples of a Fermi-liquid state (for T < Ton~several kel-
vin) which is slowly disintegrating with increasing temper-
ature, until at temperatures 7o of the order of 50-100 K
the f electrons behave as independent local moments. By
comparing various properties, we show how the heavy fer-
mions can be used as a kind of “road map” for interpret-
ing anomalous behavior and thereby provide a possible
prototype for the cuprates.

In the region of partial coherence the properties of the
heavy-fermion metals show distinct deviations from
Fermi-liquid behavior: the resistivity does not vary as T2,
the NMR relaxation exhibits deviations from Korringa
behavior, and the Hall coefficient displays an unusual
temperature dependence which is characteristic of neither
the low-temperature (roughly T independent) nor high-
temperature skew scattering regime. In some heavy-
fermion materials, such as UBe,3, superconductivity inter-
venes before full coherence is established. The heavy fer-
mions may be viewed as being on the verge of a localiza-
tion transition, in some ways similar to the metal-insulator
transition of the cuprates. If, for example, Pt is replaced
by Pd in UPt; the f electrons originating on the U sites
become localized.

By exploring the analogy with the heavy fermions, we
argue that in the cuprates the “anomalous” normal-state
behavior is to be associated with the partial coherence of
the d electrons. They are neither fully itinerant nor are
they localized as in a “two component” picture. In this
scenario the controversy arising from the localized versus
itinerant descriptions, which has plagued the field, can be
analyzed. It has been inferred from a variety of experi-
ments that the Cu moment is nearly full and the valence
state is close to +2. On the other hand, there is clear evi-
dence from some of these same measurements that hy-
bridization between the Cu and O states does occur in the
metallic phase. This suggests a picture in which the 3d
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electrons are almost localized.

On the basis of the analogy between the Hamiltonians,
we and others®* have studied various properties of the
metallic copper oxides within the same Fermi-liquid for-
malism which has been applied to describe the coherent
state of the heavy fermions. This approach has been
reasonably successful in addressing both transport and
magnetic data in the metallic regime. In recent NMR cal-
culations* we found that at optimal stoichiometries the
characteristic temperature scale T, ranges from about
100 to 200 K. This would correspond to an effective mass
roughly 100 times smailer than that of the heaviest heavy
fermion CeCug, where Teopn is around 1 K. With increas-
ing hole concentration T increases. The insulator cor-
responds to a Mott localization transition in which the
effective mass gets arbitrarily large, i.e., T becomes
small. At high doping concentration there should be a re-
gime in which T./T is sufficiently small compared to
1.0 so that the normal state exhibits the canonical Fermi-
liquid properties. On the other hand at optimal
stoichiometries T,./T .o is close to unity so that a descrip-
tion based on a fully coherent Fermi liquid is only a first
approximation.

On the basis of the above microscopic picture and in or-
der to analyze a variety of different experiments in the cu-
prates and heavy fermions, we introduce a rescaled
heavy-fermion temcperature and frequency parameter
T* =100 T (y/7°°**), with a similar definition for ®*.
Here y, which is proportional to the effective mass, is the
linear temperature coefficient in the electronic specific
heat which is well known for the heavy fermions. In this
way we can replot data in various heavy-fermion metals
on a universal scale compatible with that of the copper ox-
ides. We now explore the consequences of this analogy.

NMR RELAXATION

In Fig. 1(a) the measured® nuclear relaxation rate 1/7
at the Cu site for La, gsSrg ;5CuQy is plotted as a function
of T. Figure 1(b) plots® this same quantity for CeCuq. In
all our plots of heavy fermion data the abscissa corre-
sponds to the rescaled temperature T* (or frequency w*).
The vertical axis has not been rescaled. We know of no
heavy-fermion NMR data on the f electron site which
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FIG. 1. The temperature dependence of the Cu nuclear spin-

lattice relaxation rates for (a) La, 4sSro1sCuO4 and (b) CeCus.

The rescaled heavy-fermion temperature T* is defined in the
text.

would be the natural counterpart for the Cu site in the ox-
ides. It may be presumed that via intersite transfer
hyperfine coupling, the characteristic 1/7", measured in
the Cu resonance of CeCug follows that of the f site, since
the characteristic T dependences are consistent with those
deduced from other data. In may be seen that for both
the copper oxides and heavy-fermion systems, at low tem-
peratures the relaxation follows the Korringa law from
which deviations become apparent around 7o, just as is
seen for the copper oxides. (Because there are only a few
points in the low-temperature regime of the oxides, we
rely here on the observation® that Cu and O NMR relaxa-
tions exhibit the same T dependence at low T and that the
latter is found to be Korringa-like.) The heavy-fermion
measurements can be followed to considerably higher
temperatures where the relaxation rate saturates to a 7-
independent value. The behavior shown in Figs. 1(a) and
1(b) is consistent with that observed in other copper ox-
ides as well® as in UPt;, CeCu,Siy, and UBe;; when the
rescaled temperature T* is used.
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FIG. 2. The frequency dependence of ac conductivity for (a)
YBa>Cu3;O7-5 (T, =80 K) and (b) UPt;.
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ac CONDUCTIVITY

The frequency dependence of the ac conductivity’ o(w)
in YBa,Cu3;07-; (with 7,.=80 K) is replotted in Fig.
2(a). Figure 2(b) shows the analogous data® on UPt; in
terms of the rescaled w*. In both systems there is a low @
Drude contribution whose T dependence is related to the
dc conductivity followed by an additional absorption
feature and a broad continuum. The same qualitative be-
havior is seen in all the metallic copper oxides (as well as’
BaKBiO and BaPbBiO). The data in other heavy-
fermion systems is similar.® At room temperature, the en-
tire structure plotted here for UPt; has disappeared® sug-
gesting that all the features shown appear to be conse-
quences of the coherent or ““transition” regimes.

TEMPERATURE DEPENDENCE OF THE
HALL COEFFICIENT

The Hall coefficient is plotted ' as a function of temper-
ature for La, 4Sro,CuQy in Fig. 3(a). The same general T
dependence is seen in all the epitaxial LaSrCuO films of
Ref. 10 for Sr concentrations in excess of 0.1. Similar
temperature dependences (above the maximum) are seen
in the YBa,;Cu3;07 -5 family, as well as in Bi and Tl com-
pounds.'® The maximum at T~100 K has also been re-
ported in other systems.!' For comparison, we have
selected the heavy fermion UBe;3 [Fig. 3(b)] which may
be like the optimally doped cuprates in that it never exhib-
its fully coherent behavior.'? Also indicated in Figs. 3(a)
and 3(b) is the inverse of eRy, called ny, which in a
Fermi-liquid picture should not be identified with the car-
rier number. The very small magnitude of ny in UBe,;
serves to emphasize this point. In the higher temperature
regime, the effects of skew scattering (Ry~yp) are
known to be important in the heavy-fermion materials but
both y and p show a much weaker T dependence than Ry
for the T* shown here.'> While we have selected UBe;
as an example, the general shape of Ry with a high max-
imum followed by a slow decrease is also seen in CeCug,
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FIG. 3. The temperature dependence of the Hall coefficient
Ry and its inverse ny =1/eRy; for (a) La, 4Sro2CuQy and (b)
UBC]}.
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UPt;, UAL,, etc., for temperatures above the coherence
temperature (but still lower than the skew scattering re-
gime).

TEMPERATURE DEPENDENCE OF THE
THERMOPOWER

In the heavy fermions the thermopower S(T) has a
nonuniversal temperature dependence. Nevertheless, it is
generally believed that structure in S(7) reflects the
characteristic transition to the coherent regime. We em-
phasize the need in the cuprates for determining the in-
trinsic characteristic form for S(7°) which might, like Ry,
be expected to be fairly universal. In Fig. 4(a) the tem-
perature dependence of the thermopower is plotted for
two different cuprates' which are fairly representative of
the types of behavior seen. The same broad maximum
seen in La; gSrg>,CuQOy4 has also been seen in the Ba substi-
tuted system, BiSrCaCuO, and in Tl based oxides, '* all at
temperatures between roughly 100 and 200 K. Measure-
ments on YBa,Cu3O; are also similar, although, this
broad maximum is not always as apparent. Single-crystal
data on this YBa,Cu307-; system indicate the presence
of a minimum as well as a maximum, as shown in Fig.
4(a). The analogous measurements for two different
heavy-fermion metals are shown'* in Fig. 4(b). Here the
characteristic temperature dependences are similar, but
the extrema occur at temperatures somewhat different
from Ten. In the copper oxides, phonon drag effects
above the high transition temperatures may make the be-
havior of S(7T) more complex. The moderately heavy fer-
mion UAI has a behavior similar to UPt; but with a neg-
ative sign so that there is a minimum in S, slightly above
Teon. By contrast CeCug has a shoulder'* rather than an
extremum near 7 coh.

TEMPERATURE DEPENDENCE OF THE

MAGNETIC SUSCEPTIBILITY

The magnetic susceptibility of many of the cuprates ex-
hibits some deviations from a Pauli (constant in T') behav-
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FIG. 4. The temperature dependence of thermopower for (a)
La; xSrp2CuOs and YBa»Cu;07; (b) CeAls and UPt:.
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FIG. 5. The temperature dependence of the static uniform
magnetic susceptibility for (a) various doping concentrations of
La cuprates and (b) various heavy fermions.

ior. The exceptions are in fully oxygenated YBa,Cu30;
and TI- and Bi-based cuprates. In the heavy-fermion met-
als, similar deviations from a strict Pauli behavior are also
seen to a greater or lesser degree. We illustrate these
points in Fig. 5. Three characteristic temperature depen-
dences are found in both copper oxides'® and heavy fer-
mions: '® either y monotonically decreases, or it has a
slight maximum at intermediate temperatures followed by
a saturation and sometimes a decline as T increases. The
extreme limit of these various categories is a nearly con-
stant susceptibility. In the susceptibility of the heavy fer-
mions this same variety of behavior is shown in Fig. 5(b).
(For CeAl;, the plot reflects low-temperature data mea-
sured in Ref. 16.) It should be noted that in the heavy fer-
mions, where the high-temperature regime can be fully
accessed, there is a gradual decrease in y until finally the
1/T Curie-Weiss asymptotic behavior is reached at ..
The corresponding energy for the copper oxides is 10000
K so that these metals will never exhibit the local-moment
phase for any accessible laboratory temperatures. In the
cuprates, when y is found to exhibit a high-temperature
falloff, it has sometimes been attributed to impurity con-
taminations which are often subtracted out. It should be
stressed that there are considerable sample variations and
sensitivities seen in y in both the heavy-fermion and
copper oxide metals. For this reason, this parameter is not
ideally suited for determining the size of y or the coher-
ence energy scale in the copper oxides.

RESISTIVITY, THERMAL CONDUCTIVITY, RAMAN
SCATTERING, AND NEUTRON CROSS SECTION

Above T, electron-electron scattering dominates the
resistivity of the heavy fermions, although it assumes the
canonical 7' dependence only for temperatures T, consid-
erably smaller than T (In CeCue, T, is ~0.1 K
whereas in UPt; it is closer to 2 K.) From T, to roughly
3T, the heavy fermions exhibit'>'” a linear contribution
to the resistivity arising from electron-electron scattering.
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In UBe;; and some samples of CeCu,Si; this appears at,
and persists above, 7..'>'” In the copper oxides at T,
electron-phonon scattering has an unavoidable contribu-
tion to p which prevents us from performing a simple re-
scaling of the heavy-fermion data. However, following
the same reasoning presented above, there should also be a
“residue” of the higher-temperature electronic contribu-
tion which is linear in temperature as seen in the heavy
fermions. Phonons may also play a role in the thermal
conductivity and thermopower. In the former, it has been
estimated '’ that they account for roughly 90% of the mea-
sured value, despite the fact that the temperature depen-
dence is consistent with the Wiedermann-Franz law.

Much attention has been paid to the electronic Raman
continuum in the cuprates. In similar experiments on the
heavy fermions there are no clear indications of the onset
of coherence. There is therefore no basis for a comparison
of Raman data (within the coherent regime) between the
two classes of systems at this time. As for neutron-
scattering experiments, while precise analogies cannot be
made yet, it is clear in both classes that the characteristic
frequency and related temperature T are evident in the
data.

In summary, we have argued by the heavy-fermion ex-
ample that the anomalous normal-state properties of the
cuprates are consistent with a partially coherent Fermi
liquid. In this transition regime, for 1/T, Ry, and o(w),
the behavior in both systems appears to be rather univer-

sal. At optimal stoichiometries this *“marginality” may
not be easily distinguished from that advocated by oth-
ers.' However, overdoped systems for which T./T o is
made sufficiently low are predicted to provide a “window”
on the coherent Fermi-liquid state. By contrast as the in-
sulator is approached, with decreasing T, more in-
cipient “local”’-moment behavior is expected, which is as-
sociated with large and temperature-dependent Ry, non-
Korringa NMR behavior, etc. Our work also yields a
basis for addressing inter-relationships between the data
upon which future experiments can focus, i.e., characteris-
tic energy scales. Finally, it provides a physical picture
which should aid in constructing theories of the supercon-
ducting transition, which seems to occur in surprisingly
close proximity to the onset of coherence in both the
heavy-fermion and high-T, superconductors.
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