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Fermi Surfaces, Fermi Liquids, and
High-Temperature Superconductors

W. E. PicketT, H. KRAKAUER, R. E. COHEN, D. J. SINGH

Recent experimental results are beginning to limit seriously
the theories that can be considered to explain high-tempera-
ture superconductivity. The unmistakable observations of a
Fermi surface, by several groups and methods, make it the
focus of realistic theories of the metallic phases. Data from
angle-resolved photoemission, positron annihilation, and de
Haas—van Alphen experiments are in agreement with band

theory predictions, implying that the metallic phases cannot
be pictured as doped insulators. The character of the low
energy excitations (“quasiparticles”), which interact strongly
with atomic motions, with magnetic fluctuations, and possi-
bly with charge fluctuations, must be sorted out before the
superconducting pairing mechanism can be given a micro-
scopic basis.

F ALL THE MACROSCOPIC PROPERTIES THAT ARISE FROM

the quantum nature of electrons in solids, superconductiv-

ity is the most striking. The complete disappearance of
electrical resistivity at and below the superconducting critical tem-
perature T results from the appearance of a coherent, macroscopic
quantum state in which individual electrons can no longer dissipate
energy. Accompanying the onset of superconductivity is the expul-
sion of magnetic fields from the superconductor and the widely
reported facility for levitation of superconductors above magnets, or
vice versa. For the 75 years after superconductivity was discovered in
1911, the phenomenon required very cold temperatures, within 25
K of absolute zero. Nevertheless, concerted scientific study has
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provided us with a large family of superconducting materials, and
the theory of conventional superconductivity (1) is well established.

The breakthrough in high temperature superconductivity (2) that
has appeared in the perovskite-derived copper oxides (cuprates) and
bismuth oxides (bismuthates) was remarkable and unexpected. At
present the highest T is 125 K in Tl,Ba,Ca,Cu;0, o, which is easily
achieved using liquid nitrogen. This value is five times higher than
known before Bednorz and Miiller (2) in 1986 discovered super-
conductivity in cuprates. The bismuthate Ba, (Ko 4BiOz has T,
~35 K, 50% higher than previously known. During the previous
several decades the maximum value of T, had increased steadily but
very slowly, and the breakthrough naturally raised a wide variety of
speculations about its microscopic origin. More recently, theorists
have returned to more fundamental questions: Do these materials
present a “novel state of matter,” or are they rather “novel materials”
that manage to wring a much higher critical temperature from
established processes? In this article we review the evidence concern
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ing what has grown into something of a controversy since the
discovery of high-temperature superconductivity: the character of
the normal state.

The reason (other than the spectacular superconductivity) for the
broad theoretical speculations about these superconductors is that
many of the copper oxide superconductors have a sister compound
(Fig. 1), typically differing by the removal or replacement of one
atom in the unit cell, that is a non-superconducting magnetic
insulator. Regions of magnetic, insulating behavior and metallic,
superconducting behavior are separated narrowly at low tempera-
ture. Combined with the strong quasi-two-dimensional character of
the cuprates, these features provide many possible origins for
unusual properties such as high-temperature superconductivity. The
bismuthate class of superconductors, while similar in many ways to
the cuprates, are not quasi-two-dimensional (2D) and display no
magnetism. These distinctions imply either that the high T, mech-
anism is not related to two-dimensionality or magnetism in either
class of material, or that the mechanism is fundamentally different in
the two classes.
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Fig. 1. Schematic concentration-temperature phase diagrams of the copper
oxide based high temperature superconductors, showing insulating-metallic
boundaries, magnetic-nonmagnetic boundaries, and structural transitions, in
addition to the regime of high temperature superconductivity. (A) The
La, ,M,CuO, type, M = Sr or Ba, where the maximum T, occurs at
fractional doping x; (B) YBa,Cu3Og,., type characteristic of the highest T,
materials, where the maximum T occurs for a stoichiometric compound.
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The Issue: Fermi Liquid, or Something Else?

The central question relates to the character of the normal state of
the cuprates and bismuthates, with a secondary question being
whether or not these two classes are fundamentally the same. During
the 60 years since quantum mechanics was first applied to periodic
solids, an understanding of the conventional metallic state, the
Fermi liquid, has been developed in exquisite detail. This feat is
remarkable in itself, considering that the problem involves an
enormous number of electrons interacting strongly with each other
and with atomic nuclei.

The Fermi liqguid. The phenomenological Landau Fermi liquid
picture (3) applies to metallic solids in which the low-energy
excitations called quasiparticles (QPs) that determine its properties
at low temperature and its response to low-frequency probes are
analogous to those of a corresponding system of non-interacting
electrons. These QPs are strongly modified (“renormalized”) by the
many-electron interactions and by interaction with the quantized
atomic vibrations called phonons, and may lack the full intensity of
an excitation of the fermion gas. In many ways, however, a QP
behaves as a single electron. The lack of intensity appears as a wave-
function renormalization factor Z < 1, with the “missing” intensity
spread smoothly over energies away from the QP energy.

Luttinger (4) has justified Landau’s phenomenological picture by
showing that a periodic metal will have a Fermi surface, and its low
energy behavior can be elucidated without detailed knowledge of
the interactions. The infinite-order perturbation theory used by
Luttinger is a widely accepted and highly developed formalism for
describing quantum many-body systems, and the result may well be
more general than the convergence of perturbation theory. This
conventional Fermi liquid (cFL) picture of Landau and Luttinger
provides explicit predictions: (i) there is a “Fermi surface” in
momentum (k) space that encloses a known volume and to which
the low energy excitations are confined, (ii) there is a discontinuity
in the momentum distribution n(k) across the Fermi surface, and
(iii) the complex QP self-energy 2(k, w) = X' + i%", which
characterizes the degree of renormalization, satisfies specific require-
ments at the lowest energies w: in three dimensions the real part 3’
is linear in w, reflecting a mass renormalization, and the imaginary
part 3" (giving the excitation’s decay rate) is quadratic. Two-
dimensional behavior (possibly relevant because of the layered
structures of the cuprates) is similar if the Fermi surface is circular.
This general behavior is illustrated in the QP dispersion curve
shown in Fig. 2. The theory also provides the temperature depen-
dence of thermodynamic properties, and the frequency of dynamic
processes, in the asymptotic region T'— 0, w — 0. The predicted
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Fig. 2. Schematic plots
of the quasiparticle band
structure for a free Fermi
gas and for a conven-
tional Fermi liquid. The
horizontal line denotes
the Fermi energy, and kg
is the Fermi wavevector.
The renormalized quasi-
particle mass is enhanced
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behavior applies below the degeneracy temperature T, which may
be very low, and below a corresponding energy wg ~ kgTF.
_ There is already striking experimental confirmation that the Fermi
liquid concept in solids is an extremely robust one. The “heavy
fermion™ metals, based on f~electron atoms such as Ce or U, display
extremely vigorous interactions between conduction electrons, local
spin fluctuations, and charge (valence) fluctuations. Their thermo-
dynamic and transport properties below 100 K can be exceedingly
strange. Yet the ones that remain paramagnetic metals down to the
lowest temperatures finally settle down into a highly renormalized,
but nevertheless conventional, Fermi liquid regime (5). If any of
these metals were to become superconducting above their degener-
acy temperature, their properties would appear to call for a non-
Fermi liquid description, when in fact the Fermi liquid regime
simply had not been reached. Especially for the high T materials
such complications should be kept in mind; in several cases T is
greater than 100 K and the Fermi liquid regime, if it exists, may not
have been reached at this temperature.

Complementary to the effort to systematize the metal near the
ground state is the attempt to calculate properties of the system over
a much wider energy range. Model Hamiltonians are often applied
to this problem, but the past two decades have seen the development
of sophisticated methods beginning solely from the periodically
arranged constituent nuclei of the system and a quantum mechanical
description of the electrons (that is, from “first principles™). Density
functional theory (DFT) (6), commonly referred to simply as “band
theory,” is by far the most widely applied such approach. It is a highly
ambitious approach, dealing with the full Hamiltonian and the precise
structure. It provides a rigorous method for certain ground-state
properties: the energy, the charge density, and the spin density, and it
provides band energies and wavefunctions that are approximations
(very often good ones) to QP bands and wavefunctions.

The spin-polarized version of band theory is not sufficiently
accurate to predict (7) the observed antiferromagnetic insulating
state for those layered cuprate compounds that are insulating (and
are not superconductors). This shortcoming is a result of the
local-density approximation for exchange-correlation energies. The

Fig. 3. Three dimensional picture of the calculated Fermi surfaces of
YBa,Cu;O,, slightly broadened and extended periodically. Roughly speak-

ing, the red and surfaces are derived from the two CuO, layers
(bonding and antibonding combinations), the pink surfaces arise from the
CuO chains, and the smaller blue cylinders contain both layer and chain
character. (Image produced on Sun Sparc 2 with Sun Vision.)
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local approximation, and the resulting local-density band structure,
are remarkably good in general but are less accurate in some
interesting materials, especially in materials where strong magnetic
tendencies are present. Because most high T, cuprates (but not
bismuthates) have antiferromagnetic sister phases that local-density
theory does not describe, its application to the metallic phases has
also been suspect.

In spite of its shortcomings in the magnetic insulating phases,
local-density band theory has proven to be not only reasonable but
in fact very accurate in predicting from first principles a number of
properties (8) of the metallic cuprates and bismuthates, such as
lattice constants and atomic positions within the cell, phonon
frequencies, structural instabilities, and electric field gradients. Any
improvement, if one is necessary, must not change these predictions
much. Band theory also provides an enormous amount of detail (7)
about a system, such as the QP band energies and wavefunctions and
their characters, including possible contributions from what are
often viewed as “inactive” ions. In Fig. 3 we illustrate the Fermi
surface predicted (9) by band theory for YBa,Cu;0O,. It is not at all
a simple surface, because not one but four QP bands cross the Fermi
energy. The surfaces are “clectron-like” in some regions and “hole-
like” in others, with the result that simple parabolic-band expres-
sions cannot be used to evaluate properties such as the Hall
coefficient and the Drude plasma energy.

A crucial question to be decided is to what extent, if any, these
“band quasiparticles” provide at least a semiquantitative description
of the excitations of metallic cuprates; failure to describe the
antiferromagnetic insulators does not rule out a reasonable descrip-
tion of the metallic phase if the phases are fundamentally different.
If the bands are qualitatively correct, then the band picture may be
a good one upon which to build in remaining many-body effects via
a sclf-energy correction.

Applying an extension beyond the local-density prescription by
excluding the self-interaction of an electron when it is in a localized
state, Svane and Gunnarsson (10) have uncovered an antiferromag- .
netic, insulating solution for La,CuO, (as well as for the insulating
transition metal monoxides) that corresponds closely to the experi-
mental findings. In the metallic phase, such as for YBa,Cu;O., the
solutions may revert to the standard local-density Fermi liquid
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solution, as they have found (correctly) for the metal VO. If this
turns out to be the case, and further analysis of the insulating phase
shows the description to be realistic, this theoretical development
will remove the most commonly held reservation toward the band
viewpoint.

Unconventional states having Fermi surfaces. A generalization of the
Fermi liquid concept is that of an unconventional Fermi liquid
(uFL), based on a self-energy that differs from the cFL form
discussed above. The alternative form that is most often discussed
has a QP decay rate 3" at T' = 0 that is linear (rather than quadratic)
in both lwl and the real part 3’ ~ wloglwl. Discussion of such
behavior goes back at least to Shekhtman (11). One scenario for the
high T, materials, called the “marginal” Fermi liquid by Varma ez al.
(12), was motivated by unusual normal-state properties observed in
many cuprates: linear-in-T resistivity, linear-in-w tunneling conduc-
tance, unusual nuclear magnetic resonance (NMR) relaxation be-
havior, the flat Raman scattering background, and thermal conduc-
tivity. Virosztek and Ruvalds (13) have shown that a band structure
with strong Fermi surface nesting (scattering between parallel
regions of Fermi surface) leads to a “nested” Fermi liquid form of
the QP self-energy and behavior at low w and T essentially like the
uFL form mentioned above.

Although the elementary excitations at nonzero » and T are still
quasiparticles in the uFL picture, at very low » and T where Fermi
liquid theory makes specific predictions of power-law behavior of
excitations, their behavior follows the different asymptotic form
given above (14). A qualitative difference is that the QP effective
mass diverges logarithmically as w, T"— 0, and the QP intensity Z
vanishes logarithmically at the Fermi surface. Although this behav-
ior seems strikingly different from the conventional one, the result-
ing spectral density differs only subtly from its cFL counterpart
except very near T' = 0, where it is dominated by the relatively large
broadening as w, T — 0. The difference rapidly becomes less
important as T increases. Spectral densities illustrating the differ-
ences are pictured in Fig. 4.

Alternatives. A metallic periodic solid need not necessarily be a
Fermi liquid, even an unconventional one, although there seem to
be no accepted physical counterexamples at present. (Bipolaronic
materials may be the nearest possibility.) Possible conditions under
which a breakdown of the Fermi liquid state might occur are not
clear; low dimensionality with its strong nesting and van Hove
singularities are the most widely discussed possibilities for inducing
exotic behavior.

A standard alternative to the quasiparticle picture arises from
consideration of the Hubbard Hamiltonian, which was suggested
for the high T, materials in the expectation that on-site Coulomb
interactions are dominant and that the model would describe the
insulating and lightly doped-insulator regime. This picture has led to
conjectures that a Fermi liquid picture of the metallic phases is not
viable, either because of strong interactions or possible instabilities
of the 2D electronic system. The Hubbard model describes particles
hopping, with bandwidth ¥, on a lattice whose sites have a single
available state for each spin. Only opposite-spin particles interact,
and then only when on the same site, with energy U. This model is
intended to capture some of the more striking behavior of crystals
displaying either magnetic or “highly correlated” behavior. Al-
though very little about this model has been firmly established, it is
suggested to provide a surfeit of novel phenomena, which can be
searched for in condensed matter systems. With respect to real
materials, the Hubbard model shows some peculiarities; due to the
lattice formulation and the simple, on-site interaction, it displays
extra local symmetries (15), and its spectrum is bounded above.

One view of its role is that, as was previously successful for
Bardeen, Cooper, and Schrieffer (1) with their reduced BCS Hamil-
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tonian, one might hope to identify the essential interaction in its
simplest form and work out the consequences. In fact the BCS
interaction is a highly anomalous (non-local, infinite-range) attrac-
tion that is not like the one actually responsible for conventional
superconductivity. The microscopically justified theory of the con-
ventional electron-phonon coupled superconductors was presented
in detail by Scalapino, Schrieffer, and Wilkins (16). The simple BCS
model “works” because the fundamental process is pairing of
quasiparticles near the Fermi surface, the BCS reduced interaction
reproduces such a pairing, and that is all that matters in the
weak-coupling limit.

Although simple in form, the Hubbard model has proven exceed-
ingly difficult to sort out, at least when U/W > 1. Although many
studies had suggested that, away from half filling, this model
describes a Fermi liquid unless U/W is very large, even this
qualitative result is now being reconsidered. On one hand, some
studies (17) have used the Hubbard model to motivate a cFL
description of the cuprates. On the other hand, there has been a
variety of suggestions (see below), based on ideas stemming from
the infinite U or negative U Hubbard models, of ground states
differing from the (conventional or unconventional) Fermi liquid,
and that these might persist to more physical values of U. Recent
numerical studies (18) suggest that, for physical values U ~ W and
well away from half filling, the Hubbard model in two dimensions
behaves in a cFL-like fashion, while near half filling more compli-
cated behavior can appear, arising from nesting or from critical
points in the band structure (van Hove singularities).

Widely discussed alternatives to Fermi liquids include the reso-
nating valence bond possibility (19) (superposition of spin-singlet
electron pairs distributed over a range of separations), the anyon/
flux phase states (20) characterized by a loss of time-reversal
symmetry, and the bipolaron picture (21) in which charge carriers
bind into pairs to form bosonic, rather than fermionic, excitations.
For the first two of these possibilities the theories are incomplete, in
terms of the existence (or not) of something like a Fermi surface and
of how thermal, transport, and optical properties would differ from
a Fermi liquid, so references to these possibilities will perforce be
limited to their few anticipated properties.

There have been serious attempts to proceed to more realistic
extended Hubbard models (22), with. U/W ~ 1 and intersite
interactions that are not negligible. Since the excitations move
primarily on the oxygen ions while the strongest interactions are
located on the Cu ions, it seems that even the simplest realistic
model must contain more than a single site per cell. Understanding
extended Hubbard models is more difficult than for the single-band
case, so the predictions also remain undecided. As models are made
more realistic the spontaneous broken symmetry solutions (such as
anyon phases) seem to be more difficult to obtain (23), so it is
probably realistic to anticipate that extended Hubbard models with
imperfect nesting and smeared out van Hove singularities as well as
more interactions will have a stronger tendency toward cFL behav-
ior than the standard Hubbard model.

The Experiments: Fermi Surfaces and
Quasiparticle Bands

There are three primary experimental methods of measuring
Fermi surfaces: de Haas—van Alphen (dHvA) and related effects,
angular correlation of annihilation radiation (ACAR) from
positrons annihilating with electrons, and angle-resolved (direct and
inverse) photoelectron spectroscopy (ARPES and ARIPES, respec-
tively). The dHVA experiments measure oscillations in electronic
properties arising from electrons orbiting the Fermi surface in
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resonance with an applied magnetic field. Completed orbits require
long mean free paths, which normally require clean, stoichiometric
crystals and low temperatures. High T cuprates would seem to be
ill-suited to the application of dHVA techniques, due to the short
mean free path (arising from relatively poor sample quality);
nevertheless results have now been reported.

The resolution of the other two methods is considerably reduced
from that of dHvA, but the Fermi surface geometry is obtained
more directly. Due to the short escape depth of the excited electron
(a few atomic layers), photoemission spectroscopy (PES) is extreme-
ly sensitive to atomic arrangements at the surface of the sample. This
presents problems for the study of the bulk electronic structure of
cuprates, with the complications including problems with sample
surface quality and the possibility of surface states that can be
confused with bulk states.

ACAR spectra measure the electron-positron momentum density,
which has discontinuities at momenta p corresponding to the Fermi
surface. Complications for the ACAR method are (i) lattice imperfec-
tions (possible positron trapping at defects or grain boundaries), (ii)
low count rates, and (iii) character of the positron wave-function: if,
for example, it avidly avoids the Cu-O layers, then layer-derived Fermi
surfaces may be “invisible” to positrons. Fortunately, the quasi-2D
structure of the cuprates provides simplifications. First, the Brillouin
zone dimension is small perpendicular to the Cu-O layers, and the
expected dispersion is much less in this direction, so the surfaces
should be roughly “cylinders” of arbitrary cross-sectional shape, as are
the calculated Fermi surfaces of Fig. 3. Second, the layered structure
and strong anisotropy of the cuprates make it easy to prepare the
(001) surface or to orient small crystals as necessary.

ARPES. A breakthrough in the study of EuBa,Cu;O, _ , was
reported by List ez al. (24) who found after cleaving a single crystal
in vacuum at low temperature (20 K) that oxygen leaves the surface
at temperatures as low as 80 K. This established that all previous
PES data (in which no Fermi cutoff was found) and any taken since
without similar precautions reflect properties of an oxygen-deficient
insulating surface layer rather than the metallic bulk. Subsequently
Arko et al. (25) reported identifying the Fermi edge in
YBa,Cu;Oq o, and since then clear Fermi edges have been seen in
both direct and inverse PES of many cuprate superconductors.
Olson et al. (26) established that the Fermi edge of Bi,Sr,CaCu,Oyq
is precisely the same shape as that of Pt, for temperatures from 100
K to 250 K. Taken together, these results establish that metallic
cuprates have a sharp cutoff at the Fermi level, consistent in detail
with the fermionic excitations of a Landau Fermi liquid. This fact
poses severe problems for the bipolaron picture.

ARPES studies designed to search for band-like dispersion of the

Fig. 5. Cross section in
the (k,,k,) plane (9) of
our calculated Fermi sur-
face for YBa,Cu;0,, to-
gether with the. ARPES
data of Campuzano et al.
(27) (solid circles), the
ACAR data (open cir-
cles), and dHvA data
(dashed lines at upper
right). The hashed areas
represent those values of
(k,k,) for which there
is a Fermi surface for some value of k_; thus the width of the hashed area
reflects the k_ dispersion of the band at that point in the plane. The dHvA
data are presented as suggested by Fowler et al. (36). The data points that lie
on large circular arcs correspond to the two Cu-O layer-derived Fermi
surfaces, which are the red and green surfaces in Fig. 3. The data points near
the S(R) point correspond to the blue sheet in Fig. 3.
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spectral peaks have been carried out by several groups. The most
extensive investigation of Fermi surface band crossings in
YBa,Cuz0, has been reported by Campuzano et al. (27) whose
investigations at about 40 different angles revealed Fermi surface
crossings that coincided closely with the predictions of band theory
in all respects (Fig. 5). Several ARPES studies of Bi,Sr,CaCu,Og
have been reported. The Karlsruhe-Kiel group (28) reported both
direct and inverse ARPES results, finding a band that crosses the
Fermi surface where band calculations predict two degenerate
(within experimental resolution) Cu-O layer bands to be, and two
bands near and at the zone edge M point where band theory predicts
Bi-O derived bands. Olson et al. (26) observed the Cu-O band, with
the point of Fermi surface crossing in excellent agreement with the
Karlsruhe-Kiel group and with band predictions. By depositing an
Au overlayer on the surface (a Bi-O layer), Wells et al. (29) have
verified the Bi-O character of pieces of the Fermi surface predicted
by band calculations to be Bi-O related states. Takahashi et al. (30)
observed two bands within 0.5 eV below Eg, the uppermost in
agreement with the ARPES data mentioned above. The origin of
the other band is not clear. An ARIPES study by Bernhoff ez al. (31)
mapped out a number of dispersive bands above Ep that show
similarity to band calculations, although there are shifts relative to
the band energies and extra spectral peaks, perhaps due to surface
states. The one observed Fermi surface crossing agrees with both
ARPES results and band calculations.

ACAR. Very high statistics ACAR spectra (32) from the Univer-
sity of Texas-Livermore collaboration and the Argonne group,
obtained from detwinned YBa,CuzO, crystals, provide convincing
evidence for the flat Cu-O chain-derived Fermi surface sheet,
precisely as expected from local density band calculations, as pic-
tured in Fig. 5. In agreement with expectations based on our
calculations of positron wavefunctions (33, 34) which showed little
overlap of the positron density with the Cu-O planes, the researchers
found no evidence for the plane-derived Fermi surfaces. Thus not
only the position of the bands, but also their character, is borne out
by the ACAR data.

Many theories anticipate the layer-derived bands (and Fermi
surfaces) to be more closely related to superconductivity, and
therefore more important to identify, than the chain-derived surface
seen experimentally. Calculations (33, 34) predict that positrons
would be better probes of layer-derived Fermi surfaces in
Bi,Sr,CaCu,Og (T, > 80 K), and that T1,Ba,CaCu,Og (T > 100
K) is even more promising. Two groups (35) have reported ACAR
studies on a single, untwinned crystal of Bi,Sr,CaCu,Og (T, = 90
K). Such Bi-based crystals are orthorhombic due to a structural
modulation in the Bi-O layers, so data projection was required
before comparison with the band predictions for the idealized
tetragonal structure. Chan et al. (35) find evidence for the Bi-O
portion of the Fermi surface, and some indication of the Cu-O
planar Fermi surface predicted by band calculations.

dHvA. From the earliest times of consideration (that is, four years
ago) it has seemed inconceivable that dHvA oscillations could ever
be seen in cuprate samples, which are not precisely stoichiometric
and have T ~ 100 K. Remarkably, two reports of observations (37)
of oscillations in YBa,Cu;O, have now appeared. The Los Alamos
group has used an explosively-powered flux-compression system to
produce magnetic fields above 100 T lasting a few tens of micro-
seconds. For aligned crystals cooled to ~2 K, they observed three
oscillations, reflecting cross-sectional areas corresponding to mag-
netic fields of 0.5, 0.8, and 3.5 kT. Using more conventional
methods, the Tohoku-Osaka collaboration made measurements in
steady fields up to 27 T, and reported a single oscillation whose area
is in excellent agreement with the smallest of the orbits found by the
Los Alamos group.
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The two smaller orbits (a few percent of the Brillouin zone area)
correspond closely to the smallest Fermi surface orbits predicted by
band calculations, so we have sketched them in on Fig. 5 in this
place. Higher fields or cleaner samples will be required before the
larger area, layer-derived surfaces can be observed by dHVA. Ac-
cording to the calculations, the measured surfaces centered at S(R)
in Fig. 5 arise from a combination of states associated (7, 9) both
with the Cu-O chains and the bridging oxygen near the CuO,
layers, reflecting coherent participation of chain and layer states at
the Fermi surface. This interpretation also requires a three-dimen-
sional Fermi surface with dispersion (small but not negligibly so)
perpendicular to the Cu-O layers, conflicting with pictures requiring
extremely weakly coupled 2D layers.

Band metals, not doped insulators. The ARPES data clearly show
dispersing, Cu-O layer-related bands crossing the Fermi surface, the
unmistakable sign of Fermi liquid-like behavior. The ACAR data
vividly reveal the Cu-O chain-related band, indicating metallic
character of the chain. The dHvA data reflect the remaining piece of
predicted Fermi surface, the hybridized layer-chain Fermi surface.
All of the Fermi surface data strongly support the predictions of
band calculations, and all of the calculated surfaces [predicted four
years ago (7, 9)] in YBa,Cu;O, have been seen. Effective masses are
no doubt altered from the band masses (as is always the case), but
rather than detracting from the band picture, these results tend to
support it by suggesting that masses and related quasiparticle
properties should be obtained by including a substantial but stan-
dard (in principle) self-energy correction to band quasiparticles as in
other normal metals. Moreover, the ARPES and ACAR data have
verified the character of the Fermi surfaces predicted by band theory.

The spectroscopic data now clarify one of the long-standing
points of contention: Is the high T'. metallic phase to be regarded as
a band metal, as band theory predicts, or a doped insulator, as the
phase diagram has led many to accept? Direct and inverse photo-
emission studies, as well as electron energy loss spectroscopy,
indicate a continuous spectral density from below and above,
vanishing only at the common Fermi cutoff, indicating no gap near
the Fermi level. The Fermi surfaces are large and obey Luttinger’s
theorem, rather than being small and enclosing a fraction of one
carrier as in a doped semiconductor. The specific predictions of most
alternative pictures are not yet established, but the band picture is in
excellent agreement with Fermi surface geometries and characters.

The Fermi Liquid: Conventional or
Unconventional?

The data discussed above mandate that a theory of the high T,
materials begins with the Fermi surface. The finding that the
measured Fermi surfaces are predicted correctly by band theory
provides both general implications and strong specific constraints.
The exotic models (anyons, flux phases), which are suggested to
arise in strongly correlated systems, can hardly be expected to apply
to metals whose Fermi surfaces are predicted correctly by band
theory. Moreover, it can be surmised immediately that the self-
energy, relative to the local density bands, must be essentially
k-independent parallel to the Fermi surface, otherwise it would alter
the Fermi surface.

Considering the dynamic processes that are neglected in local
density theory, this conclusion is especially significant. A wide
variety- of experiments, as well as local-density-based calculations
(8), demonstrates that certain phonons are strongly coupled to QPs
at the Fermi surface, but it has long been known that lattice
vibrations do not affect the Fermi surface itself. But there are several
other considerations. First, magnetic fluctuations have been seen in
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YBa,Cu;O;, _,. As the oxygen deficiency y decreases and T,
increases, the fluctuations lose much of their coherence and move to
higher energy (38), implying that for ideal (y = 0, T. = 93 K)
materials they may be nearly incoherent. Even so, with Fermi surface
nesting the resulting self-energy could be dispersive. Second, Egami
and collaborators (39) have found that the Cu-O layers contain
pronounced short-range disorder, with atoms lying off their ideal
lattice sites in an incoherent fashion. Third, there may be charge
fluctuations, of which little is known at present. Like electron-
phonon coupling, none of these effects is included in the band
calculations. Evidently these interactions, some of which may be
strong, leave the Fermi surface unchanged from the band theory
prediction. As mentioned, this will be the case if they lead to a
self-energy that may be strongly o dependent but must be very
weakly k dependent parallel to the Fermi surface. The self-energies
that have been discussed within most of the uFL pictures satisfy this
constraint.

Low o, low T experiments. Now that sample quality has generally
improved over that of the “early days,” there has grown to be an
accepted body of experimental data “characteristic of the normal
state of these materials. We now address these properties and their
implications for the two pictures (cFL or uFL) of the normal state.

Electronic transport. The resistivity p(T) in many of the materials
shows a linear temperature dependence from just above T, to 500 to
800 K, although others, such as YBa,Cu,Og and Nd, _ ,Ce,Cu,,
show nonlinear behavior. Initially suggested to be very strange, it
has since been found that similar behavior over a wide temperature
range can result not only from scattering from phonons but from
several other possible mechanisms. That the linearity extends down
to 10 K in the Bi,Sr,CuOg material (40) is unusual; that the
linearity extends so high in temperature is also unusual if one expects
“resistivity saturation” to occur as happens in conventional 3D
metals. The uFL picture accounts qualitatively for this behavior, but
without identifying the scattering mechanism or accounting for the
lack of saturation.

But implications of the resistivity may not be so simple. Sundqvist
and Andersson (41) have questioned whether the linearity of p is the
proper transport question to address: When the large volume
coefficient of resistivity of the cuprates is accounted for, p(T) at
constant volume is not linear, but rather only p(T) at constant
(atmospheric) pressure. At constant volume (which is what standard
theories address), p is concave downward, consistent qualitatively
with behavior seen in conventional metals, although p itself is
unusually large.

Moreover, linear (isobaric) p(T), though common, is not univer-
sal. This appears clearly in YBa,Cu,Og (T, = 80 K), which is
stoichiometric and much more stable than the more widely studied
YBa,Cu;0., material, but is structurally similar, having only an extra
Cu-O “chain.” Its resistivity is concave downward (42) above ~200
K, typical of behavior observed in conventional metals with strong
electron-phonon coupling. Massidda et al. (43) have found that
band-theory-based transport theory incorporating only scattering by
phonons accounts for the data on YBa,Cu,Og, and that disagree-
ment in YBa,Cu;0; is not as serious as suggested by earlier studies.
To summarize, the resistivity is not fully understood, but it is not
obviously inconsistent with either the cFL or uFL pictures.

Quasiparticle behavior. One of the best means to test theories
would be to measure directly the quasiparticle linewidths all around
the Fermi surface. This is not at all easy. The most direct procedure
is to use ARPES at the highest resolution and at low T, enabling in
principle imaging at the lowest possible excitation energies and
identification of the linewidth (inverse decay rate). However, even
the recently improved energy resolution (approaching 15 meV ~
180 K)) has not been sufficient to resolve the questions, and the onset
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of the superconducting state further complicates spectroscopy very
near the Fermi surface.

Olson et al. (26) have extracted linewidths from their data on
Bi,Sr,CaCu, Oy, after removing background and modelling the
(non-negligible) nonzero angular resolution, obtaining a linear
width I'(w) ~ 0.6w in the range 40 < w < 300 meV, ostensibly
consistent with the uFL picture. However, our recent calculations
indicate (44) that linear linewidths due to phonon scattering occur
in the range 10 < o < 80 meV, requiring spectroscopies to go
below @ < 10 meV to obtain the form of the limiting (cFL or uFL)
behavior.

Raman scattering. A strong, structureless Raman background has
been observed in many of the high T cuprates and in the bismuth-
ate (45) Ba, _ K _BiO;. It arises from electronic scattering and is
symmetry specific. According to Slakey et al. (46) the B,, symmetry
response follows closely the form assumed for the uFL picture, while
that of A,;, symmetry follows a less unusual relaxation form.
Investigating these forms down to low temperature is interrupted by
the onset of superconductivity. Monien and Zawadowski (47) have
shown that the band structure of YBa,Cu,O. allows interband
Raman scattering down to very low energy, which could show up as
a Raman background. To oversimplify, the Raman background
provides support for the uFL picture, but it is not understood in
detail within this theory nor is it necessarily inconsistent with cFL
behavior.

Magnetic resonance. The NMR spin-lattice relaxation time T, for
high T_ materials has been widely discussed as reflecting something
different than a conventional Fermi liquid. The expression for a
Fermi liquid is the Korringa relation 1/T, T' = constant, and indeed
this behavior is followed by the oxygen and yttrium nuclear spins,
thereby appearing to necessitate a cFL state (48). The T-dependence
of the planar Cu T is more complicated, and was one argument
(12) for adopting a uFL outlook. However, the Korringa prediction
quoted above assumes a completely innocuous Fermi liquid, where-
as the cuprates represent a richer Fermi liquid with strong spin
fluctuations, confined primarily to the Cu atoms. For such a system,
that is, a renormalized cFL, the Korringa theory can be generalized
(49) to account for the crystal structure and magnetic fluctuations,
with the result that T} should behave in the manner observed. Thus
cFL theory can account for the Cu NMR data, while it would be
difficult to explain the (conventional) oxygen and yttrium behavior
within a uFL picture.

Circular birefringence. The “flux phases” of the 2D -] model and
the anyon models support regimes in which time reversal and 2D
reflection symmetry are broken. A prime feature of the broken time
reversal symmetry is the possibility of circular dichroism and
birefringence. These optical effects have been searched for by
AT&T, Stanford, and German groups (50). Positive results have
been reported by the AT&T and German groups for both
YBa,Cu;0, and Bi,Sr,CaCu,Og, while the Stanford group report-
ed 1io sign of circular activity on a variety of YBa,Cu;O., samples. In
addition, the AT&T group has found circular dichroism in samples
of Ba; _ ,Rb, BiOj, a non-copper material with the cubic perovskite
structure. These experimental results are confusing at best, but the
discovery of the effect in a 3D non-cuprate material indicates that
theories based on the dominance of two-dimensionality (flux phases,
anyons) cannot provide a unified explanation of the data. Another
difficulty for the pictures based on overwhelming two-dimensional-
ity is that, in the best YBa,CuzO, samples, the resistivity p.
perpendicular to the Cu-O layers is metallic, indicating good
coupling of carriers across layers that would invalidate the assump-
tions (strict two-dimensionality) underlying an anyonic description.
The critical temperature itself is observed to be insensitive to the
behavior of p..
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There are two further experimental indications that the anyon
picture is untenable. First, persistent currents indicative of coherent
quantum tunneling between conventional and high T supercon-
ductors have been observed (51), whereas this would not occur
between a conventional superconductor and an anyon superconduc-
tor. Second, an anyon phase would give rise to magnetic fields
arising from the spontaneously occurring fluxoids. Muon spin
resonance (52) experiments have put an upper bound on such fields
that is well below what the theory predicts. Thus experimental
evidence is close to ruling out an anyon phase.

The Theoretical Situation: Moving Toward
Resolution

The quantitative successes of first principles band theory that are
now evident demonstrate that we are closer to a predictive theory of
the normal phase of the high-temperature superconductors than
could have been expected even one year ago. We do not imply that
remaining questions are simple. Self-energy corrections away from
the Fermi surface may be substantial, and formulating a realistic
theory of dynamic processes and the resulting self-energy will be the
next step in unravelling the mysteries of the high-temperature
superconductors. Magnetic fluctuations are likely to give important
contributions and their effects are not well understood.

The bands at the Fermi surface themselves indicate other pro-
cesses that need further consideration, of which we mention two.
First, the degree of Fermi surface nesting can be evaluated directly
using the quantity (53)

EQ) = 28(Ex — End(Ex + @ — Er) )
k

that measures the phase space available for scattering a QP from any
point k on the Fermi surface to another point k + Q also on the
Fermi surface. For La, g5Sry ;sCuO,, we have found that this
nesting indeed peaks strongly at the zone corner X point (Fig. 6),
and it is also strongly peaked all along the (g, ¢, k,) direction for all
k.. The consequences of this strong nesting are not yet fully
understood, but this behavior of £(Q) is much like that assumed by
Virosztek and Ruvalds (13) in their “nested Fermi liquid” model,
suggesting that the treatment of many-body effects beyond, but
built upon, band theory could lead in some cases to behavior similar
to that of a uFL.

A second feature of the band structures near the Fermi level is
that, in several of the compounds, there are interband transitions
extending down to @ = 0. The consequences are not fully under-
stood, even though this sometimes occurs in standard metals. These
low energy excitations could affect the resistivity as well as the
Raman background. Whether such low energy interband transitions
occur generally enough in high T, materials to be a plausible
explanation is not clear.

Another consideration for the cuprates is crystal quality, and the
degree of true crystalline order even for stoichiometric crystals.
Neutron scattering determinations of the (nuclear) pair distribution
function for several cuprates (39) indicate that Cu and O atoms in
the layers are not placed simply as diffraction experiments suggest,
but rather that there are out-of-plane displacements of both atoms.
These local distortions are without long-range order, so they do not
contribute in diffraction determinations of the structure except to
add to the statistical distributions (“ellipsoids™) derived from struc-
tural refinements. A consequence of this innate disorder could be to
add an intrinsic broadening (weakly dependent on w and T) to the
QP peak, thereby making the near-Fermi-surface properties scale
differently from a cFL state even though there is nothing intrinsic in
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Fig. 6. Surface plot in the two dimensional plane Q = (q,, 4,, 0) of the
Fermi surface nesting factor £(Q) for La, gsSrg 15CuO,, which reflects the
number of allowed transitions for a quasiparticle scattering on the Fermi
surface through momentum-transfer Q. The transitions are concentrated
near the I'-X diagonal line (T is the near corner).

the electronic system to drive it away from cFL behavior.

No doubt most of these complications will be addressed in the
near future, and intense investigation of unconventional or novel
electronic behavior will continue. The inescapable conclusion is that
any of these theoretical pursuits must be consistent with the
measured Fermi surfaces and with nearby excitations to be consid-
ered viable possibilities. We have not addressed the question of
superconductivity at all here, but the implication is clear: Theories
based on (conventional or unconventional) Fermi liquid theory are
reasonable possibilities, while those that are inconsistent with a
Fermi surface are no longer viable alternatives. This still leaves a
wide variety of possibilities: conventional strong phonon coupling
(perhaps generalized to account for anharmonicity) and purely
electronic (“excitonic”) mechanisms are both being studied widely,
and magnetic pairing mechanisms are not ruled out by the data
discussed above. Now that the picture of the normal state is being
clarified, the emphasis can soon shift back to the unsolved questions
posed by the superconductivity itself.
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Molecular Code for Cooperativity
in Hemoglobin

GARY K. ACKERS,* MICHAEL L. DOYLE, DAVID MYERS, MARGARET A. DAUGHERTY

Although tetrameric hemoglobin has been studied exten-
sively as a prototype for understanding mechanisms of
allosteric regulation, the functional and structural prop-
erties of its eight intermediate ligation forms have re-
mained elusive. Recent experiments on the energetics of
cooperativity of these intermediates, along with assign-
ments of their quaternary structures, have revealed that
the allosteric mechanism is controlled by a previously
unrecognized symmetry feature: quaternary switching
from form T to form R occurs whenever heme-site
binding creates a tetramer with at least one ligated
subunit on each dimeric half-molecule. This “symmetry
rule” translates the configurational isomers of heme-site
ligation into six observed switchpoints of quaternary
transition. Cooperativity arises from both “concerted”
quaternary switching and “sequential” modulation of
binding within each quaternary form, T and R. Binding
affinity is regulated through a hierarchical code of tertia-
ry-quaternary coupling that includes the classical allo-
steric models as limiting cases.

MAJOR DISCOVERY OF MODERN BIOCHEMISTRY WAS THAT

proteins act as molecular switches to regulate metabolic

reactions (1, 2). Intracellular control of enzymic activity is
often brought about by multimeric assemblies of enzyme subunits
that undergo changes in the conformation (tertiary structure) and
the arrangement of intersubunit contacts (quaternary structure) in
response to the binding of substrates and other “regulatory” mole-
cules. These alterations in protein structure either enhance or
diminish binding affinities and thus regulate the concentrations of
product. Cooperativity, or “self-regulation,” is manifested when the
binding of a ligand species alters the affinity for subsequent binding
of the same ligand. The protein brings this about by acting as a
transducer of free energy: favorable increases in binding energy are
“paid for” by (unfavorable) decreases in the free energies of subunit
interaction and conformational rearrangement within the protein
itself. This transduction of free energy between binding sites and
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conformational states is reciprocal; after ligand dissociation the
original protein structure is restored.

Studies on the structural and functional properties of tetrameric
hemoglobin have had a pivotal role in the development of concepts
to explain cooperativity and regulation by allosteric enzymes and
other multisubunit proteins. The hemoglobin molecule was award-
ed the rank of “honorary enzyme” by Monod, in recognition that it
displays the essential features of allosteric regulation yet maintains
the comparative simplicity desired in a model system. Hemoglobin
thus had a significant role in the development of the classical theories
for allosteric regulation during the 1960s by Monod et al. (MWC)
(3) and by Koshland et al. (KNF) (4). These models were based on
concepts of “concerted” (all or none) versus “sequential” (ligand-
induced) processes, respectively. They have provided sharply con-
trasting frameworks for understanding how regulatory behavior can
arise from protein conformational changes coupled to subunit
interactions and ligand binding (Fig. 1).

Hemoglobin has also played a major role in the progress toward
understanding the detailed structural basis of allosteric regulation,
beginning with the pioneering work of Perutz on crystallographic
structures of unligated and fully ligated tetramers [see (5) for an
extensive review of allosteric structures]. The hemoglobin mole-
cule continues to be the object of an immense range of studies on
the structural, dynamic, spectroscopic, energetic, clinical, and
engineering issues of protein structure and function, for which no
attempt at review will be made here. In this article we describe
recent findings on properties of the intermediate-state species
(partially ligated tetramers) that shed new light on the origins of
hemoglobin cooperativity (6-12) and the rules whereby heme-site
ligation generates cooperativity through tertiary and quaternary
switches.

How can it be that the allosteric mechanism of hemoglobin is not
completely understood, given the vast amount of effort that has
gone into the problem over a number of years? Highly cooperative
systems greatly suppress the populations of molecular forms that lie
on the pathway between the initial and final states, which makes it
extremely difficult to study the properties that may reveal features
critical to an understanding of the overall mechanism. The same
“conspiracy” is encountered in attempts to understand the mecha-
nisms of protein folding and of nucleated polymerization by fila-
mentous protein assemblies. The recent discovery that hemoglobin
quaternary structure is controlled by the specific configuration of
ligated subunits within the tetrameric molecule (7) could only arise
from studies on the different intermediate species at each degree of
ligation.
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