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The authors review the results of a wide variety of experiments on materials such as La2CuO4 and
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I. INTRODUCTION

For decades it has been known that the transition-
metal oxides display a wide variety of exotic behaviors.
There are compounds that undergo insulator-to-metal
transitions as a function of pressure or temperature; oth-
ers that transform from antiferromagnetic insulators to
ferromagnetic metals as a function of doping; and many
that exhibit structural phase transitions. Whereas there
has been much success in developing a theory of the
structural phase transitions, the insulator-to-metal tran-
sition and the concomitant evolution of the magnetism
remains one of the great unsolved problems in
condensed-matter physics. The latter problem is ex-
tremely difficult because the insulating state in these ma-
terials results from the highly correlated motion of the
electrons in the d orbitals of the transition elements.
The discovery by Bednorz and Müller of high-
temperature superconductivity in the layered copper ox-
ides (Bednorz and Müller, 1986) reinvigorated the
search for an understanding of the insulator-to-metal
transition because it is widely believed that the same
correlations that lead to the insulating state, for which
the charge-carrier density is small, also lead to supercon-
ductivity when the carrier density is sufficiently large.

The approach we have taken since the discovery of
high-Tc superconductivity is to study the evolution of
the transport and magnetic properties as a function of
carrier density beginning with the antiferromagnetic in-
sulator and working our way into the superconducting
phase. Some in the superconductivity community argue
that the mechanism of the new superconductivity can be
identified most readily by studying the materials either
with the highest critical temperatures (Tc) or by begin-
ning from the overdoped conventional metallic state.
Our view, on the contrary, is that since there is no dis-
continuous change with doping in the properties of the
lamellar copper oxides starting form the antiferromag-
897(3)/897(32)/$21.40 © 1998 The American Physical Society
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netic insulating state, one will need to understand the
evolution from this state of the magnetism and transport
as a function of carrier density in order to understand
the superconductivity. Even if this is not the case, the
approach is a systematic one, which has already led to
new and important physics.

High-temperature superconductivity was first discov-
ered by Bednorz and Müller in the material La2CuO4
doped with Ba (Bednorz and Müller, 1986). A few
months later it was found that doping with Sr raised the
superconducting critical temperature Tc in this material
to near 40 K, and soon other materials with much higher
critical temperatures were discovered. The single com-
mon feature of these materials is the two-dimensional
CuO2 layer, and it seems evident that the mechanism of
the new superconductivity can be found in the physics of
this layer. Whereas the structure of La2CuO4 is quite
simple, those of the higher-Tc compounds are typically
intricate. The YBa2Cu3O7 material, for example, with
Tc ; 90 K, has chains of alternating Cu and O atoms as
well as double CuO2 layers, and most of the Tl and Bi
compounds, with Tc as high as 120 K, have even more
complicated structures. It has proven easier to grow
large homogeneous single crystals of materials such as
La2CuO4, NdCuO4, or Sr2CuO2Cl2 than of the higher-
Tc materials, perhaps because of their relatively simple
crystal structure. It appears, therefore, that to under-
stand the physics of the new superconductivity, the sim-
pler materials have advantages.

Since La always has oxidation state 1 3 and oxygen
has 2 2, the chemical composition leads one to conclude
that the Cu in La2CuO4 is in the 1 2 oxidation state, so
that its electronic configuration is 3d9. With one hole
per copper atom one would naively expect La2CuO4 to
be a metal, and many band-structure calculations have
made this expectation quantitative. However, La2CuO4
is in fact an antiferromagnetic insulator. This demon-
strates dramatically the importance of electron-electron
correlations in the copper oxides. Because of these cor-
relations, the holes are localized on the copper atoms.

When La2CuO4 is doped for example with Sr, several
phase transitions occur. Figure 1 gives the phase dia-
gram of La22xSrxCuO4. The Cu21 spins in undoped
La2CuO4 order antiferromagnetically with a Néel tem-
perature TN of approximately 325 K. However, the sub-
stitution of Sr21 for La31 introduces holes in the CuO2
layers, reducing TN dramatically, as illustrated in Fig. 1.
Above about x 5 0.02, the long-range magnetic order is
completely destroyed, but two-dimensional (2D) short-
range antiferromagnetic correlations persist. In the anti-
ferromagnet, the transport properties are those of a
doped semiconductor, although optical and transport ex-
periments show that the charge carriers are actually po-
larons. Above about 2% doping, the system behaves like
a 2D disordered metal with a gradual crossover from
metallic behavior (dR/dT . 0) at high T to insulating
behavior (dR/dT , 0) at low T . Superconductivity ap-
pears above about 5% Sr, with Tc reaching ; 40 K at
15%. The phase boundary for the transition from the
orthorhombic to the tetragonal structure is also shown.
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An alternative method of doping La2CuO4 is to inter-
calate O22 electrochemically. The excess O22 ions oc-
cupy interstitial sites between the CuO2 layers. Recent
work (Wells et al., 1996) has shown that the phase dia-
gram for La2CuO41y is quite elaborate, exhibiting phase
separation and staging. All of the staged compounds are
superconducting, with critical temperatures varying
from ; 31 K for stage 6 to as high as 45 K for the lowest-
stage materials. Work on the La2CuO41y system is still
at an early stage so we will not review it explicitly here.

There have been many reviews of specific aspects,
such as optical or transport properties, of the high-Tc
superconductors and their semiconducting precursors.
The purpose of this paper is to discuss the interrelation
of the evolution of transport, optical, and magnetic
properties as charge carriers are added to the CuO2 lay-
ers beginning from the undoped insulator. The primary
focus is on the pure and lightly doped CuO2-layer mate-
rials. However, we briefly discuss the magnetism in the
superconducting phase, as well. We rely heavily on the
results of our own experiments on single crystals, but we
compare our results with those of other groups, and we
discuss results on related materials and ceramics to illus-
trate the generality of various properties. Reviews of
most subjects begin with an apology to those whose
work is overlooked. However, in no field of science is it
more difficult to be aware of all important contributions

FIG. 1. Phase diagram for La22xSrxCuO4 summarizing struc-
tural, magnetic, and transport properties. The narrow dashed
line (dR/dT 5 0) separates the region of metallic linear re-
sistance from that of logarithmically increasing resistance. The
conductance in the Néel state is strongly localized. From Ke-
imer, Belk et al., 1992.
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than in the field of high-Tc superconductivity. We hope
that our colleagues will understand that our failure to
recognize their achievements is the result of our inability
to read everything that may be important on this sub-
ject.

The organization of this paper is as follows: In Sec. II
we briefly summarize the techniques used for growing
the large single crystals needed for neutron, transport,
and optical measurements. Section III provides an over-
view of the tetragonal to orthorhombic transition in
La2CuO4, which, while intrinsically interesting, is espe-
cially important because its temperature dependence is
very sensitive to the chemical homogeneity of the crys-
tals. Next, in Sec. IV, we discuss the magnetism of un-
doped La2CuO4 and Sr2CuO2Cl2, which is well de-
scribed by the 2D S 5 1/2 Heisenberg model. Section V
reviews the experimental results showing that holes in-
troduced by doping or by photoexcitation form po-
larons. Recent photoemission measurements indicate
that the coupling of a hole to the magnetic fluctuations is
critical in determining the band structure, resulting in a
band width similar in magnitude to the antiferromag-
netic exchange energy. However, the mass of holes near
the top of the valence band remains relatively small. The
optical measurements reviewed in Sec. V show that the
holes are, in addition, dressed by phonons. In Sec. VI we
review the evidence that, for light doping, La2CuO4 be-
haves like a conventional doped semiconductor. In Sec.
VI we also examine the electronic transport properties
near the transition from semiconductor to 2D metal.
Then, in Sec. VII, we show how the magnetism evolves
with the addition of charge carriers. Conclusions and a
summary of outstanding problems is given in Sec. VIII.

II. CRYSTAL GROWTH

Large single crystals of La22xSrxCuO4 have been
grown by two techniques. The more common method is
solution growth (Hidaka et al., 1987), in which one pre-
pares a melt containing the composition desired as well
as excess CuO. The CuO serves as what crystal growers
call a flux. This has two functions. First, it lowers the
melting point so that crystals can be grown at reasonable
temperatures. Typically, the melt must nonetheless be
heated to 1300 °C to dissolve the constituents, and the
crystals grow upon cooling to ; 1100 °C. Second, for
some materials, like La2CuO4, the crystal cannot be
grown from the stoichiometric melt, and the flux is es-
sential. This is often called incongruent melting.

Crystals may be grown from the CuO-rich solution
using a seed (Picone et al., 1988) or using spontaneous
nucleation, as in the technique of Hidaka (Hidaka et al.,
1987). In either case, however, one must use a crucible,
most commonly made of Pt. Although the amount of Pt
incorporated from the crucible in undoped La2CuO4 ap-
pears to be small, the crucible apparently reacts more
rapidly with the SrO and BaO used for doping. There-
fore, whereas one can grow crystals of undoped
La2CuO4 that are relatively pure this way, Pt is some-
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times incorporated into the doped crystals at levels of
order 1%, which is known to suppress the superconduct-
ing Tc .

The second technique avoids contamination by grow-
ing the crystals without a crucible. In this traveling-
solvent-floating-zone method (Tanaka and Kojima,
1989), a ceramic rod of the appropriate composition is
prepared and joined to a second rod containing excess
CuO. The latter supplies the solvent (CuO) required for
maintaining the proper growth conditions. Then, using
high-intensity light, a small region of the rod is melted
and this molten region is moved slowly along the length
of the rod. With great care and skill, a large crystal can
be grown at the boundary of the molten region. In this
way single crystals of La22xSrxCuO4 with volumes as
large as ; 1 cm3 have been grown with Tc 5 38 K
(Hosoya et al., 1992). The critical temperature Tc for
crystals grown from Pt crucibles is typically less than
;20 K.

For some materials, crystals may be grown by slow
cooling of the stochiometric melt. Figure 2 shows crys-
tals with volumes of order cm3 grown in the Center for
Materials Science and Engineering at MIT by slow cool-
ing, by the top-seeded solution method, and by the
traveling-solvent-floating-zone method. Figure 3 is a
photograph of the molten region of the rod in the
traveling-solvent-floating-zone method.

Because the concentration of Sr in the crystal is, in
general, less than that in the melt from which it is grown,
special steps must be taken to determine the Sr content.
Direct measurements can be made using electron micro-
probe analysis. In addition, the lattice constants and
tetragonal-to-orthorhombic transition temperature, dis-
cussed in Sec. III, vary with x , so that these quantities
can be used to determine x . Another problem with this
technique is that as-grown crystals usually have a
dopant-rich layer at the surface. This is not a problem
for neutron experiments because the layer is very thin—
typically micrometers thick—and thus makes a negli-
gible contribution to experiments that probe the bulk.
However, this highly conducting layer can dominate
transport and optical measurements, and electron micro-
probe analysis on as-grown surfaces can be misleading.
For optical and transport measurements, samples must
be polished and then etched to remove the structural
damage induced by polishing. Etching a polished surface
for about 10 min in a solution of 1% Br in methanol
removes about 1 mm and yields surfaces that are free of
etch pits, have excellent optical properties (Falck et al.,
1992), and have the same composition as the bulk.

As mentioned previously, the oxygen content can also
be varied using electrochemical techniques so that one
has the general formula La22xSrxCuO41y . To date, sys-
tematic studies varying both x and y have been quite
limited.

III. STRUCTURAL PHASE TRANSITIONS AND CHEMICAL
HOMOGENEITY

A. Tetragonal-to-Orthorhombic transition in La2CuO4

The tetragonal-to-orthorhombic (T-O) transition had
been studied (Grande et al., 1977) a decade before the
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FIG. 2. (Color) Crystals grown by several methods at MIT. Upper left: Large platelike crystal of Pr2CuO4 grown by the top-
seeded solution method. Lower left: Top-seeded-solution-grown La1.92Sr0.08CuO4. Top right: Sr2Cu3O4Cl2 grown by slow cooling
of the melt. (This novel material is not discussed in this review.) Middle: three rod-shaped crystals of La2CuO4 grown by the
traveling-solvent-floating-zone method. Middle right: rod-shaped crystal of La1.92Sr0.08CuO4 grown by the traveling-solvent-
floating-zone technique. The chip carrier in the lower right, about 2 cm wide, is shown to provide a size scale. Photograph by Felice
Frankel.
discovery of high-Tc superconductivity. Soon after the
latter discovery it was suggested that the orthorhombic
distortion might be driven by strong electron-phonon
coupling and might, therefore, be responsible for the in-
sulating state in pure La2CuO4, which cannot be ex-
plained by band structure. It was furthermore proposed
that the same strong electron-phonon coupling might
also generate the superconductivity. It is now clear,
however, that the distortion has the wrong symmetry to
couple strongly to the charge carriers. The phase change
is, however, a beautiful example of a soft-phonon-driven
structural phase transition (Birgeneau et al., 1987; Böni
et al., 1988). Consider, first, the case of pure La2CuO4,
for which the crystal and magnetic structures are shown
in Fig. 4. At high temperatures this material has the
same tetragonal structure as K2NiF4, space group I4/
Rev. Mod. Phys., Vol. 70, No. 3, July 1998
mmm. Below the temperature T0 , which is about 530 K
for undoped La2CuO4, the structure transforms to one
with orthorhombic symmetry, space group Bmab, be-
cause of a staggered tilt of the CuO6 octahedra, one of
which is illustrated in Fig. 4. (Note that in many of our
early papers we used the Cmac space group in which the
b axis, not the c axis, is perpendicular to the CuO2 layers
in the orthorhombic structure.) The room-temperature
lattice constants of La2CuO4 are a55.354 Å, b55.401 Å,
and c513.153 Å. Note that the tetragonal cell is drawn
in Fig. 4; the orthorhombic cell has lattice vectors in the
CuO2 layer that are the diagonals of the tetragonal cell.
The tilt angle of the octahedra, about 4°, is uniform in a
given b-c plane. Since there are two equivalent tilt di-
rections in a single CuO2 layer, crystals are twinned
when cooled through the transition in the absence of
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FIG. 3. (Color) Photograph taken during traveling-solvent-floating-zone growth of La22xSrxCuO4 at Tohoku University. The
molten zone is narrower than the feed rods.
uniaxial stress. Thio et al. (1990) were successful in mak-
ing a single-domain crystal by cooling through T0 with a
small stress applied along an a axis.

Because of the two equivalent tilt directions, the
atomic displacements involved in the transformation
from the tetragonal to orthorhombic phase are de-
scribed by a doubly degenerate order parameter $Qx%
5 (Qa ,Qb) with wave vectors qa 5 (1/2,1/2,0) and
qb 5 (1/2, 2 1/2,0), respectively (Böni et al., 1988).
Below T0 , therefore, superlattice reflections (h/2,k/2,l)
grow with decreasing T , and the intensities of such
peaks scale with the square of the order parameter. Us-
ing Landau theory, one also expects the orthorhombic
strain, b-a , to be proportional to the square of the order
parameter or, equivalently, to scale linearly with the su-
perlattice intensity.

FIG. 4. Crystal and magnetic structure of La2CuO4 and
Sr2CuO2Cl2. The small arrows indicate the arrangement of Cu
spins in the Néel state. The elongated octahedron of oxygen
ions is drawn for the Cu at the body center. The rotation of
this octahedron gives rise to the orthorhombic phase in which
a and b are no longer equal.
Rev. Mod. Phys., Vol. 70, No. 3, July 1998
Figure 5 (Birgeneau et al., 1987) shows the superlat-
tice peak intensity, from neutron measurements, and the
strain from x-ray measurements, which follow a power
law (T0 2 T)2b with b . 0.28. As discussed in detail by
Böni et al., (1988) the symmetries of the Hamiltonian
are the same as those of the 3D , n 5 2, XY model with
cubic anisotropy, for which b is predicted to be 0.35. The
disagreement between the theoretical and experimental
exponents is probably the result of the small size of the
asymptotic critical region.

FIG. 5. Neutron-scattering measurement of the intensity of the
(3/2, 3/2, 2) superlattice peak, which appears when the crystal
acquires orthorhombic symmetry. Also shown is the ortho-
rhombic strain a-b , measured with x rays on a separate crystal
from the same boule. The vertical axes have been adjusted to
agree on average. The solid line is the best fit to a power law.
This boule contained some Li from the flux in which it was
grown. From Birgeneau et al. (1987).
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Studies of the phonon dispersion relations show that
the tetragonal-to-orthorhombic transition is driven by
the condensing of one of the two zone-boundary
(X-point) phonons. The second, uncondensed, mode
has relatively low energy ( ; 4 meV) and softens some-
what as T is decreased. Whereas the latter mode does
not condense even at very low temperature in pure
La2CuO4, it does so in La22xBaxCuO4 (Axe et al., 1989;
Sera et al., 1989; Yamada et al., 1989) and
(La12zNdz)22xSrxCuO4 (Crawford et al., 1991; Keimer
et al., 1993). This gives rise to new phases with doubled
unit cells, one of which is called the low-temperature
tetragonal phase, in which the CuO6 octahedra rotate
about alternate orthogonal axes in successive layers.

Several authors (Ganguly and Rao, 1984; Bringley
et al., 1990; Goodenough and Manthiram, 1990) provide
compelling evidence that the underlying interaction that
gives rise to the low-temperature structural phases is the
mismatch in preferred lattice constants of the CuO2
layer and the intervening rare-earth oxide layers. The
CuO2 layer in La2CuO4 is under compressive stress,
which leads to the Bmab structure. Replacing La with
Nd increases this stress, resulting in the low-temperature
tetragonal phase. At high enough Nd concentration the
structure changes to the body-centered tetragonal
Nd2CuO4 phase, similar to the K2NiF4 structure, but in
which the structure of the rare-earth oxide layer is quite
different and the CuO2 layer is under tension instead of
compression. Adding Sr to La2CuO4 reduces the com-
pressive stress, both because Sr21 is larger than La31 and
because the equilibrium lattice constant of the CuO2
layer is reduced when its charge becomes less negative.
This explains the reduction in the T-O transition tem-
perature with increasing Sr concentration. The reduction
in stress is thought to be the driving force for the facility
of Sr doping as well as for doping by interstitial oxygen.

B. Strontium and oxygen homogeneity

The crystal used for the measurements of Fig. 5 was
grown from a flux containing Li prior to the discovery
that Li replaces Cu in La2CuO4. The 5% Li in that crys-
tal suppresses T0 by about 75 K and also eliminates the
antiferromagnetic long-range order. The T-O transition
is sensitive to Sr composition as well, as can be seen
from Fig. 6, which shows superlattice peak intensities for
crystals with 0%, 8%, and 14% Sr replacing La (Thur-
ston, Birgeneau, Gabbe, et al., 1989). Because of this,
inhomogeneity in the Sr composition leads to rounding
of the transition; inhomogeneity of the oxygen concen-
tration has the same effect. From the small rounding of
the tetragonal-to-orthorhombic transition, Thurston,
Birgeneau, Gabbe, et al. (1989) showed that the varia-
tion in strontium and oxygen content over the macro-
scopic dimensions of the crystals of Fig. 6 is less than
0.01 of the Cu atom density. This means that the
samples are chemically homogeneous on large length
scales, comparable to the size of the entire crystal, which
is typically centimeters. Crystals grown more recently
Rev. Mod. Phys., Vol. 70, No. 3, July 1998
using the traveling-solvent-floating-zone technique are
homogeneous at a level of 0.0006.

In addition, the observation of critical behavior (Fig.
5) implies that the crystals are homogeneous on shorter
length scales as well. Böni et al. (1988) measured the
critical scattering in the crystal MIT-1 (the same one as
in Fig. 5) and found that the exponent n 5 0.53 for the
inverse correlation length. Using this one infers that,
since critical behavior in the order parameter is ob-
served for the doped crystals for reduced temperatures
in the range ; 10% to 1%, and since the rounding of T0
due to impurity-induced random-field effects is less than
1%, the samples must be homogeneous in a statistical
sense down to length scales of ; 3 2 10 lattice con-
stants.

Yamada et al. (1995) used the temperature depen-
dence of the T-O transition to show that a large super-
conducting single crystal is very homogeneous. How-
ever, although well-annealed crystals are very
homogeneous, rapid thermal cycling can give rise to in-
homogeneous oxygen distributions. Thurston and co-
workers (Thurston, Birgeneau, Gabbe, et al., 1989;
Thurston, Birgeneau, Kastner, et al., 1989) noted that
this inhomogeneity could be observed in the rounding of
the tetragonal-to-orthorhombic transition and also in
shielding measurements on superconducting crystals.

Magnetic susceptibility measurements in the antifer-
romagnetic phase provide an independent probe of the
carrier concentration and homogeneity. As shown in
Fig. 1, the Néel temperature is very sensitive to Sr con-
centration. Chen et al. (1995) demonstrated that oxygen-
doped and Sr-doped crystals with the same TN have the
same hole density. For crystals of La2CuO41y containing
no Sr and with oxygen excess y less than ; 0.01, Preyer,
Birgeneau, Chen et al., (1989) showed that the oxygen
content is homogeneous to Dy ; 0.001. The observation
that phase separation occurs on time scales of minutes at
relatively low temperatures ; 200 K for oxygen concen-

FIG. 6. Superlattice peak intensities in La22xSrxCuO4. The
solid lines represent the power law I 5 I0(T0 2 T)2b. The
best-fit values of b for the lines shown are 0.33, 0.37, and 0.34
for x 5 0, 0.08, and 0.14, respectively. From Thurston, Birge-
neau, Gabbe, et al. (1989).
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trations y . 0.02 in La2CuO41y indicates that oxygen
diffuses rapidly (Jorgensen et al., 1988). Since Preyer
et al., saw no evidence of this phase separation for y
& 0.01, the oxygen must be uniformly dispersed.

We conclude from studies of the T-O transition, the
susceptibility, and shielding measurements that the
single crystals are quite homogeneous when annealed
for a relatively short period of time to allow the oxygen
to diffuse. It appears that it is more difficult to prepare
homogeneous ceramics (Harshman et al., 1989).

IV. MAGNETISM IN MATERIALS CONTAINING CuO2
LAYERS

The discovery of high-temperature superconductivity
in 1986 (Bednorz and Müller, 1986) led to a renaissance
not only in the field of superconductivity but also in the
study of low-dimensional quantum magnetism. The rea-
son for the latter is that the parent compounds such as
La2CuO4 have magnetic properties that correspond
rather well to those of the S 5 1/2 2D square lattice
quantum heisenberg antiferromagnet (2DSLQHA).
Prior to 1986, this 2D quantum spin system represented
one of the major unsolved problems in quantum statis-
tical physics. As a result of symbiotic interactions be-
tween neutron scattering experiments (Birgeneau et al.,
1995; Greven et al., 1995), theory (Chakravarty et al.,
1988; Chakravarty et al., 1989; Hasenfratz and Nieder-
mayer, 1991), and Monte Carlo simulations (Ding and
Makivic, 1990; Makivic and Ding, 1991), a coherent pic-
ture has emerged for the low-temperature properties of
the S 5 1/2 2DSLQHA. It is now generally agreed that
the spin-spin correlation length for the model system
diverges exponentially in 1/T leading to true long-range
order only at T 5 0. Furthermore, as we review here,
the correlation lengths in La2CuO4 and Sr2CuO2Cl2 are
predicted quite well in absolute units by theory.

Soon after the determination by Vaknin et al. (1987)
of the spin arrangement in the Néel state of La2CuO4
shown in Fig. 4, Shirane et al. (1987) reported surprising
behavior of the spin correlations in the paramagnetic
phase. It was found that the spins were correlated over
very large length scales at temperatures well above TN ,
and that the correlations were perfectly two dimen-
sional. We now understand that the large correlation
lengths are a consequence of the large nearest-neighbor
Heisenberg exchange energy of ; 0.13 eV and the two
dimensionality of the magnetism.

A direct measure of the large exchange energy comes
from two-magnon Raman scattering (Lyons, Fleury,
Schneemeyer, and Waszczak, 1988; Lyons, Fleury, Re-
meika, et al., 1988; Lyons et al., 1989; Sugai et al., 1989;
Sugai and Sato, 1989; Sugai et al., 1990). Figure 7 shows
the Raman spectra from Tokura et al. (1990) for five
materials each of which contains isolated CuO2 layers.
The value of J is extracted from data like these using the
analysis of the line shape from Singh et al. (1989). How-
ever, the large width of the two-magnon band is still not
completely understood.
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A variety of experiments have confirmed that the Cu
spin system in the CuO2 layer is a close realization of the
S 5 1/2 2DSLQHA model. In order to understand most
of these experiments, it is necessary to appreciate what
is measured in magnetic neutron-scattering experiments,
so we discuss this topic first. After these preliminaries,
we review the current knowledge of the Néel state, the
paramagnetic state, and the transition between them.

A. Magnetic neutron scattering

In all neutron experiments, monochromatized neu-
trons with initial energy Ei and momentum ki are scat-
tered from the sample into a state with final energy Ef
and momentum kf . Each scattering event is character-
ized, therefore, by the momentum Q 5 kf-ki and the
energy \v transferred to the sample. In general, the
cross section for scattering of the neutrons by electron
spins is given by (Marshall and Lowde, 1968)

]2s

]V f]Ef
;uf~Q!u2

ukfu
ukiu

(
ab

~dab2Q̂aQ̂b!Sab~Q,v!,

(4.1)

where

FIG. 7. Raman spectra for two-magnon excitations (B1g sym-
metry) in five crystals, each containing isolated CuO2 layers.
From Tokura et al. (1990).
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Sab~Q,v!5
1

2p E
2`

1`

dt(
R

ei~Q–R2vt !^~Sa~0,0!Sb~R,t !&.

(4.2)

Here, a and b refer to the components of the spin po-
larization vector. The magnetic form factor f(Q) of
Cu21 in La2CuO4 has been found to be rather weakly Q
dependent along Qz , perpendicular to the CuO2 planes
(Freltoft et al., 1988). The quantity Sab(Q,v) is the dy-
namic structure factor, the Fourier transform in both
space and time of the spin-spin correlation function. For
a system with long-range order, Eq. (4.1) for v 5 0
gives the magnetic Bragg scattering:

]2s

]V f]Ef
U

Bragg

5(
a

~12Ĝa
2 !

1
N

^~Sa~G,t !&2d~v!.

(4.3)

The directional term (1 2 Ĝ2) enables one to deter-
mine the ordered spin direction.

The quantity usually predicted by theory is the gener-
alized susceptibility x(Q,v), whose imaginary part is re-
lated to the dynamical structure factor according to

S~Q,v!5
1

12e2\v/kT Im x~Q,v!. (4.4)

In some experiments one measures S(Q,v) itself and,
because a triple-axis spectrometer is used to monochro-
matize both the incident and scattered neutrons while
scanning the wave vector, such a measurement is called
a three-axis scan. However, to learn about the correla-
tions in the paramagnet, one needs to measure the in-
stantaneous correlation function S(Q). To do this re-
quires an experiment in which one integrates over
energy at fixed q2D , obtaining, for the a spin polariza-
tion,

Saa~q2D!5E dvSaa~q2D ,v!

5
1
N

^Sa~2q2D,0!Sa~q2D,0!&. (4.5)

For a single-layer two-dimensional magnetic system it
is possible to adjust the orientation of the crystal such
that all neutrons that are collected exit perpendicular to
the two-dimensional magnetic layers. Details are dis-
cussed by Endoh et al. (1988). For this special geometry,
merely removing the monochromator from the scattered
beam gives an integration over the final neutron ener-
gies at fixed in-plane momentum q2D . Because the sec-
ond monochromator is eliminated, this is called a two-
axis scan. It is important to recognize that typically one
cannot determine the correlation length accurately with
a three-axis scan because the integration over energy is
much less accurate.

B. Spin Hamiltonian of La2CuO4

Measurements of spin-wave excitations and field-
induced transitions in the 3D antiferromagnetic state
Rev. Mod. Phys., Vol. 70, No. 3, July 1998
have provided a fairly complete characterization of the
spin Hamiltonian in La2CuO4. In addition to the large
2D Heisenberg term, there is coupling between spins in
neighboring layers, but this is very small because of frus-
tration: inspection of Fig. 4 shows that in the tetragonal
phase each spin has two parallel and two equidistant
antiparallel spins in each of the two neighboring layers.
The orthorhombic distortion lifts this frustration, result-
ing in a small antiferromagnetic interlayer exchange.
Equally important are anisotropies in spin space. In fact,
for the related compound Sr2CuO2Cl2, which has the
K2NiF4 structure to the lowest temperatures measured,
the interlayer coupling is very weak, and the spin
anisotropies are the dominant deviations from the 2D
Heisenberg term in the Hamiltonian.

Taking spin-orbit coupling into account, the Hamil-
tonian has the general form

H5(
id

Si–JI–Si1d ,

where the index i refers to a Cu site and d to its nearest
neighbors, both within and perpendicular to the plane.
The spin anisotropies are reflected in the fact that the
exchange is a tensor rather than a scalar. In the tetrag-
onal K2NiF4 structure JI is diagonal with different ele-
ments parallel and perpendicular to the layers. How-
ever, the rotation of the CuO6 octahedra around the b̂
direction, leading to the orthorhombic phase in
La2CuO4, allows an additional off-diagonal spin anisot-
ropy, the Dzyaloshinski-Moriya (DM) antisymmetric ex-
change (Thio et al., 1988). In general, the Hamiltonian
may be written

H5JS (
i ,di

S¢ i–S¢ i1di1axy(
i ,di

Si
cSi1di

c 1 (
i ,d'j

a'jS¢ i–S¢ i1d'j

1aDM(
i ,di

~2 ! ib̂–Si3Si1di D . (4.6)

Here, axy , a'j , and aDM represent the x-y anisotropy,
the interlayer coupling, and the Dzyaloshinski-Moriya
term, respectively, and Si

c is the c component of the spin
at site i . The third term of Eq. (4.6) explicitly includes
the two different out-of-plane neighbors at d'1 and d'2 .
Note that, as was implicit in the work of Thio et al.
(1988), the sign of the antisymmetric term changes on
the opposite sublattices because of the opposite rotation
of the octahedra.

Near the center of the Brillouin zone, above the gaps
resulting from anisotropy, the spin-wave dispersion rela-
tion is linear, v 5 cuq2Du with spin wave velocity c
5 1.17&Ja/\ , where a is the Cu-Cu nearest-neighbor
distance. The coefficient 1.17 results from quantum
renormalization, which is important for spin 1/2. The
very large value of J means that epithermal neutrons are
required to measure the dispersion relation away from
the zone center. Results of such experiments for
La2CuO4 (Aeppli et al., 1989; Hayden et al., 1991) shown
in Fig. 8 are consistent with the conventional theory of
the 2D S 5 1/2 Heisenberg Hamiltonian with J
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5 135 meV, the value extracted from two-magnon light-
scattering experiments (Lyons et al., 1989; Singh et al.,
1989). For Sr2CuO2Cl2, the latter experiments give J
5 125 meV (Tokura et al., 1990).

Because of the x-y anisotropy, there is a gap in the
out-of-plane mode of magnitude 2.34JA2axy, and be-
cause of the antisymmetric exchange [the last term in
Eq. (4.6)], in La2CuO4 there is an in-plane gap of mag-
nitude 2.34JaDM . The values of the anisotropies deter-
mined in this way are in agreement with those deter-
mined from susceptibility measurements for La2CuO4
(Thio and Aharony, 1994), specifically, axy 5 1.5
3 1024, a'j 5 5 3 1025, and aDM 5 7.5 3 1023

(Keimer, Belk et al., 1992). However, for Sr2CuO2Cl2
the largest of these terms aDM is missing. For the latter
material spin-wave-gap measurements give axy 5 1.5
3 1024; a'j is too small to measure because of the per-
fect frustration of the nearest-neighbor interlayer ex-
change (Greven et al., 1995).

The antisymmetric exchange makes the phase dia-
gram of La2CuO4 more elaborate than that of
Sr2CuO2Cl2. The Dzyaloshinski-Moriya term, because it
involves the vector product of neighboring spins, causes
the spins of the Cu ions to cant out of the CuO2 layers
by a small angle, about 0.17°. As a result, each layer has
a small net moment, about 2 3 1023mB per Cu atom, in
the c direction, normal to the layer. However, the weak
interlayer coupling causes the moments of successive
layers to order antiferromagnetically, so the weak ferro-
magnetism is hidden in the Néel state at zero field.
When a sufficiently strong magnetic field is applied in
the c direction, the coupling of the spins to the external
field overcomes the interlayer coupling, and a transition
takes place to ferromagnetic ordering of the layers (Thio
et al., 1988; Thio and Aharony, 1994). Furthermore, the
Dzyaloshinski-Moriya interaction gives rise to the trun-
cated ferromagnetic peak in the susceptibility at TN .
Using a mean-field theory for the interlayer coupling
and the renormalized classical susceptibility of the S
5 1

2 2DSLQHA, discussed below, Thio and Aharony

FIG. 8. High-energy spin waves in La2CuO4: (a) Neutron-
scattering spectrum chosen to emphasize the magnon scatter-
ing near the zone boundary, Q ' (1,k ,0.5). The dashed line is
a resolution-corrected nearest-neighbor spin-wave model. (b)
The dispersion relation deduced from spectra like that in (a).
From Hayden et al., 1991.
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(1994) obtained an excellent fit to the data, as shown in
Fig. 9.

C. Antiferromagnetic spin correlations in the paramagnetic
phase

The first neutron experiments on La2CuO4 revealed
that, in the paramagnetic phase immediately above TN ,
the spins in a given CuO2 layer are correlated instanta-
neously over very large distances while spins in adjacent
layers are completely uncorrelated. It soon became clear
that the large correlation length was the result of both
the two dimensionality and the large Heisenberg ex-
change energy. Indeed, if the spins were classical, the
correlation lengths would be much larger than observed.
However, when first discovered, the large correlation
lengths were a surprise and stimulated a variety of the-
oretical studies to elucidate the basic static and dynamic
spin correlations of the S 5 1

2 2DSLQHA.
In particular, Chakravarty, Halperin, and Nelson

(Chakravarty et al., 1988; Chakravarty et al., 1989) have
provided a comprehensive theory of the 2DSLQHA.
Their result for the correlation length in the renormal-
ized classical region has been further refined by Hasen-
fratz and Niedermayer (1991). The result is

j/a5
e

8
\c/a
2prs

exp$2prs /kT%F12
1
2 S kT

2prs
D

1OS kT

2prs
D 2G , (4.7)

where rs is the spin stiffness constant, and c is the spin-
wave velocity. The relationships between c , rs , and J
are now accurately known for the S 5 1

2 2DSLQHA
(Beard et al., 1998)—specifically, \c 5 1.657Ja and
2prs 5 1.131J . Using these relationships, one then has

j/a50.498 exp$1.131J/kT%F120.44S kT

J D1OS kT

J D 2G ,

(4.8)

in the renormalized classical regime. As is clear from
Eq. (4.7) or Eq. (4.8) the temperature dependence of j is
dominated by the exponential factor and is, therefore,
nearly the same as that of the classical 2D Heisenberg
antiferromagnet, j ; exp(2pJ/kT). The quantum renor-

FIG. 9. Magnetic susceptibility x 5 dM/dH for Hic , perpen-
dicular to the CuO2 layer, for La2CuO4. The solid line is a fit to
the mean-field theory. From Thio and Aharony (1994).
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malization of rs makes the correlation length much
shorter than the classical value, although it is still very
large near TN .

Figure 10 shows a comparison of the theory with mea-
surements of j for Sr2CuO2Cl2 (Greven et al., 1994;
Greven et al., 1995). The inverse correlation length k
5 j21 is obtained at each temperature from fits of the
measured S(q2D) to a Lorentzian, S(0)/(k2 1 q2D

2 ).
The solid curve in Fig. 10 is Eq. (4.7) with 2prs fixed at
its theoretical value of 1.131J , where J 5 125 meV is
deduced from two-magnon Raman scattering (Tokura
et al., 1990). The Monte Carlo results of Makivic and
Ding (1991), also shown in Fig. 10, are well described by
the simple form j 5 0.276a exp$1.25 J/kT%, which
agrees with experiment if one chooses J 5 125 meV. It
is important to emphasize that the theory gives the cor-
relation length, in reciprocal lattice units, with no adjust-
able parameters. This is an impressive achievement.

As for the case of Sr2CuO2Cl2, first-generation experi-
ments on La2CuO4 by Keimer, Belk, et al. (1992) had
shown good agreement with Eq. (4.8), although there
appeared to be some systematic discrepancy for high
temperature at the limits of the error bars. More impor-
tantly, NMR measurements by Imai et al. (1993) had
suggested that for T . 600 K there was a crossover
from the renormalized classical behavior of Eq. (4.7) to
quantum critical behavior (j ; 1/T).

In order to elucidate this possible crossover, Birge-
neau et al. (1995) extended the measurements of Keimer

FIG. 10. Semilog plot of the reduced magnetic correlation
length j/a vs J/T . The open circles are data for Sr2CuO2Cl2
using J 5 125 meV and the measured lattice constant. The
filled circles are the results of the Monte Carlo simulations of
Makivic and Ding (1991). The solid line is the theoretical pre-
diction of the S 5

1
2 2D nonlinear sigma model from (Hasen-

fratz and Niedermayer, 1991). The dashed line is the simple
exponential form j/a 5 0.276 exp(1.25 J/kT) suggested by
Makivic and Ding (1991). From Greven et al. (1995).
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et al. (Keimer, Belk, et al., 1992) to both lower and
higher temperatures. To guarantee complete integration
over all important dynamical fluctuations they used pro-
gressively higher incoming neutron energies at higher
temperatures and hence shorter correlation lengths.
Their results are shown in Fig. 11. The spin-wave veloc-
ity \c5850 meV Å, and hence J5135 meV, are known
from inelastic neutron-scattering measurements (Aeppli
et al., 1989; Hayden et al., 1991)—see Fig. 8. The solid
line in Fig. 11 is Eq. (4.7) with J 5 135 meV. Clearly the
agreement between the theory of Chakravarty et al.
(1988, 1989) and of Hasenfratz and Niedermayer (1991)
for the 2D quantum nonlinear sigma model and the Bir-
geneau et al. data in La2CuO4 (Birgeneau et al., 1995) is
excellent, as it is for Sr2CuO2Cl2. There is, in addition,
no evidence for the predicted crossover from renormal-
ized classical to quantum critical behavior for T
. 600 K (Chubukov and Sachdev, 1993; Imai et al.,
1993; Sokol et al., 1994). This excellent agreement with
the low-temperature renormalized classical prediction of
Eq. (4.7) over such a wide range of energy scales and to
such high temperatures must be considered surprising
(Elstner et al., 1995). Further, recent measurements in
the S 5 1 system La2NiO4 (Nakajima et al., 1995), to-
gether with a reanalysis of early measurements in
K2NiF4 shows that Eq. (4.7) describes the S 5 1
2DSLQHA results quite well, but only if rs is reduced
by about 20% from its theoretical value. This discrep-
ancy appears quite surprising given the good agreement
discussed above of the three-loop theory with experi-
ments for the S 5 1/2 materials. This issue has recently
been addressed by Beard et al. (1998)—they have com-
bined an accurate quantum Monte Carlo technique with
finite-size scaling for the S 5 1/2 2DSLQHA. This has
made possible the determination of j down to very low

FIG. 11. Inverse magnetic correlation length in La2CuO4. The
solid line is Eq. (4.7) with J 5 135 meV. The Néel and struc-
tural transition temperatures are indicated by arrows. From
Birgeneau et al. (1995).
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temperatures and hence very large length scales. Their
resultant Monte Carlo correlation length data cover the
distance range from ; 3 3 105 to 1 lattice constant with
increasing temperature. Beard et al. (1998) find that the
higher-order terms O(kT/2prs)

2 1 ¯ in Eq. (4.7) are
offset by finite lattice correction effects so that the net
deviation from the three-loop result, Eq. (4.7) without
the O(kT/2prs)

2 1 ¯ higher-order terms, is never
more than about 10%, which is within the accuracy of
the experiments. Thus the excellent agreement between
the three-loop result for the quantum nonlinear sigma
model and the experimental plus Monte Carlo data
shown in Figs. 10 and 11 is, in part, accidental. Concomi-
tantly, the disagreement of Eq. (4.7) with experimental
and numerical data for higher-spin systems most likely
originates from the fact that the data are not in the
asymptotic scaling regime, as conjectured by Elstner
et al. (1995).

D. The Néel transition

Beginning in the paramagnetic state at temperatures
well above T 5 J/k , temperatures that are inaccessible
because J ; 1300 K, one expects the spins to be com-
pletely uncorrelated. As the temperature is lowered
through T ; J/k , the correlation length grows rapidly,
as we have seen, but only within the 2D CuO2 layer. On
the one hand, in a 3D antiferromagnet, long-range order
would occur at TN ; J . On the other hand, if the system
were genuinely two dimensional and purely Heisenberg,
long-range order would occur only at T 5 0. Coming
from high temperature, the interlayer coupling and an-
isotropy in spin space become increasingly important as
the correlation length grows. The Néel transition occurs
when the non-Heisenberg terms in the spin Hamiltonian
multiplied by the number of spins in a correlated region
is of order kT . In fact, one can estimate the Néel tem-
perature fairly accurately from the simple relation kTN
5 (j/a)2Jaeff , and aeff 5 ziaxy 1 z'a' , where z i and z'

are the in- and out-of-plane coordination numbers, re-
spectively, and j is given by Eq. (4.7) or Eq. (4.8). The
tetragonal materials, Sr2CuO2Cl2, Sm2CuO4, and
Pr2CuO4 have Néel temperatures that are within ; 20%
of that for La2CuO4. Since a' is orders of magnitude
smaller in the tetragonal materials because of the per-
fect frustration of the interlayer exchange, it is clear that
axy plays a dominant role for the tetragonal materials
and is important for La2CuO4 as well.

In an effort to include both of these effects, Keimer,
Aharony, et al. (1992) produced a generalization of the
Schwinger boson mean-field theory, which provides a
simple prediction of the Néel temperature. They show
that their numerical results are well described by

kTN

J
'

M0p

log@4aeff /~M0p2 log~4aeff /p!!#
, (4.9)

where 2M0 ' 0.6 is the T 5 0 sublattice magnetization.
Equation (4.9) is an interpolation formula that reduces
to the mean-field criterion kTN 5 Jaeff(j/a)2 given
above. For La2CuO4 a' ; axy , and in the tetragonal
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materials a' ! axy , since the interlayer Heisenberg
coupling is perfectly frustrated. However, since axy is
about the same size in all materials and since TN de-
pends only logarithmically on aeff , one can understand
why the Néel temperatures are so similar.

For Ising systems with reduced Ising anisotropy, aI ,
the correlation length to leading order is

j~aI ,T !/a5
jH~T !/a

A12aI„jH~T !/a…2
, (4.10)

where jH(T)/a is given by Eq. (4.7). Thus the Néel tem-
perature is determined by

jH~TN!/a5A1/aI. (4.11)

In K2NiF4, which is a quasi-two-dimensional S 5 1
Ising system, Eq. (4.11) predicts the Néel temperature to
within 1% provided that rs is chosen so that Eq. (4.7)
properly describes the measured correlation length in
the Heisenberg region. Equation (4.10) also properly
captures the crossover from 2D Heisenberg to 2D Ising
behavior in K2NiF4 as well as in La2NiO4 (Greven et al.,
1995; Nakajima et al., 1995).

In summary, the spin-spin correlation lengths in
Sr2CuO2Cl2 and La2CuO4 agree quantitatively with
quantum Monte Carlo simulations for the S 5 1/2
2DSLQHA over a wide range of temperature. The com-
bined experimental and Monte Carlo data, which cover
the length scale from ; 1 to 200 lattice constants, are in
turn predicted accurately without adjustable parameters
by the theory of Chakravarty, Halperin, and Nelson
(1988, 1989) and Hasenfratz and Niedermayer (1991) to
O(kT/2prs)

2. In addition, the transition from the para-
magnetic state, with its very long correlation lengths, to
the Néel state is fairly well described by mean-field
theory. The theory appears to be successful in the S
5 1 systems K2NiF4 and La2NiO4 provided that rs is
reduced by ; 20% from its theoretical value. However,
in all of the materials the peak of the static structure
factor follows the simple form S(0) ; j2 (Keimer, Belk
et al., 1992; Greven et al., 1995) rather than ; T2j2 as
predicted by current theory (Chakravarty et al., 1988;
Chakravarty et al., 1989; Kopietz, 1990). Although the
latter result is not rigorous, in contrast to the
Hasenfratz-Niedermayer result for the correlation
length, it appears to be quite universal as it is seen in
both S 5 1/2 and S 5 1 systems (Greven et al., 1995;
Nakajima et al., 1995). This represents an important
challenge for the theory of the 2DSLQHA.

V. OPTICAL PROPERTIES OF UNDOPED AND LIGHTLY
DOPED CuO2 LAYERS

Optical studies of electronic excitations have revealed
much about the nature of the charge carriers and the
neutral excitations, excitons, in materials containing
single CuO2 layers. In this section we first review the
optical properties of the undoped compounds, and then
turn to some aspects of lightly doped CuO2 layers. In
Sec. V.A we present a discussion of infrared optical ab-
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sorption in undoped crystals. Some of this absorption
results from the creation of Frenkel excitons corre-
sponding to crystal-field excitations of the Cu21 ions.
However, recent theoretical and experimental studies
provide convincing evidence that part of the absorption
corresponds to the creation of bimagnons coupled to
phonons. In Sec. V.B we review studies of the charge-
transfer excitations, which result in mobile charge carri-
ers. The temperature dependence of the charge-transfer
absorption provides strong evidence that the charge car-
riers are large (Fröhlich) polarons. Section V.C discusses
evidence that polaronic effects are even more pro-
nounced for holes bound to impurities than for mobile
ones.

A. Mid-infrared absorption in carrier-free materials

Perkins et al. (1993) discovered infrared absorption
common to all materials containing the CuO2 layer. Fig-
ure 12 shows this weak absorption in single crystals of
three materials with single layers, La2CuO4,
Sr2CuO2Cl2, and Nd2CuO4. Very similar spectra have
been reported for carrier-free Pr2CuO4 (Perkins et al.,
1993) and YBa2Cu3O6. (Grüninger et al., 1996).

Lorenzana and Sawatzky (1995a, 1995b) have argued
convincingly that the sharp peak at ; 0.35 eV results
from the creation of a quasibound state of two magnons
made weakly allowed by coupling to an optical phonon.
They find that the bimagnon state is relatively long lived
because the magnon-magnon interaction lowers its en-
ergy into a region where the density of states for decay

FIG. 12. Absorption coefficient vs photon energy in a polar-
ization (propagation normal to the CuO2 layers) for single
crystals of different composition. For La2CuO4, spectra are
shown for crystals grown by two techniques and for
Sr2CuO2Cl2 spectra are shown for two crystals grown with
starting materials of different purity. The agreement shows
that the absorption is intrinsic. For Nd2CuO4 the sharp fea-
tures result from transitions between f levels. From Perkins
et al. (1998).
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of the two-magnon bound state into other magnons is
low. Figures 13(a) and 13(b) show the prediction of
Lorenzana and Sawatzky together with the experiments
of Perkins et al., (1993) for La2CuO4. According to
Lorenzana and Sawatzky, the absorption spectrum is
dominated by magnon pairs with momentum near (p,0).
They therefore choose the phonon energy to be that of
the in-plane Cu-O stretching mode at (p,0). The value of
J that they use to fit the peak position is in good agree-
ment with that from two-magnon Raman scattering. The
theoretical intensity shown in Fig. 13(a) has been ad-
justed to match the sharp peak intensity. In Fig. 13(b)
we take the background from measurements of photo-
induced absorption, as discussed below (Perkins et al.,
1998). In this case, the peak is scaled up ; 2.4 from the
Lorenzana-Sawatzky calculation in order to obtain
agreement with the measured peak intensity.

The same theory (Lorenzana and Sawatzky, 1995a,
1995b) predicts a very different line shape for La2NiO4,
which has the same structure as La2CuO4, but with Ni
(S 5 1) replacing Cu (S 5 1/2). Figure 13(c) shows the
comparison of theory with experiment (Perkins et al.,
1995) for La2NiO4 with only the magnitude of the ab-
sorption adjusted. The excellent agreement implies that

FIG. 13. Comparison of the theoretical predictions (dashed
curves) of Lorenzana and Sawatzky (1995a, 1995b) for the op-
tical absorption spectra (a), (b) in carrier-free La2CuO4 and (c)
La2NiO4. For La2NiO4 the scale for the theoretical curve is on
the left and that for the experiment is on the right. For (a) the
theoretical spectrum is multiplied by a factor ; 4 to match the
experiment at the peak. For (b) the curve labeled PA1Theory
is obtained by multiplying the theoretical spectrum by 2.4 and
adding it to the photoinduced absorption spectrum. From Per-
kins et al. (1998).
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in this case the entire absorption results from the cre-
ation of bimagnons plus phonons.

Figure 14 shows the absorption in La2NiO4 over a
larger energy range (Perkins et al., 1995). The bimagnon
absorption, just discussed, is much weaker than the
Frenkel excitons seen in the range ; 1 –2 eV. Spectra
are shown for the three possible polarizations: propaga-
tion of light normal to the CuO2 layers (a), propagation
parallel to the layers with electric field parallel to the
layers (s), and propagation parallel to the layers with
electric field perpendicular to the layers (p). Large
single crystals are necessary for such polarization mea-
surements. The observation of bands in s and a but not
in p show that the excitations are weakly electric dipole
allowed, presumably because of coupling to optical
phonons. The same polarization properties are observed
for the spectra in Fig. 12.

The bands in this spectral range are similar to those in
other Ni compounds (Ballhausen, 1962). They arise
from excitations between crystal- or ligand-field states
that result from the splitting of the Ni ion d levels by the
oxygen ligands. The lowest few energy levels are
sketched in the inset of Fig. 14 for octahedral coordina-
tion of the Ni ion in the strong-field limit, for which the
crystal-field potential is much larger than the electron-
electron Coulomb interaction, and in the intermediate
regime, in which these energies are comparable (Ball-
hausen, 1962). The latter case is appropriate for Ni21 in
La2NiO4. Because the two excited 3T2g and 3T1g (Oh
notation) states are spin triplets, transitions from the
ground 3A2g state are spin allowed. In a tetragonal field,
the spatial degeneracy of the 3T1g and 3T2g states is
lifted, as seen in the spectra of K2NiF4 and Rb2NiF4 (Iio
and Nagaka, 1976). The latter have the same crystal
structure as the high-temperature structure of La2NiO4.

FIG. 14. Absorption coefficient for La2NiO4 for the three pos-
sible polarizations at 10 K. The s spectrum has been shifted
upward by 20 cm21 and the a spectrum has been shifted down-
ward as indicated by the right-hand scale. The inset shows a
level diagram for Ni21 in an octahedral (Oh point group) crys-
tal field. The left part of the level diagram is for noninteracting
electrons, whereas the right part is for electron interaction
strength comparable to the crystal field. From Perkins et al.
(1995).
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Thus for La2NiO4, the magnetic- and crystal-field ex-
citations are well separated in energy and fairly easily
identified. For La2CuO4, however, the situation is more
complicated. The theory of Lorenzana and Sawatsky
(1995a, 1995b) explains the sharp peak near 0.35 eV, but
not the broad absorption between ; 0.4 and 1.2 eV. Per-
kins et al. (1993) have suggested that this absorption
arises from multimagnon sidebands of an electric-dipole
forbidden crystal-field exciton at ; 0.4 eV. In particular,
they propose that the Frenkel exciton corresponds to
the transition from the x2-y2 ground-state orbital of the
hole on the Cu21 ion to the 3z2-r2 orbital. On the one
hand, the low energy of this excitation is surprising be-
cause cluster calculations (McMahan et al., 1988; Eskes
et al., 1990; McMahan et al., 1990) generally predict the
d3z22r2 level to lie about 1 eV above the dx22y2 state.
On the other hand, several results suggest that the
d3z22r2 state is indeed at ; 0.4 eV as argued by Perkins
et al. (1993).

One indirect piece of evidence is that the other
crystal-field excitations are easily seen in optical absorp-
tion above 1 eV, but the transition from the x2-y2 or-
bital to the 3z2-r2 orbital is missing. An absorption at
; 1.5 eV, seen for Sr2CuO2Cl2 and La2CuO4 in Fig. 15
(Perkins et al., 1993), results from the transition between
the x2-y2 orbital and the xy orbital, whereas the transi-
tions to the yz and zx orbitals are near 1.6 eV. This has
been demonstrated by electroreflectance measurements
with applied electric fields normal and perpendicular to
the CuO2 layers, which are sensitive to the symmetry of
the transitions (Falck et al., 1994). Raman scattering
studies have confirmed this (Liu et al., 1993; Salamon
et al., 1995). However, Salamon et al. (1995) failed to
observe the 3z2-r2 state between 1 and 2 eV. Thus the
3z2-r2 level must be at lower energy than predicted by
most cluster calculations.

In addition, Bianconi et al. (1987) used polarized x-ray
absorption spectroscopy to put an upper limit on the
dx22y2 2 d3z22r2 splitting of ; 0.5 eV. This interpreta-
tion is supported by calculations that imply that a small
dx22y2-d3z22r2 splitting is required to account for the Cu

FIG. 15. Absorption coefficient for two materials in a polar-
ization over a larger photon energy range than in Fig. 12. The
peaks seen in Fig. 12 are indicated by arrows. The crystal-field
excitonic absorption sets in strongly above 1.4 eV. From Per-
kins et al. (1998).
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d3z22r2 character of the doped holes (Grilli et al., 1990).
When carriers are added by doping or by photoexci-

tation, the broad sidebands between ; 0.4 and ; 1 eV
grow dramatically, whereas the sharp peak does not
(Perkins et al., 1998). This is our motivation for adding
the photoinduced absorption spectrum to the theoretical
spectrum of Lorenzana and Sawatsky (1995a, 1995b) for
comparison with experiment in Fig. 13. This is further
evidence that the two components have different micro-
scopic origins. The broad midinfrared absorption, which
appears to result from an intensification and broadening
of the intrinsic bands seen in Fig. 12, is a common fea-
ture of the high-Tc materials and has been discussed by
many authors (Thomas, 1991). However, most authors
ascribe this absorption to other electronic origins.

B. Charge-transfer excitations

In La2CuO4, the excitonic absorption extends up to
about 2 eV. However, above 2 eV the dominant absorp-
tion gives rise to charged rather than neutral excitations.
Figure 16 shows the reflectivity together with the imagi-
nary part of the dielectric function «2 derived from
Kramers-Kronig transformation of the reflectivity (Falck
et al., 1992). The absorption is completely polarized with
the electric-field vector in the CuO2 layer. Also shown
are measurements of the photoconductivity (Thio et al.,

FIG. 16. Spectra of La2CuO4: (a) Reflectivity at two tempera-
tures with the electric field in the plane of the CuO2 layer and
at one temperature with the field perpendicular to the layer for
comparison. (b) In-plane «2(v) at T 5 122 K together with
the photoconductivity at T 5 132 K for an identically-
prepared single crystal. From Thio, Birgeneau, et al. (1990)
and Falck et al. (1992).
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1990). The comparison of these two measurements
shows that the absorption above 2 eV gives rise to
charged excitations that contribute to the conductivity,
whereas absorption at lower energies does not.

The peak in «2 near 2.2 eV has been explained by
Falck et al. (1992). For noninteracting electron-hole
pairs, the absorption spectrum would be a step function
at the gap, because of the constant density of states for
the two-dimensional electron states in the CuO2 layer.
However, the electron-hole interaction modifies the
spectrum dramatically. Falck et al. (1992) assume a
short-range interaction between electron and hole, ap-
propriate for a system with Frenkel excitons. Using a
delta-function interaction V(r) 5 2gd(r), the prob-
lem can be solved exactly and yields

«2~v!5
Im F~v!

u12gF~v!u2 , (5.1)

where

F~v!52limh→0 E D~v8!

v2v81ih
dv8. (5.2)

Here, D(v) is the joint density of states, which in two
dimensions is constant above the band gap. In the limit
g 5 0, the dielectric function in Eq. (5.1) reduces to the
usual result for interband transitions. However, the
electron-hole interaction enhances the matrix elements
near threshold.

To complete the description of the charge-transfer ab-
sorption band, one must include polaron effects. Early
evidence that charge carriers form polarons comes from
the measurements of Chen et al. (1989, 1991) of the di-
electric constant of La2CuO41y . They showed that when
y 5 0, the static dielectric constant is «s 5 31 6 2 for
electric field parallel to the CuO2 layer and 27 6 2 for
electric field perpendicular to the layer. This is discussed
in more detail below. The optical frequency value «`

5 5 is much smaller because most of the polarization
comes from optical phonons. Chen et al. (1991) pointed
out that, since the Fröhlich electron-optical-phonon cou-
pling constant is given by

ap5
e2

4\v0
S 1
«`

2
1
«s

D S 2m* v0

\ D 1/2

, (5.3)

the large difference between «s and «` implies that ap is
large and that the charge carriers form polarons. Here,
m* is the band effective mass in the absence of electron-
phonon coupling, and v0 is the frequency of the LO
phonon resulting in the large difference between «s and
«` . Falck et al. (1992) introduced into the dielectric
function [Eqs. (5.1) and (5.2)] the temperature depen-
dence of the band gap

Eg~T !5E022\v0ap@n~\v0 /kT !11# (5.4)

and that of the lifetime

h~T !522/3v0~\v0 /E !1/2ap@2n~\v0 /kT !11# , (5.5)

predicted by polaron theory. Here, n is the Bose-
Einstein occupation number. The average phonon en-
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ergy, \v0 5 0.043 6 0.004 eV, is determined by the
shift of the peak in reflectivity with temperature, which
reflects that of the gap [Eq. (5.4)], Falck et al. (1992)
fitted the «2 spectrum at low T . However, the spectrum
was then predicted without further adjustment up to 447
K, as illustrated in Fig. 17. The low-T fit gives ap
5 5.7, which puts the large polarons in La2CuO4 in the
intermediate coupling regime.

Confirmation of this picture comes from Fig. 18,
which shows data of Uchida et al. (1991) for the optical
conductivity spectra, derived from the reflectivity, of
La22xSrxCuO4. From a fit to the Drude-like behavior at
low photon energy, these authors found that the holes
induced by Sr have effective mass of ; 2 times the free-
electron mass, me . The polaron mass is given by mp
5(11ap/6)m* (Feynman, 1955; Appel, 1968). Substitu-
tion of our value ap 5 5.7 gives m* 5 1. Photoemission
results on Sr2CuO2Cl2 agree with this, as discussed in
Sec. VI.

C. Impurity ionization spectrum

The charge-transfer spectrum thus provides strong
evidence that free electrons and holes form large po-
larons. However, infrared measurements on lightly

FIG. 17. The in-plane «2(v) for four different temperatures
together with the best fit to the data using the model discussed
in the text. All four temperatures are shown in the upper two
panels; theory and experiment are compared for individual
temperatures in the lower four panels. From Falck et al.
(1992).
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doped La2CuO4 imply that bound holes form polarons
that are small (Falck et al., 1993), Figure 19 shows the
reflectivity and «2 spectra for La2CuO41y with y
5 0.014. The reflectivity for the undoped compound is
shown for comparison. This spectrum is for lower ener-
gies than for those in Fig. 16. The in-plane reflectivity
spectrum for the doped crystal reveals two bands. The
one at ; 0.5 eV, found in many high-Tc materials and
their lightly doped parent materials (Thomas, 1991), is
nearly temperature independent. However, a second
band, at 0.13 eV, is very strongly temperature-
dependent. It is this band that we associate with small
polarons. Figure 20 shows results of Thomas et al. (1992)
that show the two bands quite clearly. Note that the
broad band at ; 0.6 eV in La2CuO41y has the same po-
sition and width as the intrinsic broad spectrum in the
carrier-free material (Fig. 12). Falck et al. (1993) show
that the decrease with T of the oscillator strength in the
0.13 eV band is equal to the increase in the strength of
the Drude peak, as determined from the dc conductivity
measured by Preyer et al. (1989). These transport results
are reviewed in Sec. VI.

Indeed, as illustrated in Fig. 21, Falck et al. (1993)
quantitatively predict the T dependence of the reflectiv-
ity peak corresponding to the 0.13 eV peak in «2 with a
model in which the holes form small polarons when
bound to impurities. The shape of the peak in «2 is also
consistent with this model. As the temperature is raised,
the polarons are thermally ionized with the small bind-
ing energy of ; 30 meV. As usual, the strong electron-
phonon coupling via the Frank-Condon principle makes
the optical ionization energy much larger than the ther-
mal energy. The most sensitive parameter in the model
is the thermal ionization energy, which was determined
independently from the temperature dependence of the

FIG. 18. Optical conductivity s(v) for various x obtained from
the reflectivity measured with the electric field parallel to the
CuO2 layers. From Uchida et al. (1991).
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Hall coefficient by Preyer, Birgeneau, Chen et al. (1989).
The number of phonons coupled to the hole is ; 5 for
the small polaron, just as it is for the large one (ap
; 5). However, the large difference between the ther-
mal ionization energy (0.035 eV from Preyer, Birgeneau,

FIG. 19. Spectra of La2CuO41y : (a) Temperature dependence
of the reflectivity spectra of La2CuO41y with y 5 0 and 0.014.
The in-plane spectra for the doped sample are indistinguish-
able below ; 100 K. Above 0.3 eV they are displayed only for
10 and 295 K, with the latter having the higher reflectivity. (b)
In-plane «2(v ,T) for the oxygen-doped sample. From Falck
et al. (1993).

FIG. 20. Optical conductivity in lightly oxygen-doped
YBa2Cu3O61y , Nd2CuO42y , and La2CuO41y . From Thomas
et al. (1992).
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Chen et al., 1989) and the optical ionization energy (0.13
eV) provides strong evidence that the polarons are small
when bound. This is confirmed by measurement of local-
ized phonon modes associated with the bound holes
(Calvani et al., 1994; Capizzi et al., 1994), Mihailovic
et al., (1990, 1991) have also found evidence for polaron
formation.

Thomas and co-workers (Thomas, 1991; Thomas
et al., 1992) found that the 0.13 eV band persists to much
higher temperature than was found by Falck et al.
(1993). On the other hand, Kim et al. (1991) found that
the same band when photoinduced disappears even
more rapidly with increasing temperature. The photoin-
duced spectra of Kim et al. are shown in Fig. 22 and the
temperature dependence is shown in Fig. 23. This shows
that the optical energy is only weakly dependent on the
thermal energy, consistent with the idea that the optical
energy is dominated by the phonon contribution to the
binding energy of the small polaron.

Optical measurements have thus provided a fairly
complete characterization of the q 5 0 electronic exci-
tations in the photon energy range 0.1–3 eV for the pure
and lightly doped CuO2 layers. The sharp peak near 0.4
eV in the undoped materials results from the two-
magnon quasibound state, made allowed by coupling to
optical phonons. The broader bands extending up to
; 1 eV probably result from crystal-field excitons
coupled to magnons.

VI. ELECTRONIC TRANSPORT IN UNDOPED AND
LIGHTLY DOPED CuO2 LAYERS

In this section we review what is known about the
insulator-to-metal transition induced by the addition of
charge carriers to the CuO2 layers. We first discuss (Sec.
VI.A) photoemission experiments that measure the dis-

FIG. 21. Temperature dependence of the in-plane reflectivity
at 0.11 eV. The solid line represents a fit to the data using a
small-polaron model. From Falck et al. (1993).
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persion relation for the highest-energy filled band in
Sr2CuO2Cl2. We then turn (Sec. VI.B) to the measure-
ments of conductivity and the Hall effect in very lightly
doped La2CuO4, which show that this material behaves
like a conventional doped semiconductor, although the
charge carriers are polarons, as demonstrated in the pre-
vious section. We review, in Sec. VI.C, measurements of
the dielectric constant which illustrate that the insulator-

FIG. 22. Photoinduced optical absorption at T 5 4.2 K. The
quantity measured is the relative change in transmission upon
excitation with above-band-gap (2.7 eV) light. From Kim et al.
(1991).

FIG. 23. Temperature dependence of the photoinduced ab-
sorption. From Kim et al. (1991).
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to-metal transition occurs very close to the boundary of
the 3D antiferromagnetic phase. Finally, in Sec. VI.D we
discuss the peculiar properties of the metal at very low
carrier concentration.

A. Angle-resolved photoemission for Sr2CuO2Cl2

Experiments over the past several years have shown
the power of angular-resolved photoemission spectros-
copy (ARPES) in determining the dispersion relation
for positively charged quasiparticles in the CuO2 layer.
In this experiment the energy and momentum of the
photoemitted electron are measured; these give the en-
ergy and momentum of the hole left behind. Wells et al.
(1995) applied this technique to Sr2CuO2Cl2. Since crys-
tals of this material are free of charge carriers as grown
and since they are easily cleaved, which facilitates
ARPES, this is an ideal material for studies of the dis-
persion relation for holes in the undoped CuO2 layer.

Figure 24 compares the results of Wells et al. (1995)
with a calculation based on the t-J model, which de-
scribes the motion of the hole by including nearest
neighbor hopping with matrix element t and coupling
between nearest neighbor spins with antiferromagnetic
exchange J . The highest energy filled electron band is
well described by the t-J model in the direction between
the (0,0) point and the (p,p) point in k space, although
not near (p,0). The t-J model predicts a bandwidth of
2.2J—Wells et al. found the same value within the errors
using J 5 125 meV (Tokura et al., 1990). This is in con-
trast to the prediction of one-electron calculations,
which find a bandwidth nearly ten times larger. In addi-
tion there is a strong variation in spectral weight as a
function of k, reflecting the antiferromagnetic order.
Thus the strong correlations, evinced by the insulating
antiferromagnetic state itself, are also evident in the dis-
persion relation of the holes.

Most recently, Kim et al. (1998) have succeeded in
carrying out ARPES measurements in Sr2CuO2Cl2 at
150 K, well below the Néel temperature. These data re-
veal detailed momentum-dependent lineshape changes
as a function of wavevector. Specifically, while a sharp
quasiparticle-like peak is observed near (p/2,p/2),

FIG. 24. Comparison of the experimentally determined E vs k
relation (circles) with a calculation for the t-J model (Wells
et al., 1995). The right panel shows the direction along the an-
tiferromagnetic zone edge for (0,p) to (p,0). For the latter only
the points marked by a 1 are calculated and the dotted curve
is the interpolation of Wells et al. (See Wells et al., 1995, for
details.)
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broad peaks are observed near (p,0). Following previous
workers (Nazarenko et al., 1995; Belinicher et al., 1996;
Kyung and Ferrell, 1996; Xiang and Wheatley, 1996;
Eder et al., 1997; Laughlin, 1997; Lee and Shih, 1997;
Leung et al., 1998) Kim et al. show that by generalizing
the t-J model to include second- and third-neighbor
hopping terms t8 and t9, both the overall dispersion and
the line shapes may be properly accounted for. Kim
et al. also compare the Sr2CuO2Cl2 data with ARPES
results in underdoped and overdoped Bi2Sr2CaCu2O81d.
In brief, upon hole doping from the insulator to the
overdoped superconductor, the quasiparticle peak at
(p,0) changes in three ways: it moves toward the Fermi
energy; it becomes sharper; and it increases in intensity.
In contrast, doping has relatively little effect on the peak
near (p/2,p/2). This general trend is qualitatively ex-
plained by the above-mentioned t-t8-t9-J model calcu-
lations.

For the present discussion we focus on a different fea-
ture of the data. The maximum of the band in Fig. 24 is
at (p/2,p/2). Presumably, holes added by doping in
other materials containing CuO2 layers reside near this
point. Although the bandwidth is relatively small, the
maximum is narrow in k space, resulting in an effective
mass of 1.5 6 0.75. Note that because ARPES takes
place on a very short time scale, this mass does not in-
clude any polaron contribution. Thus while the electron
correlations are evident in the band structure, reducing
the overall band width to 2.2J , they leave the mass of
holes near the band maximum relatively light. At equi-
librium, however, these holes are dressed by phonons,
increasing the mass to ; 2, as discussed in Sec. V.

B. Conductivity and hall effect in lightly doped La2CuO4

When La2CuO4 is doped with oxygen or Sr at levels
below ; 1% of the Cu atom density, it behaves like a
conventional doped semiconductor. Figure 25, from
Preyer, Birgeneau, Chen, et al. (1989) shows that the
conductivity of La2CuO41y is approximately thermally
activated at high temperature; it follows the 3D variable-
range hopping form s ; exp@ 2 (T0 /T)1/4# at low T .
This is typical of the behavior of doped semiconductors
(for an overview see Fritzsche, 1978). In such systems
the acceptors give rise to an impurity band close in en-
ergy to the valence band, and at high temperature the
conductivity is limited by the number of holes in the
valence band. Because some of the acceptors are com-
pensated by donors or defects, the Fermi energy lies in
the impurity band and the ionization energy of the ac-
ceptors is approximately equal to the activation energy
of the conductivity (Blakemore, 1969). Furthermore, the
empty acceptor sites allow holes to hop from neutral to
ionized acceptors giving rise to phonon-assisted tunnel-
ing, or hopping, at low T .

As the density of acceptors is increased, the interac-
tion between acceptors broadens the impurity band
causing the minimum ionization energy to decrease.
Therefore, the activation energy of the conductivity de-
creases, going to zero when the impurity band merges
Rev. Mod. Phys., Vol. 70, No. 3, July 1998
with the valence band (Fritzsche, 1955; Fritzsche and
Cuevas, 1960). Simultaneously, as the density of accep-
tors increases the hopping conductivity increases expo-
nentially. This happens because the hopping rate is pro-
portional to the overlap of wave functions on the initial
and final sites, which varies as exp@ 2 (R/2a0)# where R
is the distance between impurities and a0 is the Bohr
radius.

The Hall effect can be used to measure directly the
binding energy of the hole to the acceptor. Chen et al.
(1995) measured the Hall coefficient for single crystals
of La2CuO410.001 and La1.998Sr0.002CuO4, each containing
0.002 holes per Cu atom. The maximum in the Hall co-
efficient seen in Fig. 26 results from the competition be-
tween the higher-mobility band conduction with acti-
vated carrier density at high T to the lower-mobility
hopping mechanism with weakly temperature depen-
dent carrier density at low T (Fritzsche, 1955). The ac-
tivation energy of the Hall density is the thermal ioniza-
tion energy of the acceptor. In the inset of Fig. 26 this
activation energy is plotted as a function of Néel tem-
perature. For very lightly doped La2CuO41y , for which
the Néel temperature is high, the binding energy of the
hole to the oxygen acceptor approaches Eb
5 35 meV. The binding energy of the Sr acceptor is
somewhat smaller, 19 6 2 meV for the crystal contain-
ing 0.002 Sr per Cu. The crossover from hopping to band
conduction occurs at a temperature considerably lower
than Eb /k because the band mobility is much higher
than the hopping mobility.

Chen et al. (1995) have quantitatively explained the
magnitude and temperature dependence of the Hall mo-
bility in the temperature regime in which band conduc-
tivity dominates over hopping conductivity. The mobil-

FIG. 25. Conductivity for directions parallel (sa) and perpen-
dicular (sb) to the CuO2 layer in La2CuO41y . The curves are
labeled by TN , which decreases with increasing y . (a) and (c)
show the higher temperatures (T . 20 K) and (b) and (d) the
lower temperatures. Three different preparation procedures
give the same TN but different conductivity at low T . From
Preyer, Birgeneau, Chen, et al. (1989).
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ity is obtained directly from the relationship

s5pem5
m

RH
, (6.1)

where s is the conductivity, p is the hole density, m is the
Hall mobility, and RH is the Hall coefficient.

Equation (5.5) shows that large polarons are strongly
scattered at high temperatures by the same optical
phonons that lead to the polaron formation. Using Eq.
(5.5), the mobility limited by optical phonon scattering is
given approximately by

mop5
e

2m* ap
expF\v0

kT G (6.2)

for kT , \v0 . As the temperature increases, the num-
ber of phonons increases exponentially with 1/T , and
the mobility decreases accordingly.

At lower temperatures the most important scattering
mechanism for doped semiconductors is scattering by
charged impurities, usually described by the Brooks-
Herring (Brooks, 1955) model of Rutherford scattering
from the screened Coulomb potential. When this
mechanism dominates for a semiconductor with isotro-
pic effective mass, the mobility is given by

mI5AT3/2. (6.3)

FIG. 26. Hall coefficient plotted on a semilog plot vs 1/T of
La2CuO41y (open circles) and La22xCuO4 (closed circles)
each containing 2 3 1023 holes per Cu ion. The activation
energies extracted from the straight lines at high T are plotted
vs TN in the inset, along with those for La2CuO41y with other
values of y , whose conductivities are shown in Fig. 25. From
Chen et al. (1995).
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The mobility increases with T because the rate of Ruth-
erford scattering of an electron by an ionized impurity
decreases with increasing velocity of the electron, and
the latter increases with T .

If scattering from polar optical phonons and from ion-
ized impurities is dominant the mobility is thus pre-
dicted to be

1
m

5
1
mI

1
1

mop
5AS 1

T D 3/2

1B expS 2
\v0

kT D , (6.4)

where the coefficient B is predicted by Eq. (6.2). At low
temperatures, where the scattering by ionized impurities
dominates, the mobility increases with temperature,
whereas at high temperatures, where the scattering is
dominated by optical phonons, the mobility decreases
with temperature. Falck et al. (1992) found that the
choice \v0 5 0.043 6 0.004 eV provided the best fit for
the T dependence of the charge transfer gap, as dis-
cussed above. With \v0 fixed at 0.043 eV, the maximum
value of the mobility mmax and the corresponding tem-
perature Tmax uniquely determine A and B in Eq. (6.4).
Using the values of A and B determined this way, the fit
to the data is very good, as can be seen in Fig. 27. The
theoretical prediction (solid curve) is consistent with the
experimental results above ; 60 K. At lower tempera-
tures the experimental mobilities are smaller than the
theoretical predictions. However, this is the temperature
range in which hopping conduction dominates. Because
the effective mobility of hopping conduction is much
smaller than that of the band conduction, the Hall mo-
bility, which is a weighted sum of the two, is then ex-
pected to be smaller than predicted.

Not only is the overall temperature dependence pre-
dicted properly by Eq. (6.4), but also the magnitude of

FIG. 27. In-plane mobilities of La2CuO41y (open circles) and
La22xCuO4 (closed circles) each containing 2 3 1023 holes
per Cu ion. The data are determined from measurements of
the conductivity and Hall coefficient, like those in Figs. 25 and
26. The solid curves are the results of fits to the model dis-
cussed in the text. From Chen et al. (1995).
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the optical phonon contribution to the scattering is pre-
dicted. Using the values \v0 5 0.043 6 4 eV and ap
5 5.7, determined by Falck et al. (1992) from optical
measurements, and the value mp 5 2me determined
from optical and transport measurements (Chen et al.,
1989; Chen et al., 1991; Uchida et al., 1991; Falck et al.,
1992), the parameter B that appears in Eq. (6.4) is sim-
ply related to the prefactor in Eq. (6.2) to be
0.85 V s/cm2. The values of B determined from the mea-
sured mobilities as discussed above are 1.4 and
2.5 V s/cm2 for oxygen and Sr doping, respectively.
These are in quite good agreement with the prediction,
considering that the phonon frequency, which appears in
the exponent and therefore influences the determination
of B quite strongly, is an average over several optical
phonons, and is only determined to ; 10% by Falck
et al.

The ionized-impurity scattering coefficient A is found
to be about 10 times smaller than that predicted by
theory. This kind of discrepancy is common even for
conventional semiconductors (Chattopadhyay and
Queisser, 1981). It is thought that the Born approxima-
tion may be inadequate or that other simplifying as-
sumptions in the Brooks-Herring treatment may not be
valid. In addition, for La2CuO4 the reduced dimension-
ality may make the Brooks-Herring treatment insuffi-
cient.

The quantitative agreement between the optical pho-
non scattering rate and the prediction of polaron theory
provides strong confirmation of the conclusion, drawn
from the temperature dependence of the charge-transfer
absorption (Sec. V.B), that the free holes form large po-
larons. Furthermore, from the temperature dependence
of the impurity-induced infrared absorption (Sec. V.C),
it is clear that bound holes form small polarons. This
raises the question of whether polarons survive in the
metallic phase or whether the electron-hole interaction
is screened by the large carrier concentration. This is
still an open question, whose answer may be helpful in
elucidating the mechanism of high-temperature super-
conductivity.

C. Dielectric constant near the insulator-to-metal
transition

The acceptor state created by adding excess oxygen to
La2CuO4 has been characterized in some detail using
dielectric-constant measurements (Chen et al., 1989;
Chen et al., 1991). The real part of the dielectric function
«1 decreases as a power law with frequency at low fre-
quency because of the hopping of holes between accep-
tors. This and the corresponding behavior of the ac con-
ductivity, also reported by Chen et al. (1989, 1991) is
typical of doped, compensated semiconductors.

At high frequency, «1 saturates at a value «s that de-
pends on field direction and oxygen content. The dielec-
tric constant is plotted in Fig. 28 as a function of hole
concentration, which is determined from the room-
temperature value of the Hall coefficient. In the limit of
zero hole concentration, when the shallow acceptors are
Rev. Mod. Phys., Vol. 70, No. 3, July 1998
eliminated, the dielectric constant of the host material
«h is fairly isotropic: the values are 31 6 2 and 27
6 2 for the a and c directions, respectively. As demon-
strated by the infrared studies of Collins et al. (1989), the
dielectric constant is dominated by the contribution of
phonons with energies in the range 30–60 meV. A simi-
larly large value of «s is found in YBa2Cu3O6 (Samara
et al., 1990). While moderately large, the values of the
dielectric constant are typical of many oxides. For ex-
ample, for BaO «h 5 34, for CuO «h 5 18, and for PbO
«h 5 26.

As the hole concentration increases, the dielectric
constant increases dramatically but only for the in-plane
polarization, as seen in Fig. 28. For low density one has

«s2«h54pNAapol , (6.5)

where NA is the acceptor density, apol is the polarizabil-
ity. From a linear fit to the increase of «s with density
(Fig. 28) Chen et al. (1991) find that apol 5 (4 6 1)
3 10220 cm3. We next review their argument that this
value of the polarizability and the measured binding en-
ergy of the hole to the acceptor are consistent with a
simple hydrogenic model if one uses the host dielectric
constant «h 5 30 to screen the Coulomb interaction and
if one sets the charge-carrier mass equal to the polaron
mass.

Recall that the Bohr model gives for the impurity
binding energy

Eb513.6 eV S mp

me
D «h

22, (6.6)

where mp is the polaron mass, and gives for the radius,

FIG. 28. The dielectric constant «s measured at a high enough
frequency to eliminate the hopping contribution, but low
enough to include all others. The hole concentration is deter-
mined from the room-temperature value of the Hall coeffi-
cient. The curve is a guide to the eye, illustrating the growth of
«s for the in-plane («a) but not the out-of-plane («b) direction.
From Chen et al. (1991).
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a050.529 Å
me

mp
«h . (6.7)

As discussed in Sec. V, the polaron mass is given by
mp 5 (1 1 ap/6)m* , so with ap ; 6 and m*
; me , from the photoemission results discussed above,
this yields mp 5 2me . Substituting this value of mp and
«h 5 30 into Eqs. (6.6) and (6.7) gives Eb 5 30 meV
and a058 Å. For a hydrogenic impurity in a material
with dielectric constant «s one has apol 5 9

4 «ha0
3, and

thence Chen et al. (1991) find from their value of apol
that a05862 Å, also consistent with Eq. (6.7).

This value of the in-plane radius is consistent with the
rapid growth of the in-plane dielectric constant. When
the density is raised to 7 3 1019 cm23, which is 0.7%
holes per Cu atom, the in-plane value of «s is more than
100. To achieve such high values of «s in P-doped Si, for
example, one must reach densities within ; 10% of the
critical concentration for the insulator-to-metal transi-
tion (Paalanen et al., 1983). The critical concentration
can be calculated from the Mott criterion: nc

1/3a0
5 0.23. For a radius of 8 Å, the critical density is ; 2
3 1019 cm23. Thus this model predicts that with a den-
sity of 7 3 1019 cm23, La2CuO4 should be metallic.
However, because it is two dimensional, the insulator-
to-metal transition does not occur at this point.

Close to a 3D transition, the dielectric constant, which
scales like the square of the localization length, diverges
because the localization length diverges. However, the
growth of «s in Fig. 28 is clearly two-dimensional rather
than three-dimensional, and in 2D there is no transition
because all states are localized at zero temperature (for
a review see Lee and Ramakrishnan, 1985). This ex-
plains why «s , although growing quite large, does not
appear to diverge. We return to this issue of the dimen-
sionality of the insulator-to-metal transition in our dis-
cussion of heavily-doped crystals.

Objections can be raised to the use of the simple hy-
drogenic model for the hole bound to the acceptor. As
seen from the anisotropy of the growth in the dielectric
constant, the hole is apparently confined to a single
layer. Because of this, the potential is not truly Coulom-
bic. Chaillout et al. (1989, 1990) concluded from neutron
measurements on heavily oxygenated La2CuO41y that
the oxygen acceptor lies near the midpoint between two
adjacent CuO2 layers, but slightly closer to one layer
than to the other. The potential seen by a hole confined
to a single layer is approximately

V~r !5
e2

«hAr21d2
,

where r is the distance within the CuO2 layer and d is
the perpendicular distance from the acceptor to the
layer. This potential gives a more weakly bound state
than the corresponding Coulomb potential. However, a
two-dimensional model, like the three-dimensional one,
gives a consistent description with a binding energy of 35
meV and a radius of 8 Å (Serre et al., 1989; Gold, 1991).
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Rabe and Bhatt (1991) argued that the Coulomb po-
tential is screened only by the optical dielectric constant
«op instead of «h . The use of «h implies that most of the
screening comes from phonons because the dielectric
constant at frequencies above those of the phonons falls
to «op ; 5. Rabe and Bhatt calculated the binding en-
ergy of the hole to the Sr impurity using the smaller
dielectric constant and found a value near 0.5 eV. It is
clear from Fig. 26 that such a large value of the binding
energy cannot be reconciled with experimental observa-
tions. Furthermore, because of the large binding energy,
Rabe and Bhatt find that the insulator-to-metal transi-
tion occurs at ; 20% holes instead of the observed 2%.

D. Conductivity and magnetoresistance in the spin-glass
regime

As we have seen, the dielectric constant of
La2CuO41y becomes very large in the vicinity of the
boundary of the antiferromagnet, near 2% holes per Cu,
suggesting that the crossover from insulator to 2D metal
occurs there. Controlling the Sr concentration in
La22xSrxCuO4 is very difficult, so the evolution with x at
low x of the dielectric constant and conductivity have
not been measured in single crystals of the latter system.

FIG. 29. In-plane resistivity of single-crystal La1.96Sr0.04CuO4:
(a) Resistivity. (b) Two-dimensional conductance per square
per CuO2 layer, plotted vs log10 T . (c) Low-temperature in-
plane resistivity, plotted such that the functional dependence
r ; exp(TCG /T)1/2 is highlighted. The solid line is a fit to this
form, which results from hopping in a Coulomb gap. From
Keimer, Belk, et al. (1992).
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However, for x ; 2 –4%, it appears that many features
of the peculiar metal, which is the normal state of the
high-Tc superconductor, are already established.

Figure 29 shows the in-plane resistivity plotted in vari-
ous ways for a crystal of La1.96Sr0.04CuO4. As discussed
below, this same crystal has recently been shown to have
all the features of a conventional spin glass (Chou et al.,
1995). The top panel shows that above 100 K the resis-
tivity increases linearly with T . As pointed out by
Preyer et al. 1991), the slope of r vs T with the density of
carriers given by x 5 0.04 gives a scattering rate
; h/kT , the same as for the normal state of the highest-
Tc superconductors. This is a very important result: as
soon as the density is high enough to destroy the anti-
ferromagnetic long-range order, the system displays this
unusual scattering.

As shown in Fig. 29(b), the conductance below
; 100 K decreases with decreasing T . The decrease is
approximately logarithmic for about a decade of tem-
perature, with a coefficient that is of order e2/h (the
quantum of conductance) per square per CuO2 layer.
This is typical of two-dimensional metals (Lee and Ra-
makrishnan, 1985). In such systems, disorder causes all
states to be localized at T 5 0. At very high T , where
the inelastic scattering length L in is less than the elastic
scattering length l , the T dependence of the conduc-
tance is determined by that of L in . As T decreases L in
grows and when it exceeds l , logarithmic corrections to
the conductance become apparent. At still lower T ,
when L in becomes greater than the localization length l,
the system becomes strongly localized. This is seen
clearly in Fig. 29(c). The plot shows that the resistivity
follows r ; exp(T/T0)

1/2, characteristic of variable-
range hopping in a Coulomb gap (Shklovskii and Efros,
1984). The crossover temperature between ln T and ex-
ponential temperature dependence indicates that, for
this sample, l;10;100 Å.

Figure 30 shows resistivity data of Takagi et al. for
ceramic samples of La22xSrxCuO4 (Takagi et al., 1992).
Note that the resistance is linear in temperature only for
samples with x below ; 0.2.

Very recent results of Ando, Boebinger, and co-
workers show that the logarithmic T dependence seen in
Fig. 29 persists in the superconductors (Ando et al.,
1995; Ando et al., 1996; Boebinger et al., 1996). Using
pulsed magnetic fields up to 60 T they are able to sup-
press the superconductivity and examine the normal-
state resistivity. Figure 31 illustrates that both the in-
plane resistivity rab and the out-of-plane resistivity rc
vary as log T below about 100 K, just as for the nonsu-
perconducting sample in Fig. 29. For doping levels be-
yond that for maximum Tc , the T dependence becomes
characteristic of conventional metals. Thus this peculiar
log T behavior, which is seen for hole concentrations as
low as 2% per Cu atom, seems to be intrinsic to the
unusual metal for less than optimal doping.

In all respects, the data of Fig. 29 are typical of a 2D
metal. However, we will see that the underlying physics
is quite different from that in conventional 2D systems.
After we discuss the influence of charge carriers on the
Rev. Mod. Phys., Vol. 70, No. 3, July 1998
magnetism in the next section, we return to this crystal,
which shows evidence that the magnetism influences the
transport in important ways.

VII. EVOLUTION OF THE MAGNETISM WITH DOPING

A. Destruction of the Néel state by electrons and holes

As seen in Fig. 1, the Néel temperature decreases rap-
idly from its maximum of 325 K when La2CuO4 is doped
with Sr. Chen et al. (1991) used Hall measurements to
determine TN as a function of the density of shallow
acceptors in La2CuO41y ; the results are shown in Fig.
32 (Keimer, Aharony, et al., 1992). A straight-line ex-
trapolation of the data gives TN vanishing at ; 2% holes
per Cu atom for oxygen doping, just as for Sr doping
(Fig. 1).

The comparison between the effect of hole doping
and that of electron doping in Fig. 32 is very dramatic.
The reduction of TN by Ce doping in Pr22xCexCuO4
and in Nd22xCexCuO4 (Matsuda et al., 1992) is much
more gradual than that of oxygen or Sr doping in

FIG. 30. The temperature dependence of the resistivity for
La22xSrxCuO4: (a) samples with x from 0.04 to 0.15 and (b)
samples with x from 0.1 to 0.35. Dotted curves are the in-plane
resistivity rab of single-crystal films with (001) orientation;
solid lines are the resistivity r of polycrystalline samples. From
Takagi et al. (1992).
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La22xSrxCuO4. Keimer, Aharony, et al. (1992) showed
that Zn doping of La2CuO4 reduces TN at the same rate
as Ce doping of Pr22xCexCuO4. Since Zn substitutes for
Cu but has one more valence electron, its addition in-
creases the number of electrons in the CuO2 layer as
presumably does Ce doping in Pr22xCexCuO4. How-
ever, in the case of Zn doping the electron is tightly
bound, whereas the nearly metallic conductivity result-
ing from Ce doping shows that the electrons in the latter
case are more mobile (Hirochi et al., 1989). Since Zn
doping clearly results in dilution of the Cu spin system,
the similarity of Ce doping suggests that electron doping
always does so.

Matsuda et al. (1992) showed that the reduction of TN
in the electron-doped materials is the result of a reduc-
tion in the spin stiffness constant rs . Indeed, their ratio
of rs in Nd1.85Ce0.15CuO4 with TN 5 160 K to that in

FIG. 31. In-plane (rab) and out-of-plane (rc) resistivities of
superconducting La1.92Sr0.08CuO4. The solid curves are for
zero magnetic field and the circles are measurements taken
with a 60 T pulsed magnetic field, used to suppress the super-
conductivity. From Ando et al. (1995, 1996) and Boebinger
et al. (1996).

FIG. 32. Néel temperature as a function of electron and hole
concentration. For the latter data from Chen et al. (1991), the
hole concentration was determined using the Hall effect. From
Keimer, Aharony, et al. (1992).
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Nd2CuO4 is just that predicted by Harris and Kirk-
patrick (Harris and Kirkpatrick, 1977) for dilution of the
square lattice by ; 15%. It is quite clear, therefore, that
the effect of electron doping is dilution of the 2D spin
system.

By comparison with the electron-doped materials, the
density of holes necessary to destroy the antiferromag-
netic long-range order is surprisingly small. Instead of
dilution, Aharony et al. (1988) proposed that excess
holes, because they reside primarily on oxygen atoms,
introduce frustration. The frustration occurs, in the
model of Aharony et al., because the exchange interac-
tion between the hole on an oxygen and each of its two
neighboring Cu holes, whether ferromagnetic or antifer-
romagnetic, is obviously the same, requiring that the Cu
spins be parallel. However, the superexchange is antifer-
romagnetic, requiring opposite spins on Cu nearest
neighbors. If the O-Cu exchange is large enough, the
antiferromagnetic order will be disrupted, and because
of the two dimensionality, following the arguments of
Villain (1977, 1978), the disruption decays slowly with
distance (see also Glazman and Ioselevich, 1989). Thus a
small density of holes has catastrophic consequences for
the long-range order. The classical arguments of Aha-
rony et al. (1988) are substantiated in quantum Monte
Carlo calculations (Morgenstern, 1990).

A simple generalization of the above model appli-
cable to La22xSrxCuO4 is to allow the hole to circulate
either clockwise or counterclockwise in the oxygen
plaquette directly above or directly below the Sr impu-
rity. The hole motion couples to the transverse fluctua-
tions of the Cu spins and produces a spiraling twisting of
the antiferromagnetic order parameter, a state that is
topologically similar to the singly charged skyrmion ex-
citations of the 2D classical nonlinear sigma model.
Gooding and Mailhot (Gooding, 1991; Gooding and
Mailhot, 1993) proposed that a simple way of represent-
ing the effects of this circulating hole motion on the an-
tiferromagnetic background is to integrate out the hole
motion and replace it by a purely magnetic interaction.
With (1,2,3,4) denoting the four spins in the plaquette
bordering the Sr impurity, the interaction Hamiltonian
of a single hole is given by

H int52
D

S4 @~S1–S23S3!21~S2–S33S4!2

1~S3–S43S1!21~S4–S13S2!2# . (7.1)

One may show that, for classical spins, as long as D/J
. 2.2, the ground state has the same topology as that of
the circulating hole ground state. The spin distortions
produced by these circulating holes are similar to the
dipolar backflow spin distortions induced by mobile
holes in the theories of Shraiman and Siggia (1988,
1989a, 1989b).

In the above models, for purely Heisenberg interac-
tions the 2D long-range order is destroyed by a single
hole even at T 5 0. This occurs because of the long-
range nature of the resultant spin distortion as first
noted by Villain (1977, 1978). A transition to long-range
order will occur only if the limiting 2D Heisenberg cor-



920 Kastner et al.: Properties of monolayer copper oxides
relation length at T 5 0 is above a threshold value such
that either the Ising anisotropy or the residual 3D inter-
action is able to drive the ordering [cf. Eq. (4.10)].

An alternative to the above is the so-called Zhang-
Rice singlet model (Zhang and Rice, 1988). These au-
thors mapped the three-band model into a single-band
effective Hamiltonian. Cu-O hybridization then strongly
binds a hole on each square of O atoms to the central
Cu21 to form a local spin singlet. This moves through
the lattice in a way similar to a hole in the single-band
effective Hamiltonian of the strongly interacting Hub-
bard model. If one includes only nearest-neighbor hop-
ping then this model has particle-hole symmetry and this
manifestly cannot describe the large difference between
the electron- and hole-doped materials. This may be
ameliorated by inclusion of more distant neighbor hop-
ping terms which violate the electron-hole symmetry.

At low temperatures in the lightly doped regime,
when the holes are known to become localized by disor-
der effects, one cannot describe the system by a Zhang-
Rice singlet localized to a single Cu site. Specifically, this
problem is isomorphic to the percolation problem,
which does not at all describe the phase diagram or cor-
relation lengths of the hole-doped materials. However,
in the spirit of the Gooding model discussed above, the
hole will delocalize around a single plaquette surround-
ing a Sr12 impurity. This subsequently will form a spin
distortion field similar in character to that generated by
a localized oxygen hole (R. J. Gooding, private commu-
nication).

B. The spin glass regime

Aharony et al. (1988) have predicted that spin glass
behavior would be observed just on the high-density
side of the antiferromagnetic phase boundary at low T
in Fig. 1. Evidence for slowing down of the spin fluctua-
tions has been observed in neutron scattering (Keimer,
Belk, et al., 1992), muon spin relaxation (mSR) (Kuma-
gai et al., 1987; Budnick et al., 1988; Harshman et al.,
1988; Mezei et al., 1988; Uemura et al., 1988), and
nuclear quadrupole resonance (NQR) (Kitaoka et al.,
1988; Chou et al., 1995). Recently, Chou et al. (1995)
studied a piece of the very same crystal of
La1.96Sr0.04CuO4, whose conductance is shown in Fig. 29.
They showed that this sample displays all of the behav-
ior typical of canonical spin glasses: irreversibility and
remnant magnetization below the glass transition and
scaling behavior above and below it. Surprisingly,
whereas the neutron measurements (Keimer, Belk et al.,
1992) show that there is one spin per Cu atom, the ef-
fective density of free spins contributing to the Curie
susceptibility above the spin glass transition temperature
is only 0.5% of the Cu atom density. Nonetheless, the
spin glass transition temperature is in good agreement
with that measured with mSR and NQR, which measure
the freezing of all the Cu spins. This shows that the spin
glass properties measured by Chou et al. (1995) reflect
those of the entire Cu spin system. Calculations based
on Eq. (6.1) with holes circulating around randomly situ-
Rev. Mod. Phys., Vol. 70, No. 3, July 1998
ated Sr21 impurities account for both the T 5 0 corre-
lation length and the 0.5% spin density. However, it re-
mains to be understood why a model for localized holes
should be so successful in this intermediate doping re-
gime (Gooding et al., 1997).

The simplest heuristic model for the evolution of the
magnetism with doping near the antiferromagnetic
phase boundary is based on the theory of Charkravarty,
Halperin, and Nelson (CHN) (Chakravarty et al., 1989).
Their theory involves a mapping of the 2DSLHQA into
the 2D quantum nonlinear sigma model. The latter has
three basic regimes: (a) the renormalized classical re-
gime where the correlation length follows j
; exp(2prs /kT), achieving long-range order at T 5 0,
as discussed in Sec. IV.D; (b) the quantum critical re-
gime with j ; hc/kT , where c is the spin-wave velocity;
(c) the quantum disordered regime where j remains fi-
nite as T → 0. To describe the effects of doping within
this model, one assumes that the effect of the holes is to
renormalize rs to zero near x ' 0.02; that is, one as-
sumes an effectively homogeneous model. As a function
of x , the T dependence of j would then evolve from
behavior (a) at low x to (b) at the critical value of x , to
(c) at high x . Such a picture necessitates that the
quenched disorder accompanying the doping is irrel-
evant so that the doped system is effectively translation-
ally invariant. The assumed renomalization of rs to zero
could have different origins: frustration as in the model
of Aharony et al. (1988) and of Gooding et al. (1997) or
disorder caused by the motion of the holes, as in
Shraiman and Siggia (1988, 1989a, 1989b).

In order to probe the evolution predicted by the 2D
nonlinear sigma model, Keimer, Belk et al. (1992) car-
ried out a study of the instantaneous spin correlations in
La22xSrxCuO41y , varying both x and y to create
samples with a variety of hole concentrations between 0
and 0.04 per Cu. Results for the inverse correlation
length k 5 j21 for some of these samples are shown in
Fig. 33. All four samples are described by a very simple

FIG. 33. Inverse magnetic correlation length of four crystals of
La22xSrxCuO4. The solid lines are calculated from k(x ,T)
5 k(x ,0) 1 k(0,T). From Keimer, Belk et al. (1992).
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relation:

k~x ,T !5k~x ,0!1k~0,T !, (7.2)

where k(0,T) is the temperature-dependent inverse of
the correlation length of the undoped system given by
Eq. (4.7) with 2prs 5 150 meV. The solid curves in Fig.
33 correspond to Eq. (7.2) with k(x ,0) fixed by the low-
temperature data, corresponding to j 5 150, 65, and 42
Å, for the x 5 0.02, 0.03, and 0.04 samples, respectively.
For j.150 Å, found in samples with hole concentrations
less than 0.02, the residual anisotropic and interplanar
interactions precipitate a transition to 3D long-range or-
der. For j,150 Å, only 2D short-range order is seen
down to 10 K. This behavior is very different from that
expected from the nonlinear sigma model in the quan-
tum disordered regime (Chakravarty et al., 1988;
Chakravarty et al., 1989; Keimer, Belk et al., 1992; Sokol
et al., 1994).

The growth of k(x ,0) with Sr content, seen in Fig. 33,
is quite significant. This growth continues as one enters
the superconducting regime of the phase diagram for x
. 0.05 (Fig. 1). Figure 34 shows the data of Thurston,
Birgeneau, Kastner, et al. (1989) for the low-
temperature value of j 5 k21 as a function of x . The
solid curve is the average distance between the holes
with no adjustable parameters. Quantitative analysis of
the data in Fig. 34 shows that this relationship breaks
down near x ' 0.02, as it must since for smaller hole
concentrations long-range order is achieved, that is, k
→ 0.

In addition to the resistance being linear in T , which
occurs for x as small as ; 0.02, another feature charac-
teristic of superconducting crystals is seen in the spin
glass regime. In a detailed study of the spin dynamics of
La1.96Sr0.04CuO4, Keimer et al. (1991) found remarkably
simple scaling behavior of the q-integrated imaginary
part of the susceptibility. The experiment involves mea-
suring at fixed energy the intensity integrated around
the (1,0,0) position [or equivalently (p,p) in square lat-

FIG. 34. Magnetic correlation length vs strontium concentra-
tion x . The curve represents the average separation between
the holes introduced by doping. From Thurston, Birgeneau,
Kastner et al. (1989).
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tice unit lattice-constant notation] as a function of T .
Keimer et al. found that the relation

x9~v!5E
p ,p

d2q x9~q,v!5I~ uvu,0!
2
p

arctan

3Fa1S v

T D1a3S v

T D 3G (7.3)

describes all of the data quite well. The quantity
x9(v)/I(uvu,0) is plotted as a function of v/T in Fig. 35;
the solid line is Eq. (7.3).

The scaling behavior described by Eq. (7.3) has been
found in a number of materials, including
La1.95Ba0.05CuO4 (Hayden et al., 1991), La1.98Sr0.02CuO4
(Matsuda et al., 1993), YBa2Cu2.9Zn0.1O6.6 (Kakurai
et al., 1993), YBa2Cu3O6.5 with the superconducting Tc
5 53 K (Birgeneau et al., 1992), and YBa2Cu3O6.6 with
Tc553 K (Sternlieb et al., 1993). Recently, Aeppli et al.
(1997) demonstrated v/T scaling in the normal state of
optimally doped La1.86Sr0.14CuO4 and related this to a
putative nearby quantum critical point. In the supercon-
ductors, the T dependence is different from that pre-
dicted by Eq. (7.3) below Tc . Aside from this, the pri-
mary difference between the materials is in the v
dependence of I(uvu,0). For the superconductors,
I(uvu,0) increases, approximately proportionally, with v
at small v, whereas for the nonsuperconductors it de-
creases with increasing v. We discuss this in more detail
below.

It is important to emphasize that there is no difference
in the scaling behavior of x9 above and below 100 K in
the crystal of La1.96Sr0.04CuO4 (Fig. 35), whose resistivity
(in Fig. 29) reaches a minimum near 100 K. Thus
x9(q ,v), as well as the instantaneous correlation func-
tion, is insensitive to localization effects, as one might
expect since the localization length for this sample is
;100 Å and the inelastic scattering length approaches
this length only at very low T .

Keimer et al. (1991) point out that the simplest model
consistent with relaxational dynamics in a disordered an-
tiferromagnet gives

FIG. 35. Normalized integrated spin susceptibility as a func-
tion of the scaling variable v/T . The solid curve is the function
(2/p)tan21@a1(v/T) 1 a3(v/T)3# with a1 5 0.43 and a3
5 10.5. From Keimer et al. (1991).
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x~q ,v!5
j2

11q2j22iF~v/G!
. (7.4)

In mean-field theory one finds G ; j2, which is incom-
patible with our observation (Fig. 33) that the correla-
tion length is independent of temperature below
; 300 K, whereas x9 is certainly not. Thus models that
ascribe the scaling to the T dependence of j are clearly
suspect. On the other hand, a variety of models appear
to lead to the scaling of Eq. (7.3). For example, Varma
et al. (1989) recognized quite early that a number of un-
usual properties of the high-Tc materials could stem
from behavior of x9 such as that of Eq. (7.3). One pos-
sible origin of the v/T scaling is a nearby quantum criti-
cal point, an example of which was discussed by Chakra-
varty, Halperin, and Nelson (1988, 1989).

C. Spin fluctuations in superconducting La22xSrxCuO4

One of the most interesting features of the inelastic
neutron scattering data is that for hole concentrations
up to p ; 0.05 per Cu, for which the materials are not
superconducting, the spin fluctuation scattering remains
commensurate at the (p,p) position. However, as p is
increased above 0.05 there is a commensurate-
incommensurate transition in the spin fluctuation geom-
etry. This was originally discovered independently by
Yoshizawa et al. (1988) and by Birgeneau et al. (1989).
Later, Cheong et al. (1991) discovered that at low energy

FIG. 36. Neutron inelastic scattering spectra at 3 meV at tem-
peratures above and below the superconducting transition
temperature of Tc 5 37.3 K. The measurement was made at
an energy transfer of 3 meV along the direction labeled A in
the schematic drawing (top) of reciprocal space near (p,p).
The closed circles denote the peak positions of the incommen-
surate magnetic fluctuations. From Yamada et al. (1995).
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and low T , the incommensurate scattering corresponds
to four 2D rods at (p 6 2pd ,p) and (p ,p 6 2pd)
symmetrically distributed about the antiferromagnetic
(p,p) position, as illustrated in Fig. 36. In YBa2Cu3O72z
the width of the scattering makes it difficult to observe
any incommensurability (Rossat-Mignod et al., 1993;
Sato et al., 1993), although recently incommensurability
in underdoped YBa2Cu3O72z , analogous to that in
La22xSrxCuO4 but rotated by 45° seems to have been
observed (Dai et al., 1998).

The hole concentration can be increased by doping
with either oxygen or Sr; Yamada et al. (1998) call the
fraction of holes per Cu atom resulting from both Sr and
O doping xeff.

The dependence of d on xeff and Tc(xeff) is illustrated
in Fig. 37. Remarkably, the incommensurability d, while
remaining zero up to xeff 5 0.05, is proportional to Tc
for xeff up to the optimal value for all samples measured
(Yamada et al., 1998). Further, for 0.06 < x < 0.12 one
finds the simple quantitative relation d 5 x .

Since this incommensurate scattering is the main new
feature that appears with doping into the superconduct-
ing phase, we discuss its behavior in more detail. To
make the discussion simpler we treat the material as be-
ing effectively tetragonal. Then the rods at (1,0,l) and
(1/2.1/2.l) intersect the l 5 0 plane at the points (p,p)
and (0,p), respectively, in the 2D square lattice, unit lat-
tice constant notation. The data we discuss were all
taken with the sample oriented for scattering in the
(h ,0,1) zone and tilted about the (0,0,1) axis by an angle

FIG. 37. Deviation d of peak position from the (p,p) position
(cf. Fig. 36) for crystals doped in a number of different ways:
(a) plotted as a function of xeff the fraction of excess holes per
Cu atom resulting from both Sr and O doping, (b) plotted as a
function of the superconducting transition temperature Tc.
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of 6°. Because of the finite q resolution, this type of scan
intersects two of the four rods, as illustrated by the tra-
jectory in Fig. 36.

Matsuda et al. (1994) studied the temperature depen-
dence of the incommensurate peaks for a crystal of
La1.85Sr0.15CuO4 with Tc 5 33 K. Although the excita-
tions are very sharp in q at low energies and change
their temperature dependence as T is reduced below
Tc , the incommensurate peaks persist in the supercon-
ducting phase. Quantitatively similar results have been
obtained by Mason et al. (1993) on a sample of
La1.86Sr0.14CuO4. More recently, Wells et al. (1997) have
studied the spin fluctuations in stage-6 La2CuO4.055
which has Tc 5 31 K; this corresponds to a doping of
; 0.11 holes per Cu atom. This stage-6 material exhibits
spin fluctuations that are closely similar in all respects to
those observed in the La1.85Sr0.15CuO4, Tc 5 33 K
sample. This suggests that the underdoping is of funda-
mental importance in determining the spin dynamics.
Recently, Yamada et al. (1995) have shown that for a
crystal with Tc 5 37.3 K, the behavior below Tc is quite
different. Specifically, for E , ;3.5 meV the intensity
of the incommensurate peaks as a function of T shows a
sharp maximum at T ; Tc and diminishes rapidly to-
ward zero as the temperature is lowered, indicating the
opening of a gap for spin excitations.

Figure 36 shows a scan at T 5 40 K, just above Tc ,
where two sharp incommensurate peaks are seen for v
5 3 meV. However, at 4 K the peaks are not detectable
above the background. Figure 38 shows the temperature

FIG. 38. Temperature evolution of x9(q ,v) at the incommen-
surate peak position for energies of 2 meV, 3 meV, and 4.5
meV. The data for 2 meV correspond to the 2D integral of the
intensities around the peak. From Yamada et al. (1995).
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dependence of x9. The data at 2 meV correspond to an
integral in q along a scan through the incommensurate
peaks like the one in Fig. 36, while the results at 3 and
4.5 meV are simply the value of x9 at one of the incom-
mensurate peak positions. It is clear that for energies of
both 2 and 3 meV, x9 has a peak at T ; Tc 5 37.3 K
and diminishes to zero as T → 0. By contrast, at v
5 4.5 meV, x9 is approximately constant below Tc .
This implies a magnetic gap energy between 3 and 4.5
meV. This should be contrasted with the superconduct-
ing BCS weak-coupling s-wave gap energy of 2D
5 3.54kTc 5 11.4 meV. We note that the temperature
dependence of x9 at the incommensurate peak of v
5 2 meV is similar to the behavior of 1/T1T measured
with NMR for 63Cu (Oshugi et al., 1991); this measures
(qx9(q,v)/v in the limit v → 0.

In Fig. 39 is shown the energy dependence of x9 at the
incommensurate peak position at T 5 4 K and T
5 40 K for two separate crystals. For T 5 40 K, above
Tc , x9 varies gradually with energy, possibly going to
zero as v → 0. On the other hand, at T 5 4 K, x9 is
nonzero above 3.5 meV but is not measurable above the
background for lower energies. This shows that there is
a superconducting magnetic gap of 3.5 6 0.5 meV for
the spin fluctuations at the incommensurate peak posi-
tion in q space. Concomitantly, it also suggests that the
low-energy spin scattering in the superconducting state
for the crystals studied by Matsuda et al. (1994) and Ma-
son et al. (1993) results from disorder and/or underdop-
ing. Detailed analysis shows that the measured gap en-
ergy is consistent with dx22y2 models for the
superconductivity provided 2D0 5 6kTc (Zha et al.,
1993; Bulut and Scalapino, 1994; Tanamato et al., 1994;
Quinlan and Scalapino, 1995).

It is important to note that, although the incommen-
surate peaks are very sharp, the correlation length of the
spin fluctuations is still short. When one measures the

FIG. 39. The energy dependence of x9 at the incommensurate
peak for temperatures above and below Tc 5 37.3 K. From
Yamada et al. (1995).



924 Kastner et al.: Properties of monolayer copper oxides
instantaneous correlation length in an energy-
integrating experiment, one still finds a length consistent
with Fig. 34. The sharp peaks for low energies mean that
these low-energy excitations have a dynamical coher-
ence length that is larger than the correlation length.

Recently, Hayden and co-workers have extended the
measurements of Matsuda et al. (1994) of x9(v) from 20
meV up to ; 225 meV (Hayden et al., 1996). They show
in La1.86Sr0.14CuO4 that x9(v) is approximately constant
between 10 and 30 meV and diminishes gradually with
increasing energy up to ; 225 meV. The inelastic peaks
in x9(q,v) are somewhat broader in q at fixed v in
La1.86Sr0.14CuO4 compared with those in La2CuO4.
However, the q-integrated response x9(v) is typically
comparable in magnitude in the superconductor and in
the insulator. The most drastic changes occur below
; 10 meV, as originally noted by Mason et al. (1996) and
Thurston, Birgeneau, Kastner, et al. (1989). Most re-
cently, Mason et al. (1996) have noted in
La1.86Sr0.14CuO4 that for energies above ; 7.5 meV,
x9(v) increases with decreasing temperature below Tc
and that at the 7.5 meV threshold the extra scattering
that appears in the superconducting state appears to be
quite sharp in q.

Finally, Tranquada et al., (1995, 1996, 1997) have stud-
ied the incommensurate spin fluctuations in samples of
La1.62xNd0.4SrxCuO4 with x 5 0.12, 0.15, and 0.20.
These samples are superconducting, with Tc ' 4 K, 11
K, and 15 K, respectively. The Nd causes a change in the
CuO6 octahedron tilt directions from (110) as in the low-
temperature orthorhombic (LTO) phase to (100) char-
acteristic of the low-temperature tetragonal (LTT)
phase, with the transition occurring at a temperature of
roughly 70 K. Remarkably, they find that the dynamical
incommensurate spin fluctuations observed previously in
La22xSrxCuO4 and La2CuO41y condense out and be-
come static with order over long distances. Importantly,
in the sample with x 5 0.12 they observe evidence for a
charge-density wave at wavevector (0,2p 6 4pd),
which is established at slightly higher temperatures than
the spin density wave condensation temperature. They
interpret these results in terms of the frustrated phase
separation charge stripe model of Emery and Kivelson
(Kivelson and Emery, 1993; Emery and Kivelson, 1994).

The condensation of the spin fluctuations in
La1.62xNd0.4SrxCuO4 observed by Tranquada et al.
(1995, 1996, 1997) is unrelated to the superconductivity.
Indeed such a condensation had been observed earlier
in samples of La22xSrxCuO4 (Sternlieb et al., 1990; Ke-
imer, Belk, et al., 1992) that were not superconducting
and where the magnetic response was commensurate. In
this case the correlation lengths were quite short (20–40
Å), whereas in the Nd-Co-doped samples studied by
Tranquada et al. (1995, 1996, 1997) the correlation
lengths exceeded 150 Å. Recently, Hirota et al. (1998a;
1998b) have observed the condensation of incommensu-
rate quasielastic peaks below ; 30 K in samples of
La1.86Sr0.14Cu0.988Zn0.012O41y that were either supercon-
ducting (Tc 5 19 K, y 5 0) or, after annealing in Ar,
nonsuperconducting (y 5 20.004). In both cases, the
Rev. Mod. Phys., Vol. 70, No. 3, July 1998
magnetic order extended over intermediate distances
;70 Å. The overall behavior of the magnetic fluctua-
tions, both static and dynamic, seemed to be indepen-
dent of the superconductivity, and indeed mirrored the
behavior seen by Sternlieb et al. (1990) and Keimer,
Belk, et al. (1992) in samples in the spin-glass concentra-
tion region. Finally, very recently Kimura and co-
workers (Kimura et al., 1998; Suzuki et al., 1998) and
Lee et al. (1998) have observed transitions to incommen-
surate long-range order (correlation lengths .200 Å) in
La1.88Sr0.12CuO4 (Tc 5 31 K) and stage-4 La2CuO41y
(Tc 5 41 K). In both cases the magnetic phase transi-
tion coincides with the onset of superconductivity; in-
deed in stage-4 La2CuO41y the magnetic order param-
eter seems to follow the BCS form quite well. Thus in
this case the superconducting and spin-density wave
states are intimately related. In all of the cases discussed
above, the static ordering wave vectors coincide with
those of the low energy dynamical spin fluctuations.

Clearly, therefore, very rich behavior that does not
seem to fall into a simple pattern is observed. Further
experiments and theory will be required to determine
the relationships between the superconductivity and the
spin density waves, be they short or long range.

VIII. COUPLING BETWEEN MAGNETIC FLUCTUATIONS
AND CONDUCTIVITY

Moriya et al. (1990) have proposed that the inelastic
scattering of electrons is dominated by scattering from
spin excitations. They argue that the resistance should
then scale as

R;TE
2`

`

dF\v

kT G \v

kT

e\v/kT

~e\v/kT21 !2 E d2Q x9~Q ,v!.

(8.1)

Obviously, any form of *d2Qx9(Q ,v) that is homoge-
neous in \v/kT will lead to resistance linear in T . Ke-
imer, Belk, et al. (1992) showed that the measured
x9(Q ,v) predicts a temperature dependence of the re-
sistance that is in reasonable agreement with experi-
ment.

The exchange interaction is so large in the CuO2 lay-
ers that an external magnetic field has very little influ-
ence on the spin fluctuations. However, in the regime at
low T where the log T dependence in seen, Preyer et al.
(1991) have observed what they interpret to be suppres-
sion of spin fluctuation resistance by an external mag-
netic field. Instead of the highly anisotropic negative or-
bital magnetoresistance expected (Lee and
Ramakrishnan, 1985) when weak localization is the ori-
gin of the log T dependence, Preyer et al. found isotro-
pic negative magnetoresistance. Interaction effects can-
not explain this either, for isotropic magnetoresistance
from the latter is positive rather than negative. This
means that the log T behavior has a new origin. The
magnetoresistance approximately scales with H/T , and
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while the similarity to the \v/kT scaling is suggestive, a
detailed theoretical treatment is required to make this
connection substantial.

IX. FINAL OBSERVATIONS

After a decade of research, there is still no consensus
as to the correct theory of the new kind of superconduc-
tivity found in the copper oxides. In this section, we list
some of the outstanding physics problems that are of
fundamental interest in their own right and which may
be important in arriving at the correct model for the
superconductivity.

As discussed in Sec. V, the optical excitations above
about 1.5 eV, seen in the absorption and reflection spec-
tra of the undoped CuO2 layer, are well understood. In
the range 1.5–2 eV they correspond to excitons, which
can be thought of as excitations of the d9 hole between
crystal-or ligand-field-split levels of the Cu21 ions.
Above 2 eV, they are charge-transfer excitations that
result in large polarons. The sharp peak near 0.35 eV is
now also explained. It corresponds to the creation of a
two-magnon quasi-bound state together with an optical
phonon. However, the broad features in the range 0.4–1
eV are apparently of mixed magnetic and excitonic na-
ture. It appears that the d3z2-r2 exciton lies at lower en-
ergy than predicted by cluster calculations. Several mod-
els for superconductivity have suggested an important
role for such a low-lying exciton. Clearly, a better under-
standing of the nature of these low-lying excitations
would be very valuable.

It is, at first, surprising that the electronic transport
properties in the lightly doped limit are so ordinary. One
might have expected the very strong coupling of the
charge carriers to the magnetism to result in a heavy
mass. The photoemission results show that the band-
width for holes is, indeed, reduced from the several eV
expected from band theory to of order 2J ; 0.3 eV.
This indicates that the coupling of the hole to the anti-
ferromagnetic background plays an essential role in de-
termining the band structure. However, because the dis-
persion relation is strongly peaked, the effective mass at
the top of the valence band is, nonetheless, relatively
small, of order the free-electron mass. Since the holes,
already coupled to the magnetic fluctuations, are subse-
quently dressed by phonons, the mass observed in trans-
port measurements is somewhat heavier.

Other evidence of coupling between magnetism and
transport comes from the work of Preyer, Birgeneau,
Chen, et al. (1989) showing that there is a strong cou-
pling between the interlayer hopping and the magne-
tism. However, the large magnetic correlation length,
even at temperatures well above the Néel temperature,
makes it unlikely that any effect of the magnetic order
on the in-plane transport can be seen.

The polaronic properties of the charge carriers are
very important. If the carriers are still polarons in the
superconductor, as suggested by Capizzi et al. and others
(Mihailovic et al., 1990; Mihailovic et al., 1991; Calvani
Rev. Mod. Phys., Vol. 70, No. 3, July 1998
et al., 1994; Capizzi et al., 1994), many ideas about the
origins of the superconductivity may need to be modi-
fied.

Many features of the magnetism must be taken into
account in any complete theory of the high-Tc supercon-
ductors. The scaling of x9 with v/T is a quite universal
property of the superconductors. That this and the resis-
tivity linear in T emerge at doping levels of only a few
percent, in the spin-glass region where there is no super-
conductivity, is very important. Indeed, the only feature
that is unique to the doped La2CuO4 superconductors is
the incommensurate nature of the spin fluctuations.
Clearly, experiments on samples closer to the
commensurate-incommensurate transition are needed.
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