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Midinfrared optical excitations in undoped lamellar copper oxides
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The weakly electric-dipole-allowed midinfrared excitations are studied in insulating single crystals of
La2CuO4, Sr2CuO2Cl2, and Nd2CuO4. These intrinsic excitations of the undoped CuO2 layers are lower in
energy than the charge-transfer excitation. Temperature-dependent optical-absorption measurements are pre-
sented from 10 to 450 K. Photoinduced absorption measurements on single-crystal La2CuO4 are also presented.
Recent theoretical work and optical-absorption experiments on La2NiO4, as well as the copper oxides, provide
strong evidence that a sharp absorption peak seen in all the copper oxides at photon energy;0.4 eV and a
related peak near 0.25 eV in La2NiO4 arise from phonon-assisted creation of a quasibound two-magnon state.
A comparison between the intrinsic absorption in La2NiO4 and that in the copper oxides suggests that the broad
midinfrared absorption bands observed between 0.4 and 1.2 eV in the undoped copper oxides have a different
electronic origin. We discuss our measurements in regards to two proposed origins~phonon-multimagnon and
exciton sidebands! for these broad higher-energy bands. We find that multimagnon and phonon sidebands
associated with a Cudx22y2→d3z22r 2 crystal-field exciton at;0.5 eV plausibly explain the structure, strength,
and polarization dependence of these broadbands. Direct observation of this exciton would unambiguously
confirm or refute this model.@S0163-1829~98!01733-0#
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I. INTRODUCTION

The lamellar copper-oxide superconductors are unusu
that they are derived from antiferromagnetic insulating h
materials, such as La2CuO4, by chemical doping. An inter-
esting feature common to the superconductors and the lig
doped materials is strong optical absorption in t
midinfrared.1–3 Recent experiments on the undoped insu
tors have revealed a variety of optical excitations in the sa
spectral range.4–7 Understanding these electronic excitatio
of the undoped CuO2 layers is not only intrinsically interest
ing, but also may provide insights into the origin of th
doping-induced infrared absorption and perhaps the su
conductivity itself.

It is now generally accepted that the undoped host m
rials are charge-transfer~CT! insulators with one 3dx22y2

hole per copper site and a CT gap of;2 eV. Reflectivity
experiments show that, upon doping, oscillator strength
transferred from above to below the CT gap.1 In heavily
doped samples, strong, broad absorption extends from
CT gap to well below 0.1 eV.1 Experiments on lightly
oxygen-doped crystals show two non-free-carrier absorp
bands below the CT gap.8 The lower-energy band, centere
at ;0.1 eV, is strongly temperature dependent9 while the
higher-energy band, peaked at;0.5 eV, is nearly tempera
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ture independent. The lower-energy band arises from
photoionization of polarons bound to impurities.9 However,
for the;0.5-eV band, the absence of sharp spectral featu
or dramatic temperature dependence has made a defin
interpretation difficult. Additional doping-induced absorptio
is also seen at;1.5 eV.8 It is now known4 that there are
intrinsic optical excitations near 0.5 and 1.5 eV in the u
doped single-crystal oxides as well.5–7

Perkinset al.4 reported measurements at 10 K for fo
undoped oxides: La2CuO4, Nd2CuO4, Pr2CuO4, and
Sr2CuO2Cl2. For the bands near 0.5 eV, the absorption co
ficient is weak, roughly 103 times smaller than that in heavil
doped samples. In all four compounds, the spectra displa
sharp low-energy peak centered near 0.4 eV with a se
broader bands extending up to;1 eV. The absorption fea
tures appear only for the electric-field polarized parallel
the CuO2 layers with little sample-to-sample variation in th
oscillator strength. Collectively, this demonstrates that
excitations are weakly electric-dipole-allowed intrinsic ex
tations of the undoped CuO2 plane. Similar excitations have
since been observed in YBa2Cu3O6 by Grüningeret al.10

Perkinset al.4 proposed that the sharp peak arises fro
the excitation of a Cudx22y2 hole to thed3z22r 2 state, that is,
a Cu d-d* crystal-field exciton. On the other hand, Lore
zana and Sawatzky11,12 subsequently argued that the sha
9390 © 1998 The American Physical Society
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peak corresponds to phonon-assisted creation of a qu
bound two-magnon state~labeled a ‘‘bimagnon’’!. Recent
optical absorption experiments by Perkinset al.13 on
La2NiO4, a spinS51 isomorph ofS5 1

2 La2CuO4, reveal a
weakly allowed electric-dipole band at;0.25 eV. The shape
of this band in La2NiO4 and that of the sharp feature at;0.4
eV in La2CuO4 are well described by the theory of Loren
zana and Sawatzky for one-phonon–two-magnon absorp
thereby providing strong evidence that the 0.4-eV peak in
Cu oxides is a phonon-assisted bimagnon excitation. H
ever, the broad higher-energy bands clearly seen in La2CuO4
are not observed in La2NiO4. This is inconsistent with an
assignment of these bands to phonon-assisted magnetic
tations arising from the simplest Heisenberg antiferromag
one including only nearest-neighbor two-body interactio
(H5J(^N,N&Si•Sj ). Additional magnetic interactions, alte
nate electronic excitations, or other unexpected interact
must be present. Below, we discuss the Lorenzana and
watzky multimagnon scenario as well as the Perkinset al.
model in which the broadbands result from magnons
phonons coupled to excitons. Specifically, sidebands ass
ated with a Cudx22y2→d3z22r 2 crystal-field exciton at
;0.4–0.5 eV plausibly explain the strength, structure, a
polarization dependence of the broad higher-energy ba
However, the low,;0.5 eV, exciton energy required is sig
nificantly lower than that predicted by cluste
calculations14–18and the exciton itself has not been observ
directly.

In this paper, we present spectra for La2CuO4,
Sr2CuO2Cl2, and Nd2CuO4 at temperatures ranging from 1
to 444 K. In addition, we compare the measured intrin
absorption with both new photoinduced optical absorpt
data for an undoped La2CuO4 single crystal and existing dat
for oxygen-doped La2CuO41y .8

Our paper is organized as follows: In Sec. II we provi
details of the sample preparation and experimental meas
ments. In Sec. III we present the new experimental resu
Section IV provides a discussion and finally, in Sec. V
summarize our conclusions.

II. EXPERIMENTAL PROCEDURES

Figure 1 shows the crystal structure of La2CuO4; in te-
tragonal Sr2CuO2Cl2, the La is replaced by Sr and the apic
O by Cl. At high temperature, both La2CuO4 and
Sr2CuO2Cl2 are tetragonal, but while Sr2CuO2Cl2 remains
tetragonal to 10 K or lower, La2CuO4 acquires a slight ortho
rhombic distortion below;530 K. In La2CuO4, the apical
oxygen ions create a distorted octahedral coordination of
Cu ions, and in Sr2CuO2Cl2, the apical Cl ions do the same
In contrast, Nd2CuO4 and Pr2CuO4 are tetragonal with
square-planar-coordinated Cu sites and no apical ions. W
the differing chemical compositions and out-of-plane str
tures, the only structural component common to these f
materials is the two-dimensional~2D!, approximately
square-planar, CuO2 layer characteristic of all of the coppe
oxide high-temperature superconductors. The structure
La2NiO4 is the same as that of La2CuO4 but with Ni in place
of Cu.

All four copper oxides are spin-1
2 Heisenberg antiferro-

magnets with comparable nearest-neighbor Cu-Cu excha
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interactionsJ as measured by Raman scattering~see, for ex-
ample, Refs. 19–22!. For La2CuO4, J;0.13 eV. La2NiO4,
on the other hand, is a spin-1 Heisenberg antiferromag
with J;0.03 eV.22,23 Sr2CuO2Cl2 is the best experimenta
realization of the 2D spinS5 1

2 square-lattice Heisenber
antiferromagnet studied to date.24

The Nd2CuO4 and most of the La2CuO4 crystals were
grown by the top-seeded solution method in Pt crucibles
ing CuO flux.25,26 Additional La2CuO4 crystals were grown
by the traveling solvent floating-zone technique27 and are
thus free of Pt. As grown, the La2CuO4 crystals contain ex-
cess oxygen resulting in a doping level of;0.5
31022 holes/Cu ion.28,29 To remove the excess holes, th
La2CuO4 samples are annealed for 45 min at 900 °C in
vacuum of P<431026 Torr.30 To obtain sample thick-
nesses ranging from;30–200mm, the annealed La2CuO4
and as-grown Nd2CuO4 samples are then polished using di
mond grit on tin laps. Finally, just prior to measurement, t
La2CuO4 and Nd2CuO4 crystals are etched in 1% Br in iso
propanol to remove any surface damage or contaminatio

The Sr2CuO2Cl2 crystals are grown by slowly cooling
stoichiometric melt in a Pt crucible.31,32 As-grown
Sr2CuO2Cl2 is stoichiometric and cannot be readily doped.
is micaceous, allowing optical quality surfaces to be eas
cleaved from the as-grown crystals.

To allow transmission experiments, yet prevent stray lig
from passing around the crystal edges, the samples, typic
1–3 mm in width, are mounted on copper backing pla
over an appropriate diameter hole. Optical transmiss
spectra in the photon-energy range 0.1 to 2 eV are obta
using a grating monochromator. The inset in Fig. 2 sho
the three distinct polarizations possible for optical measu
ments of dipole excitations in uniaxial crystals. Measu
ments were made for La2CuO4, Sr2CuO2Cl2, and Nd2CuO4
in the a polarization~electric fieldEiCuO2 layer and wave
vector k' layer). Additional La2CuO4 samples have bee

FIG. 1. Left: The crystal structure for tetragonal La2CuO4 ~T
phase!. In isomorphic Sr2CuO2Cl2, the La is replaced with Sr and
the apical O with Cl. Right: Schematic splitting of Cu 3d-state hole
energies in an elongated tetragonal symmetry.
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9392 PRB 58J. D. PERKINSet al.
polished with large faces perpendicular to the layers for m
surements withk in the CuO2 layer for boths (Ei layer) and
p (E' layer) polarizations. The sample thickness,;10–200
mm, is determined from both direct mechanical measurem
and observed interference fringes in the spectra.

For the photoinduced absorption experiments, the tra
mission was measured ins polarization using a probe beam
chopped at 400 Hz. The sample was optically pumped w
an unfocused 7-mW cw HeNe laser operating at 632.8
For the nominallyp-polarized pump beam, anys-polarized
component is strongly absorbed, but thep-polarized compo-
nent penetrates the sample. We assume that, because o
perfections, there is some depolarization of thep-polarized
beam thereby creating electron-hole pairs throughout
sample. A mechanical shutter chops the pump beam at 5
and a second lock-in amplifier measures the 5-Hz varia
in the output of the first lock-in amplifier.

The optical spectra are presented in terms of the abs
tion coefficienta which, including multiple internal reflec
tions, but ignoring interference effects, is related to the m
sured transmissionT by T5(12R)2e2ad/(12R2e22ad),
whered is the sample thickness andR is the reflectivity. In
the undoped lamellar copper oxides, the reflectivity is sm
and nearly constant throughout the infrared~;0.15 for
La2CuO4, Ref. 30!. Then, since for the sample thickness
usedad.1, we usead'2 ln(T). In addition, aperturing of
the probe beam by the sample mounting plate can produ
wavelength-independent offset as well. The background s

FIG. 2. ~a!: La2CuO4 absorption coefficient vs photon energy f
s andp polarizations atT510 K for two crystals. Also in~a! is a
sketch of the three distinct dipole polarizations for a uniaxial cr
tal. For a and s polarization, the electric field lies in the CuO2

plane. For thep polarization, the electric field is perpendicular
the CuO2 plane. The dashed axes lie in the plane, the solid axes
perpendicular to the plane. Panel~b!: La2CuO4 absorption coeffi-
cient vs photon energy fora, s, andp polarizations after subtract
ing the background. Interference fringes are seen in some of t
spectra.
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traction discussed in the next section removes any such
set.

III. EXPERIMENTAL RESULTS

A. Spectra at 10 K

Figure 2~a! shows thes- andp-polarized absorption spec
tra measured at 10 K for La2CuO4. A comparison of the two
spectra suggests that thes-polarized absorption bands ar
superposed on a polarization-independent background th
nearly linear in photon energy. This background, which v
ies from sample to sample, does not scale with sample th
ness and is reduced in magnitude with improved surf
preparation. In particular, the smallest background is fou
for freshly cleaved Sr2CuO2Cl2 samples. Hence, the back
ground is believed to arise from surface scattering. The
fore, to display more clearly the bulk absorption of intere
an appropriate background is subtracted from all the m
sured spectra. For eachs-polarized La2CuO4 spectrum, the
background is taken to be thep spectrum measured at th
same temperature plus a constant. For thea spectra no alter-
nate polarization spectra are possible. Therefore, as
gested by Fig. 2~a!, a linear background is used.

Figure 2~b! showsa, s, andp spectra for La2CuO4 mea-
sured at 10 K with the linear background subtracted.
noted previously,4 the structure seen in thea-polarized spec-
trum appears ins polarization but is absent inp polarization.
La2CuO4 is the only material for which appropriate sampl
for s- and p-polarized spectra could be prepared. T
Nd2CuO4 and Pr2CuO4 crystals grow as thin plates with larg
c-axis faces, thus makings- andp-polarized measurement
impractical. Likewise, Sr2CuO2Cl2 is too micaceous to pre
pare samples fors- and p-polarized measurements. Th
small features seen inp polarization for La2CuO4 near the
energy of the sharp peak are most likelya- ands-polarized
features appearing because of slight misalignment.

The selection rules governing dipole optical excitations
a uniaxial crystal are that bands appearing ina ands but not
in p or only in p are electric-dipole allowed, whereas ban
that appear inp anda but nots or only in s are magnetic-
dipole allowed. As seen in Fig. 2~b!, the absorption feature
are seen ina ands but notp polarization, that is, only when
the electric field lies parallel to the CuO2 plane. Hence, these
are electric-dipole excitations.

To compare the strength of the absorption with that m
sured in other experiments, it is useful to calculate the os
lator strength. In units of electrons per Cu site, the oscilla
strength is given by

f 5
2cA«1

p S m*

4pNe2D E a~v!dv, ~1!

whereN is the number of Cu sites per cm3 and m* is the
electron effective mass. Usingm* equal to the bare electro
mass, the oscillator strength for the entire absorption sp
trum from ;0.2 to 1.2 eV in La2CuO4 is
;1024 electrons/Cu. By comparison, in lightly oxygen
doped La2CuO41y , Thomaset al.8 measure an oscillato
strength of;231022 electrons/Cu for the same spectral r
gion. The small oscillator strength we measure raises
possibility that the observed absorption results from impu
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ties or defects. In Fig. 3 we show the absorption spectra
five different samples measured at 10 K. For the thin
samples, interference fringes are seen. Figure 3~a! compares
La2CuO4 crystals grown by the top-seeded solution grow
and floating-zone methods. The floating-zone crystals
free of Pt impurities known to exist in the top-seeded so
tion growth crystals. Figure 3~b! compares two crystals o
Sr2CuO2Cl2 grown from different starting materials. In th
region of the sharp peak, the spectra are independen
growth technique or starting material. The minor differenc
at higher energies probably arise from background subt
tion errors. Figure 3~c! shows the absorption spectrum of
Nd2CuO4 crystal. The additional sharp absorption lines n
seen in La2CuO4 or Sr2CuO2Cl2 are Nd13 crystal-field exci-
tations made weakly allowed by the lack of inversion sy
metry at the Nd site.33,34Similar Pr13 crystal-field excitations
are seen in Pr2CuO4.

4 Examining all three panels in Fig. 3
one finds that the oscillator strength is quite similar, not o
for different crystals of the same material, but also for d
ferent materials. As the impurity species and concentrat
although low, clearly vary between the measured samp
the observed uniformity indicates that the excitations are
deed intrinsic. Quantitatively similar absorption spectra ha
also been observed by Gru¨ningeret al.10 in single crystals of
the bilayer copper oxide YBa2Cu3O6. Hence, on the basis o
their universality and common strength we conclude that
measured spectra correspond to intrinsic, weakly elec
dipole-allowed, excitations of the undoped CuO2 plane.

The spectra in Fig. 4 show that there are additional
sorption bands at;1.5–1.7 eV in both La2CuO4 and
Sr2CuO2Cl2. Note that the typical absorption coefficient fo
this band is;1000 cm21 or about ten times larger than th
for the absorption near;0.5 eV ~an arrow highlights the

FIG. 3. Absorption coefficient vs photon energy atT510 K for
several crystals. Panel~a! compares top-seeded and float-zon
grown La2CuO4 crystals in thes polarization. Panel~b! compares
two Sr2CuO2Cl2 crystals grown from different starting materials
the a polarization. The difference in the absorption in th
Sr2CuO2Cl2 crystals at;0.8 eV probably arises from the back
ground subtraction. Panel~c! shows thea-polarized spectra for one
Nd2CuO4 crystal.
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sharp;0.4-eV peak!. Earlier reflectivity measurements o
single-crystal La2CuO4 by Falck et al.30 found an excitonic
peak near 1.75 eV.

Several material-specific absorption features in Fig. 3
worth noting. In La2CuO4, at low temperatures, a shoulde
near 0.37 eV is evident on the low-energy side of the sh
peak. This shoulder appears with similar magnitude in ev
sample of La2CuO4 measured, and is therefore believed to
intrinsic. In the Sr2CuO2Cl2 spectra shown in Fig. 3~b!, a
small feature can be seen at;0.4 eV, just above the primary
peak. This feature is more evident in data to be shown la
~see Fig. 6!. The strength of this feature varies significant
from sample to sample and day to day, and similar featu
are not seen in the other three materials studied. This lac
reproducibility and the presence of strong H2O absorption
bands in this photon-energy range suggest that these fea
are not intrinsic to Sr2CuO2Cl2.

B. Temperature dependence

Absorption spectra have been measured from 10 to 30
for La2CuO4, 10 to 444 K for Sr2CuO2Cl2, and 10 to 300 K
for Nd2CuO4. Figure 5 shows thes-polarized absorption
spectra for La2CuO4; an additional spectrum taken at 90 K
essentially identical to the 10-K spectrum. As is evident
the figure, the sharp peak at;0.4 eV broadens and shifts t
lower energy with increasing temperature. Above the sh

-

FIG. 4. Absorption coefficient vs photon energy in Sr2CuO2Cl2
~upper trace! and La2CuO4 ~lower trace! at T510 K. The arrows
indicate the;0.4-eV absorption structure displayed more clearly
Fig. 3. An additional absorption band is seen at;1.5 eV in both
materials and another at 1.7 eV in La2CuO4. The charge-transfer
absorption edge begins at 2.0 eV in La2CuO4 and at 1.65 eV in
Sr2CuO2Cl2.

FIG. 5. La2CuO4 absorption coefficient vs photon energy ins
polarization atT510 K andT5295 K.
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peak, the spectrum is weakly temperature dependent. In
6, we showa-polarized absorption spectra for Sr2CuO2Cl2 at
three representative temperatures. The overall tempera
dependence is quite similar to that seen in La2CuO4. In par-
ticular, we note that no dramatic change in the absorp
spectrum is seen above the Ne´el temperature which is;256
K in Sr2CuO2Cl2, as measured by neutron scattering.24

Figure 7 shows a series ofs spectra for La2CuO4 from 10
to 295 K in the vicinity of the sharp peak. Note the offse
used to display the data more clearly. For each spectrum
featurelessp-polarized spectrum measured at the same t
perature provides the energy-dependent background a
from a constant offset. For the spectra taken at 10, 90,
295 K, the offset is chosen such that at;0.2 eV the absorp-
tion is zero. At the other temperatures, the spectra have
been measured for photon energies below;0.33 eV, thereby
necessitating an alternative normalization scheme. Figu
shows that the absorption coefficient is nearly the sam
;0.6 eV forT510 and 295 K. Hence, for the other spect
the offset is chosen to match the 10-K spectra at 0.56 eV,
highest photon energy examined at all temperatures. Figu

FIG. 6. Sr2CuO2Cl2 absorption coefficient vs photon energy ina
polarization atT510, 294, and 387 K.

FIG. 7. La2CuO4 absorption coefficient vs photon energy ins
polarization at several temperatures. Note the indicated offsets
ig.
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shows similar spectra for Sr2CuO2Cl2 measured ina polar-
ization. For each spectrum, a linear background has b
subtracted with the slope chosen from the 10-K data and
offset chosen to set the absorption at;0.15 eV to zero. In
Fig. 9, we showa-polarized absorption spectra for Nd2CuO4
at 15, 105, 213, and 291 K.

We summarize, in Fig. 10, the temperature dependenc
the sharp-peak energy, width, and oscillator strength
La2CuO4 and Sr2CuO2Cl2. Between 10 and 300 K the pea
energy decreases by;0.01 eV in both La2CuO4 and
Sr2CuO2Cl2. Figure 10~b! shows twice the half width at hal
maximum measured on the low-energy side of the sh
peak. Measured in this way, the peak width is nearly ide
cal in La2CuO4 and Sr2CuO2Cl2. The sharp peak in La2CuO4
is broader on the high-energy side than that in Sr2CuO2Cl2,
but not on the low-energy side, when the shoulder is elim
nated. The oscillator strength in Fig. 10~c! is twice the

FIG. 8. Sr2CuO2Cl2 absorption coefficient vs photon energy ina
polarization at several temperatures. Note the indicated offset
different crystal was used for the 387- and 444-K spectra.

FIG. 9. Nd2CuO4 absorption coefficient vs photon energy ina
polarization at several temperatures. Note the indicated offsets
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strength integrated from the low-energy side up to the p
maximum. The low-energy limit of the integration is 0.16 e
in La2CuO4 and 0.145 eV in Sr2CuO2Cl2. The growth of the
oscillator strength with increasing temperature primarily
flects the increase of the peak width with temperature.

C. Photoinduced absorption

A natural question to ask is whether the absorption
served in the undoped materials has the same origin as
observed in the doped copper oxides. The comparis
shown in Fig. 11 suggest that, at least in lightly dop
samples, the absorption processes might be of the same
gin. Figure 11~a! compares the intrinsic absorption~left axis!
with the photoinduced absorption~right axis! measured in
the same La2CuO4 single crystal. For this comparison a co
stant background has been subtracted from the photoind
spectrum. The pump beam with photon energy above the
gap creates separated electrons and holes.35 Thus, the photo-
induced absorption spectrum corresponds to the modula
resulting from the addition of charge carriers. The photo
duced spectrum we measure for a La2CuO4 single crystal is
qualitatively similar to that measured previously by Kim
Cheong, and Fisk36 on a powdered sample. Figure 11~b!
compares the intrinsic absorption in La2CuO4 ~left axis! with
that measured by Thomaset al.8 in lightly oxygen-doped
La2CuO41y ~right axis!, as well as the photoinduced spe
trum with no background subtracted.

FIG. 10. Panel~a!: Empirical peak position as a function o
temperature for primary peak in Sr2CuO2Cl2 ~l, left! and La2CuO4

~s, right!. Panel~b!: Empirical primary peak width as a function o
temperature in Sr2CuO2Cl2 ~l! and La2CuO4 ~s!. The reported
width is twice the half width at half maximum measured from t
peak to the low-energy side. Panel~c!: Oscillator strength of pri-
mary peak as a function of temperature in Sr2CuO2Cl2 ~l! and
La2CuO4 ~s!. To avoid contributions of the higher-energy band
the reported strength is twice the integrated strength from the l
energy side to the peak maximum.
k
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Excepting the sharp 0.4-eV peak, for both chemical a
photogenerated doping, the doping-induced band has sim
energy and width to the intrinsic absorption in undop
samples. It is possible that the charge carriers introduced
doping may strengthen the electric-dipole character of int
sic, but not fully dipole-allowed, excitations of the undop
copper oxides. For example, in electroreflectance meas
ments on La2CuO4, the electric-dipole forbidden Cud-d*
excitons are made weakly allowed and hence observabl
the perturbing electric field.5 However, answering this ques
tion unambiguously requires a dedicated set of experime
to measure systematically the evolution of the absorpt
with doping in very lightly doped samples. Note also that t
component of the doping-induced absorption near 0.2
clearly observed in lightly oxygen doped La2CuO41y @Fig.
11~b!, solid line#, is absent in the undoped La2CuO4 crystal
@Fig. 11~b!, dashed line#. Falck et al. have shown that this
lower-energy absorption arises from the photoionization
impurity-trapped polarons.9 Hence, its absence in our mea
sured spectra supports our assertion that the observed ab
tion features correspond to intrinsic excitations of the u
doped CuO2 plane.

IV. DISCUSSION

A. Phonon-assisted two-magnon bound state

According to Lorenzana and Sawatzky, the sharp feat
in the spectra of La2CuO4 and La2NiO4 results from phonon
plus two-magnon excitations with magnon-pair moment

,
-

FIG. 11. Panel~a!: Comparison of intrinsic absorption~left axis!
in undoped La2CuO4 with photoinduced absorption~PA! ~right
axis! in the same crystal. Note that the PA axis minimum is n
zero. Panel~b!: Comparison of intrinsic absorption~left axis! in
undoped La2CuO4 with the optical conductivity measured in lightl
oxygen-doped La2CuO41y ~right axis! @Thomaset al. ~Ref. 8!#. The
PA from panel~a! is also shown with no zero offset. For the P
spectrum, the peak value at 0.54 eV is2DT/T51.131023.
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9396 PRB 58J. D. PERKINSet al.
near ~p,0!.37 Therefore, in plotting the theoretical spect
~Fig. 12!, the phonon energy is taken to be 0.080 eV
La2CuO4 ~Ref. 38! and 0.066 eV for La2NiO4,

39 which are
the pertinent in-plane Cu-O and Ni-O stretching modes
~p,0!. For La2NiO4, we useJ50.03 eV, as found by Naka
jima et al.23 from neutron scattering and by Sugaiet al.22

from two-magnon Raman scattering. For La2CuO4, J is cho-
sen so that the energy of the calculated peak coincides
that measured experimentally.12 The value used, J
50.121 eV, is roughly 9% smaller than the 0.135 eV fou
by neutron and Raman scattering.19,40–42

Using the effective charge calculated by Lorenzana
Sawatzky, the calculated absorption strength is about th
times smaller than that measured experimentally for b
La2CuO4 and La2NiO4. In Figs. 12~a! and 12~b!, the vertical
axes are scaled so that the calculated absorption matche
measured experimentally at the sharp peak. It is clear tha
agreement between theory and experiment is excellent
La2NiO4.

The measured and calculated spectra shown in Fig
make apparent two important differences between the op
spectra of La2CuO4 and La2NiO4. First, the sharp peak, cor
responding to one-phonon–two-magnon absorption, is m
edly sharper relative to the peak energy in the copper ox
than in the nickel oxides. Second, while the broad high
energy bands in La2CuO4 comprise the majority of the spec
tral weight, in La2NiO4 no such bands are observed.

As evident from Fig. 12, the theory obviously accoun
for the difference in peak shape in the two materials. F

FIG. 12. Comparison of measured intrinsic electric-dipole
sorption with theoretical prediction for phonon-assisted tw
magnon absorption from Lorenzana and Sawatzky~Refs. 11 and
12!. Experimental spectra measured atT510 K. Panel ~a!:
La2CuO4. The theory curve~dashed! is scaled by;3 to match the
experimental spectra~solid!. Panel~b!: La2NiO4. Left axis, mea-
sured absorption~solid line!. Right axis, predicted theoretical ab
sorption~dashed line!.
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both S5 1
2 La2CuO4 andS51 La2NiO4, Lorenzana and Sa

watzky find a saddle point in the interacting two-magn
dispersion relation at magnon-pair momentum~p,0! result-
ing in a Van Hove singularity in the two-magnon-pair de
sity of states.11 Furthermore, the strong magnon-magnon
teraction at~p,0! lowers the interacting magnon-pair energ
enough so that there exists only a small density of free tw
magnon states into which the interacting two-magnon s
can decay. Accordingly, the excitation spectrum is relativ
sharp. The one-phonon–two-magnon absorption spect
for La2CuO4 is sharper than that for La2NiO4 because the
stronger magnon-magnon interactions forS5 1

2 than for S
51 enhance this effect.

It is interesting to compare the Raman and infrared
sorption spectra as shown in Fig. 13. In La2NiO4 ~bottom
panel!, the measured phonon-assisted two-magnon abs
tion ~solid line! is broader and roughly one optical phono
energy higher than the two-magnon Raman peak~dashed
line!. This is in accord with the intuitive notion that adding
phonon to a two-magnon excitation will both broaden t
resultant line shape and shift it to higher energy. Comp
sons of the absorption and Raman spectra of the 3DS51
antiferromagnets NiO~Ref. 43! and KNiF3 ~Refs. 44 and 45!
yield qualitatively similar conclusions. In contrast, as sho
in Fig. 13, for the S5 1

2 copper oxides La2CuO4,
Sr2CuO2Cl2, and Nd2CuO4, the narrow peak correspondin

-
-

FIG. 13. Comparison of intrinsic electric-dipole absorptio
~solid line! and B1g Raman spectra~dashed line!. La2CuO4,
Nd2CuO4, and La2NiO4: Raman measured atT530 K @Sugaiet al.
~Ref. 22!#. Sr2CuO2Cl2: Raman measured atT5300 K @Tokura
et al. ~Ref. 20!#. Absorption measured atT;10 K in all.
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to phonon-assisted bimagnon absorption is both sharper
and nearly degenerate in energy with the two-magnon
man peak. This is explained by the theory of Lorenzana
Sawatzky. The Raman-scattering peak results from t
magnon excitations with magnon-pair momentumk50,
whereas the optical absorption, which requires the crea
of a phonon, is dominated by two-magnon excitations ak
5(p,0) where the magnon-magnon interaction is stron
than atk50. For the particular case of a spin-1

2 2D square-
lattice Heisenberg antiferromagnet withJ of order 100 meV,
the difference in thek50 and k5(p,0) magnon-magnon
interaction is comparable to an optical phonon energy.11,39,42

Hence, the near degeneracy of the absorption and Ram
scattering peaks in the undopedS5 1

2 copper oxides appar
ently results from a coincidental near cancellation of
magnon-magnon interaction and the optical-phonon ene
in the copper oxides.

At low temperatures, only phonon-creation excitatio
can occur. However, at elevated temperatures, the anni
tion of thermally excited phonons should result in addition
absorption. As the characteristic phonon energy is quite h
~;70–80 meV!, phonon-annihilation absorption will no
dominate the absorption, even at 450 K. Furthermore,
broadening of the sharp peak with increasing tempera
makes the identification of an annihilation peak difficu
Therefore, in the absence of an explicit theory for the te
perature dependence of the line shape, we have mad
iterative analysis to determine if the measured spectra
consistent with a superposition of creation and annihilat
peaks. Assuming a phonon energy ofEp50.07 eV,11,39,46as
appropriate for phonon-assisted two-magnon absorption
Sr2CuO2Cl2, the annihilation band strength would be mu
smaller than the creation band strength for the temperat
studied. Therefore, we take the measured spectrum as a
approximation to the creation band. From this, an annih
tion band is derived by scaling the creation band bye2Ep /kT

and shifting it down in photon energy by 2Ep . The resulting
annihilation-band spectrum is subtracted from the measu
spectrum to yield a new creation band, and the proces
iterated until there is no visible change in the derived ban
To define a consistent zero for the derived spectra,
creation-band absorption is taken to be zero at 0.15 eV.
ure 14 shows the iteratively derived bands in Sr2CuO2Cl2 at
291, 387, and 444 K. We find that the low-energy broad
ing of the sharp peak is consistent with a phonon-assi
absorption process.

B. Broad 0.4–1-eV absorption

As evident in Fig. 13, in addition to the sharp;0.4-eV
peak, broad higher-energy absorption bands of compar
intensity extend from;0.4 to 1 eV in the copper oxides, bu
no such bands are seen in La2NiO4.

13 Specifically, any ab-
sorption for La2NiO4 in the energy range 0.33 to 0.5 e
corresponds to less than one-tenth the oscillator strengt
the phonon-assisted two-magnon band,13 whereas for
La2CuO4 the strength of the extended absorption is at le
five times larger than that of the primary peak. Thus,
relative sideband strength decreases by at least a factor
betweenS5 1

2 La2CuO4 and S51 La2NiO4. Lorenzana and
Sawatzky suggest that phonon-assisted multimagnon47 exci-
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tations involving more than two magnons may explain t
broad higher-energy bands in La2CuO4.

11,12,48 However, in
our view, the absence of analogous bands in La2NiO4, com-
pared to their dominance in La2CuO4, is inconsistent with
the multimagnon excitations of asimpleHeisenberg antifer-
romagnet (H05J(^NN&Si•Sj ).

To first order in the phonon coordinateuph and the optical
electric fieldE a coupling between phonons and the Cu-
exchange constantJ yields a Hamiltonian of the form

H5H01Qeff (
^NN&

~uph•E!~Si•Sj !, ~2!

whereH0 is the unperturbed spin Hamiltonian and the e
pansion coefficientQeff , the effective charge. Theuph term
generates phonons and theSi•Sj term, magnon-pair and
higher-order multimagnon excitations. For a Heisenberg
tiferromagnet including only nearest-neighbor magnetic
teractions, within this first-order approximation the relati
strength of magnon pair and higher-order magnon excitati
is an intrinsic property of the spin system, depending o
upon the excitations generated bySi•Sj .

The processes that generate multimagnon bands are
lated to those which generate zero-point fluctuation a
hence, should scale similarly withS. Roughly, these should
scale like 12(M†/M0)2, whereM† is the staggered magne
tization andM0 is the value it would have without quantum
corrections. Using the results of Igarashi,49 one finds that 1
2(M†/M0)2 is ;0.6 for S5 1

2 and 0.4 forS51. Thus, we
would expect only a small decrease in the sideband stre
from La2CuO4 to La2NiO4, of the order of a factor 2, com
pared with the actual value of a factor 50 or more. To exa
ine the role of higher-order magnon excitations, Lorenza

FIG. 14. Panels~a!–~c!: Iteratively derived phonon-annihilation
and creation bands in Sr2CuO2Cl2 at various temperatures:~a! 291
K, ~b! 387 K, and~c! 444 K. The solid line is the measured spe
trum. The dashed and dotted lines are the derived annihilation
creation bands, respectively.
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9398 PRB 58J. D. PERKINSet al.
et al.48 conducted exact diagonalization calculations on sm
model clusters. For spin-1

2 antiferromagnets, the calculate
absorption spectra do show phonon plus four-magnon e
tations, but with an integrated strength;3 times less than the
sharp-phonon plus two-magnon peak. Recall that, exp
mentally, the sideband strength in La2CuO4 is a factor of 5 or
more, greater, not less, than the sharp-peak strength.

Canali and Girvin have theoretically examined the role
similar four-magnon excitations in Raman scattering.50 They
find for spin 1

2 that the four-magnon contribution is sma
only about 3% of the two-magnon contribution. They al
find that the four-magnon contribution forS51 is only ;3
times smaller than that forS5 1

2 , in accord with our scaling
argument. Experimentally, four-magnon Raman scatte
has been observed by Dietzet al.51 in 3D antiferromagnets
The four-magnon scattering is roughly a factor of 30 wea
than the two-magnon scattering in NiO and weaker still
KNiF3. Although the relative four-magnon contribution
expected to be larger in 2D materials, like La2NiO4, it is still
apparently small as can be seen from the Raman spectru
the lowest panel of Fig. 13.

Hence, we conclude that four-magnon excitations in
two-dimensional Heisenberg antiferromagnet including o
two-body nearest-neighbor interactions cannot explain
strong sideband absorption observed in the spin-1

2 copper ox-
ides. Lorenzana and co-workers11,48 suggest that additiona
terms in the magnetic Hamiltonian similar to those propo
to explain the magnetic Raman scattering52–54might explain
the strength of the broad absorption observed between;0.4
and 1 eV. For example, exact diagonalization calculation
the magnetic Raman scattering find that including a 4-s
cyclical exchange interaction increases the relative stren
of higher-order magnon excitations.53 While presently no
theory for such effects in absorption experiments exists,
emphasize that any such model would require an enha
ment by two orders of magnitude of the relative strength
the higher-order multiexcitation processes relative to tha
the lowest-order processes. An alternate explanation is
these bands have a different electronic origin than that of
sharp;0.4-eV bimagnon peak.

One physically reasonable alternative, worthy of cons
eration, is that the broad 0.4- to 1-eV bands are phonon
magnon sidebands of a Cu crystal-field exciton. In the
doped lamellar copper oxides, the ground-state electro
configuration has one Cu 3d hole per Cu site. As summa
rized in the energy-level diagram of Fig. 1, the tetrago
crystal field splits the Cu 3d states into four levels with the
Cu 3dx22y2 being the lowest-energy Cu 3d-hole state. Pro-
motion of thedx22y2 hole to the higher-energyd3z22r 2, dxy ,
dxz , or dyz states yields the valence-conserving, crystal-fi
(d-d* ) excitons.55 Because these excitations do not chan
the Cu-ion valence, the large 8–10-eV energy necessar
create Cu11-Cu13 pairs, the HubbardU, does not contribute
to the exciton energy. Cluster calculations predict the
d-d* exciton energies to be;1–1.5 eV.14–18

In the undoped copper oxides, with just one hole per
site, all the crystal-field states have spin1

2 and hence, all the
Cu12 crystal-field excitons are spin allowed. In general, su
spin-allowed crystal-field excitations are made wea
electric-dipole allowed by coupling to optical phonons. F
example, this is the accepted explanation for the bands
ll
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in NiO at 1 and 1.8 eV.56,57 In La2NiO4, Perkinset al.13

observe similar bands at;1 and 1.6 eV. For both bands i
La2NiO4, the absorption coefficient at the peak
;100 cm21 and the half width is;0.3 eV. Similarly, in the
isostructural materials K2NiF4 and Rb2NiF4, each with spin
1,58 and in K2CuF4,

59 with spin 1
2, phonon sidebands to spin

allowed crystal-field excitons are seen with compara
strength and width, albeit at energies above 1 eV. In fa
considering the strongest band observed in each material
integrated absorption strength is the same to within a fa
of about 2 for La2NiO4, K2NiF4, Rb2NiF4, and K2CuF4.
Hence, by comparison with measured absorption band
these isostructural materials, one expects phonon sideb
on the spin-allowed crystal-field excitons in the undop
copper oxides to yield absorption bands roughly 0.3-eV w
with a peak intensity of about 100 cm21, very similar to the
;0.6-eV band in La2CuO4.

We next examine which Cud-d* exciton could be asso
ciated with the 0.6-eV broadband. In a tetragonal (D4h) ap-
proximation, La2CuO4 has seven dipole-allowed optica
phonons.39 These include fourEu modes with dipole mo-
ments in the Cu-O plane and threeA2u modes polarized per
pendicular to the Cu-O plane. Accordingly, phonon sid
bands on thedx22y2→d3z22r 2 anddx22y2→dxy crystal-field
excitons should occur only for the optical electric field p
larized parallel to the Cu-O plane whereas phonon sideba
on thedx22y2→dxz and dx22y2→dyz excitons should occur
for the electric field polarized either parallel or perpendicu
to the Cu-O plane. As evident in Fig. 2~b!, the absorption
bands occur only with the incident electric field polariz
parallel to the Cu-O plane. Hence, the 0.6-eV band could
a phonon sideband only on either thedx22y2→d3z22r 2 or
dx22y2→dxy crystal-field excitons.

Recent electroreflectance experiments by Falcket al.5 on
La2CuO4 and large energy shift Raman-scattering expe
ments by Liuet al.6 and Salamonet al.7 on eight different
undoped copper oxides findA2g (dx22y2→dxy) symmetry
excitations near 1.5 eV. Recall that we observe an additio
absorption band near 1.5 eV in both La2CuO4 and
Sr2CuO2Cl2 as shown in Fig. 4. If these;1.5-eV excitations
are indeed associated with thedx22y2→dxy exciton, then the
only Cu d-d* exciton, consistent with our data, that cou
exist at;0.5 eV is the Cudx22y2→d3z22r 2 exciton. We note
that cluster calculations generally predict thedx22y2

→d3z22r 2 exciton to be the lowest-energyd-d* exciton;
however, the predicted energies range from 1–1.5 eV.14–18

Interestingly, the Raman-scattering experiments that ide
fied the dx22y2→dxy exciton at ;1.5 eV, find nodx22y2

→d3z22r 2 exciton between 1 and 2 eV.6,7

For thedx22y2→d3z22r 2 exciton, magnon as well as pho
non sidebands are possible. Electric-dipole-allowed excit
magnon absorption was first seen in MnF2 by Greeneet al.60

in 1965. Its subsequent observation in ten additional anti
romagnetic insulators by 1968~Ref. 61! established joint
exciton-magnon excitation as a fundamental intrinsic exc
tion of antiferromagnetic insulators. The commonly accep
microscopic explanation, based on off-diagonal exchan
was put forth by Tanabe, Moriya, and Sugano62 in 1965 and
predicts weakly allowed electric-dipole absorption.63–67
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The magnon sideband energies can be estimated us
simple Ising model. Consider two nearest-neighbor Cu si
A andB, on a 2D square lattice. In accord with the Tana
model, the exciton-magnon state corresponds to creatin
exciton plus a spin flip at siteA along with a spin flip at site
B. Thus, two spins have the opposite orientation of that
vored by the antiferromagnetic exchange. ForS5 1

2 , each
resulting ferromagnetically aligned pair of nearest-neigh
spins adds1

2 J to the energy, whereJ is the ground-state
dx22y2-dx22y2 nearest-neighbor Heisenberg exchange.
spins coupled to the spin on the exciton site, the excha
coupling is different,J8. Hence, the first magnon sideban
should be peaked at; 3

2 (J1J8) above the exciton energy
For Cud-d* excitons we expect a substantially reducedJ8;
from overlap considerations alone,J85J/3 ~Ref. 68! for the
d3z22r 2 exciton andJ850 for thedxy , dxz , anddyz excitons.
Considering thed3z22r 2 exciton and takingJ50.13 eV, this
simple model predicts the first magnon sideband should
cur 2J;0.26 eV above the exciton energy. Hence, an ex
ton energy of;0.5 eV as suggested above, yields the fi
magnon sideband peak at;0.75 eV, close to the observe
value of the second broadband maximum in La2CuO4 as evi-
dent in Fig. 13.

Although the integrated strength of the;0.75-eV band is
several orders of magnitude stronger than that for previou
observed exciton-magnon sidebands such as in RbM3
~Ref. 69! or MnF2,

60 it is consistent with expectations fo
joint exciton-magnon absorption. Examination of the co
pling constants,63–67as discussed in Perkinset al.,4 indicates
that the integrated strength of the sidebands should s
very roughly as the square of the exchange energy. In
manganese fluorides the integrated absorption strength
order 103 cm22 while the ratio of zone-boundary magno
energies squared between La2CuO4 and the fluorides is
;103. This suggests an integrated strength for magnon s
band absorption in La2CuO4 of order 106 cm22 in agreement
with the observed strength that is indeed;106 cm22. There
is great uncertainty in this comparison because of the dif
ent crystal structures, in the states involved in the exciton
the two materials, and in the width of the sidebands in the
oxides. Nonetheless, the overall order of magnitude is
sonable.

To our knowledge, electric-dipole-allowed magnon sid
bands on a spin-allowed crystal-field exciton have not b
previously observed. This can be easily understood in te
of the preceding discussion. Consider K2NiF4 with J
;77 cm21.70 Using a (JS)2 scaling for the integrated oscil
lator strength, the expected absorption would be 100 tim
weaker than in La2CuO4 and, hence, much smaller than th
phonon sideband absorption. In addition, the energy shif
the magnon sideband, which scales withJ, would be'0.02
eV. Thus, in K2NiF4, magnon sidebands on the spin-allow
crystal-field excitations are likely unobservable due to ma
ing by the much stronger and broader phonon sideba
However, in materials with a large exchange energy, suc
La2CuO4, the magnon sidebands should be both stro
enough and have large enough energy shifts to be observ
along with the phonon sidebands. For spin-forbidden ex
tons, as in Rb2MnF4, the phonon sidebands are strongly su
pressed, thereby permitting observation of the mag
sidebands.66
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Next we consider the low,;0.5 eV, energy for the Cu
dx22y2→d3z22r 2 exciton necessary to explain the broad a
sorption. Several other experimental quantities are relev
to this discussion; among them are theg value and Van
Vleck susceptibility. In general, the relative energies of t
d-d* excitons affect the anisotropies in theg value, and
thereby the spin susceptibility and anisotropic exchange
well as the Van Vleck susceptibility. The observe
anisotropies71–73 are consistent with dx22y2→dxy and
dx22y2→dxz , dyz energies of;1.5 eV or greater. However
since thedx22y2 andd3z22r 2 states are not coupled byL, the
dx22y2→d3z22r 2 exciton energy does not affect the anis
tropic susceptibilities.74 Hence, of the fourd-d* excitons,
only thedx22y2→d3z22r 2 exciton could be at;0.5 eV.

Polarized x-ray-absorption spectroscopy~XAS! can probe
excitations similar to the Cud-d* excitons. In oxygenK-line
absorption in the doped copper oxides, anO1s electron is
excited to fill anO2p valence hole. For such an excitatio
the final state of the hole on the adjacent Cu may be ei
the Cu dx22y2 or d3z22r 2 orbital. Thus, if these two state
differed in energy by 1–1.5 eV as predicted by cluster c
culations, two lines would be observed. Experiments by
anconi and co-workers75,76show a single line, but one that i
broader than the experimental resolution. Accordingly,
authors put an upper limit on thedx22y2→d3z22r 2 splitting
of ;0.5 eV. This interpretation is supported by calculatio
that show that a smalldx22y2→d3z22r 2 splitting is required
to account for the doped hole’s Cud3z22r 2 character as mea
sured by XAS.77–79 However, we note that both the exper
ments and this interpretation are disputed in t
literature.80,81

If the lowest-energy broadband at;0.6 eV arises from
phonon sidebands on the Cudx22y2→d3z22r 2 crystal-field
exciton, then, as evident in Fig. 13, thedx22y2→d3z22r 2 ex-
citon energy must be similar in La2CuO4, Sr2CuO2Cl2, and
Nd2CuO4. This might at first seem surprising given the d
fering out-of-plane structures in these materials. Recall t
while in La2CuO4 the Cu ions are octahedrally coordinate
with apical oxygen ions, Sr2CuO2Cl2 has apical Cl ions and
Nd2CuO4 is square planar with no apical ions. Therefore, t
exciton interpretation requires that the strong Cu-O in-pla
bonding dominates the exciton energies.

V. SUMMARY

The sharp peak near 0.4 eV and the broadbands exten
up to 1 eV are clearly intrinsic, weakly electric-dipole a
lowed, excitations of the undoped CuO2 layer. The line shape
of the sharp peak and that of a related peak in La2NiO4 are
quantitatively described by the theory of Lorenzana a
Sawatzky11,12 for one-phonon–two-magnon absorptio
However, both the absence of the broadbands in La2NiO4
compared to their dominance in La2CuO4 and the large rela-
tive intensity of the broadbands in La2CuO4 are not only
inconsistent with the existing models, but further suggest t
these bands may arise from processes other than pho
multimagnon excitations. In our view, for phonon-assist
magnetic excitations to explain the observed differences
tweenS51 La2NiO4 andS5 1

2 La2CuO4 would require ad-
ditional unknown interactions which somehow enhance
broadband absorption in the copper oxides by two or m



n
n
u
-

u
e

t

,
l-

e

C
in
e

rg

ex-
-

u-
etic
eri-

the

in-
e

ssen
also
.
c-
rgy
as
nal
d in
No.

9400 PRB 58J. D. PERKINSet al.
orders of magnitude. We argue that phonon and mag
sidebands of a Cud-d* exciton are a plausible explanatio
Such an exciton-based origin accounts for the struct
strength, and polarization dependence of the 0.4–1
bands.

The most controversial implication ofd-d* exciton pic-
ture is the low,;0.4 to 0.5 eV, energy required for the C
dx22y2→d3z22r 2 exciton. This is significantly lower than th
1–1.5 eV predicted by cluster calculations.14–18 Raman-
scattering experiments, which should be sensitive to
dx22y2→d3z22r 2 exciton and do observe thedx22y2→dxy ex-
citon at;1.5 eV, find no evidence for thedx22y2→d3z22r 2

exciton between 1 and 2 eV.6,7 However, the dx22y2

→d3z22r 2 exciton has the sameB1g symmetry as the two-
magnon Raman scattering, which, in the copper oxides
peaked at;0.4 eV with a high-energy tail extending to a
most 1 eV. Hence, it is possible that adx22y2→d3z22r 2 ex-
citon at ;0.4 to 0.5 eV may either contribute to, or b
masked by, the magnetic Raman scattering.

Clearly, independent experiments to determine the
dx22y2→d3z22r 2 exciton energy would be valuable and,
particular, would present a critical test of the exciton sid
band model. For example, using low-energy electron-ene
loss spectroscopy, dipole-forbiddend-d* excitations have
l

.

.

on
.
re,
eV

he

is

u

-
y-

recently been measured in NiO and CoO via electron
change scattering.82–84Alternatively, electroreflectance mea
surements in a suitable geometry could examine thedx22y2

→d3z22r 2 exciton. In addition, both experiments and calc
lations studying the possible role of higher-order magn
interactions would be valuable. Lastly, dedicated exp
ments are needed to examine the effects of doping upon
intrinsic absorption spectra presented in this work.
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