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The weakly electric-dipole-allowed midinfrared excitations are studied in insulating single crystals of
La,CuQ,, SrLCuO.Cl,, and NgCuQ,. These intrinsic excitations of the undoped Gu@yers 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-crySuaDi are also presented.
Recent theoretical work and optical-absorption experiments gNiDa, as well as the copper oxides, provide
strong evidence that a sharp absorption peak seen in all the copper oxides at photon~d&hdrgy and a
related peak near 0.25 eV in JNiO, arise from phonon-assisted creation of a quasibound two-magnon state.
A comparison between the intrinsic absorption inN#, 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 (pigimon-multimagnon and
exciton sidebandsfor these broad higher-energy bands. We find that multimagnon and phonon sidebands
associated with a Cd,2_,2—d3,2_,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 mode[S0163-182808)01733-Q

I. INTRODUCTION ture independent. The lower-energy band arises from the
photoionization of polarons bound to impuritiéiowever,

The lamellar copper-oxide superconductors are unusual ifor the ~0.5-eV band, the absence of sharp spectral features
that they are derived from antiferromagnetic insulating hosbr dramatic temperature dependence has made a definitive
materials, such as L&uQ,, by chemical doping. An inter- interpretation difficult. Additional doping-induced absorption
esting feature common to the superconductors and the lightlis also seen at-1.5 eV® It is now knowrf that there are
doped materials is strong optical absorption in theintrinsic optical excitations near 0.5 and 1.5 eV in the un-
midinfrared’~3 Recent experiments on the undoped insula-doped single-crystal oxides as welf.
tors have revealed a variety of optical excitations in the same Perkinset al”* reported measurements at 10 K for four
spectral rang&:’ Understanding these electronic excitationsundoped oxides: L&£uQ, Nd,CuQ, PrCuQ, and
of the undoped Cu@Qlayers is not only intrinsically interest- SKLCUO,Cl,. For the bands near 0.5 eV, the absorption coef-
ing, but also may provide insights into the origin of the ficient is weak, roughly Ibtimes smaller than that in heavily
doping-induced infrared absorption and perhaps the supedoped samples. In all four compounds, the spectra display a
conductivity itself. sharp low-energy peak centered near 0.4 eV with a set of

It is now generally accepted that the undoped host matebroader bands extending up tel eV. The absorption fea-
rials are charge-transfeiCT) insulators with one 8,2_,2 tures appear only for the electric-field polarized parallel to
hole per copper site and a CT gap o2 eV. Reflectivity the CuQ layers with little sample-to-sample variation in the
experiments show that, upon doping, oscillator strength i®scillator strength. Collectively, this demonstrates that the
transferred from above to below the CT dapm heavily excitations are weakly electric-dipole-allowed intrinsic exci-
doped samples, strong, broad absorption extends from tHations of the undoped Cy(lane. Similar excitations have
CT gap to well below 0.1 eV.Experiments on lightly since been observed in YR2uOg by Griningeret al°
oxygen-doped crystals show two non-free-carrier absorption Perkinset al* proposed that the sharp peak arises from
bands below the CT gdbThe lower-energy band, centered the excitation of a Cd,2_,2 hole to thed,2_,2 state, that is,
at ~0.1 eV, is strongly temperature dependewhile the a Cud-d* crystal-field exciton. On the other hand, Loren-
higher-energy band, peaked a0.5 eV, is nearly tempera- zana and Sawatzky'? subsequently argued that the sharp
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peak corresponds to phonon-assisted creation of a quasi-

bound two-magnon statdabeled a “bimagnon). Recent

optical absorption experiments by Perkiret al*® on 2’ Xz, yz
La,NiO,, a spinS=1 isomorph ofS=3 La,CuQ,, reveal a yz - E
weakly allowed electric-dipole band at0.25 eV. The shape ’—T_<\

of this band in LaNiO, and that of the sharp feature-a0.4 ) 2 gy
eV in LaCuQ, are well described by the theory of Loren- ! 2
zana and Sawatzky for one-phonon—two-magnon absorption, Yom ! 37212
thereby providing strong evidence that the 0.4-eV peak in the _(\ sy A
Cu oxides is a phonon-assisted bimagnon excitation. How- \ ’3"23’2 )

ever, the broad higher-energy bands clearly seen j&u@, ‘22T

are not observed in LAIO,. This is inconsistent with an E -~ 22
assignment of these bands to phonon-assisted magnetic exci- B;
tations arising from the simplest Heisenberg antiferromagnet, Spherical

one including only nearest-neighbor two-body interactions Cubic
(H=JZ\,nS - S)). Additional magnetic interactions, alter-

nate electronic excitations, or other unexpected interactions Tet[%i?]nal

must be present. Below, we discuss the Lorenzana and Sa-

watzky multimagnon scenario as well as the Perlensl. eCu OO ¢@Lla

model in which the broadbands result from magnons and

phonons coupled to excitons. Specifically, sidebands associ- FIG. 1. Left: The crystal structure for tetragonal ,Cai0, (T

ated with a Cu dxz_y2—>d322_r2 crystal-field exciton at phasg. In isomorphic SCuO,Cl,, the La is replaced with Sr and

~0.4-0.5 eV plausibly explain the strength, structure, andhe apical O with Cl. Right: Schematic splitting of Cd-3tate hole

polarization dependence of the broad higher-energy bandgnergies in an elongated tetragonal symmetry.

However, the low,~0.5 eV, exciton energy required is sig-

nificantly lower than that predicted by cluster interactions] as measured by Raman scatteriege, for ex-

calculation$**8and the exciton itself has not been observedample, Refs. 19—-22For LaCu0,, J~0.13eV. LaNiO,,

directly. on the other hand, is a spin-1 Heisenberg antiferromagnet
In this paper, we present spectra for ,Ca0,  with J~0.03 eV?2?® Sr,CuOCl, is the best experimental

Sr,CuOCl,, and NgCuQ, at temperatures ranging from 10 realization of the 2D spirS=3 square-lattice Heisenberg

to 444 K. In addition, we compare the measured intrinsicantiferromagnet studied to défte.

absorption with both new photoinduced optical absorption The Nd,CuQ, and most of the L#uQ, crystals were

data for an undoped L&uGQ; single crystal and existing data grown by the top-seeded solution method in Pt crucibles us-

for oxygen-doped LgCuQy., , .° ing CuO flux®>2® Additional LaCuQ, crystals were grown
Our paper is organized as follows: In Sec. Il we provideby the traveling solvent floating-zone techniguand are

details of the sample preparation and experimental measurénus free of Pt. As grown, the LGuQ, crystals contain ex-

ments. In Sec. Il we present the new experimental resultssess oxygen resulting in a doping level of0.5

Section IV provides a discussion and finally, in Sec. V wex 10~ 2 holes/Cu iorf®2° To remove the excess holes, the

summarize our conclusions. La,CuQ, samples are annealed for 45 min at 900 °C in a
vacuum of P<4x10 ® Torr.®® To obtain sample thick-
Il EXPERIMENTAL PROCEDURES nesses ranging from-30—200 um, the annealed L&UO,

and as-grown NgCuQ, samples are then polished using dia-

Figure 1 shows the crystal structure of,CaiQ,; in te-  mond grit on tin laps. Finally, just prior to measurement, the
tragonal S)CuO,Cl,, the La is replaced by Sr and the apical La,CuQ, and NgCuQ, crystals are etched in 1% Br in iso-
O by CI. At high temperature, both L@uO, and propanol to remove any surface damage or contamination.
Sr,CuO.Cl, are tetragonal, but while EuO,Cl, remains The SpCuO.Cl, crystals are grown by slowly cooling a
tetragonal to 10 K or lower, L&uO, acquires a slight ortho- stoichiometric melt in a Pt crucib@:3 As-grown
rhombic distortion below~530 K. In LaCuQ,, the apical SrLCuOCl, is stoichiometric and cannot be readily doped. It
oxygen ions create a distorted octahedral coordination of this micaceous, allowing optical quality surfaces to be easily
Cu ions, and in SCuO,Cl,, the apical Cl ions do the same. cleaved from the as-grown crystals.
In contrast, NgCuOQ, and PgCuO, are tetragonal with To allow transmission experiments, yet prevent stray light
square-planar-coordinated Cu sites and no apical ions. Witffom passing around the crystal edges, the samples, typically
the differing chemical compositions and out-of-plane struc-1-3 mm in width, are mounted on copper backing plates
tures, the only structural component common to these fouover an appropriate diameter hole. Optical transmission
materials is the two-dimensional2D), approximately spectra in the photon-energy range 0.1 to 2 eV are obtained
square-planar, CuQayer characteristic of all of the copper- using a grating monochromator. The inset in Fig. 2 shows
oxide high-temperature superconductors. The structure dhe three distinct polarizations possible for optical measure-
La,NiO, is the same as that of LAGuQ, but with Ni in place ments of dipole excitations in uniaxial crystals. Measure-
of Cu. ments were made for L&uQ,, SLCUOCl,, and NgGCuQ,

All four copper oxides are spig-Heisenberg antiferro- in the a polarization(electric fieldEIICuG, layer and wave
magnets with comparable nearest-neighbor Cu-Cu exchangector kL layer). Additional LaCuO, samples have been
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La,CuO, T= 10K traction discussed in the next section removes any such off-

300 set.

200 Ill. EXPERIMENTAL RESULTS

A. Spectra at 10 K

o 100 Figure 2a) shows ther- andw-polarized absorption spec-
E tra measured at 10 K for L&uQO,. A comparison of the two
= spectra suggests that thepolarized absorption bands are
D superposed on a polarization-independent background that is
3 0 . . ! .
z nearly linear in photon energy. This background, which var-
2 ies from sample to sample, does not scale with sample thick-
g 100k ness and is reduced in magnitude with improved surface
< o preparation. In particular, the smallest background is found
for freshly cleaved SCuO,Cl, samples. Hence, the back-
ok G ground is believed to arise from surface scattering. There-
fore, to display more clearly the bulk absorption of interest,
0r an appropriate background is subtracted from all the mea-
b p——— L~ sured spectra. For eachpolarized LaCuQ, spectrum, the
0.0 03 0.6 0.9 12 background is taken to be the spectrum measured at the

same temperature plus a constant. Fordtspectra no alter-
nate polarization spectra are possible. Therefore, as sug-

FIG. 2. (a): La,CuQ, absorption coefficient vs photon energy for gested by Fig. @), a linear background is used.
o and 7 polarizations aff =10 K for two crystals. Also in(a) is a Figure Zb) showsa, o, and 7 spectra for LaCuQ, mea-
sketch of the three distinct dipole polarizations for a uniaxial crys-sured at 10 K with the linear background subtracted. As
tal. For  and o polarization, the electric field lies in the CyO noted previously,the structure seen in thepolarized spec-
plane. For ther polarization, the electric field is perpendicular to trum appears iw polarization but is absent in polarization.
the CuQ plane. The dashed axes lie in the plane, the solid axes arga,CuQ, is the only material for which appropriate samples
perpendicular to the plane. Pan@®): La,CuQ, absorption coeffi- for o and m-polarized spectra could be prepared. The
f:ient vs photon energy fag, o, andq?- polarizations a.fter subtract- Nd,CuO, and PsCu0, crystals grow as thin plates with large
ing the background. Interference fringes are seen in some of thegeyisg faces, thus making- and 7-polarized measurements
spectra. impractical. Likewise, SCuO,Cl, is too micaceous to pre-

pare samples fow- and m-polarized measurements. The

polished with large faces perpendicular to the layers for measmall features seen imr polarization for LaCuQ, near the
surements wittk in the CuQ layer for botho (Elllayer) and  energy of the sharp peak are most likelyand o-polarized
7 (EL layer) polarizations. The sample thicknessl0—-200 features appearing because of slight misalignment.
um, is determined from both direct mechanical measurement The selection rules governing dipole optical excitations in
and observed interference fringes in the spectra. a uniaxial crystal are that bands appearingriand o but not

For the photoinduced absorption experiments, the trandgn 7 or only in 7 are electric-dipole allowed, whereas bands
mission was measured i polarization using a probe beam that appear inr and @ but noto or only in o are magnetic-
chopped at 400 Hz. The sample was optically pumped witidipole allowed. As seen in Fig.(R), the absorption features
an unfocused 7-mW cw HeNe laser operating at 632.8 nmare seen irv and o but nots polarization, that is, only when
For the nominallyw-polarized pump beam, any-polarized the electric field lies parallel to the Cy@lane. Hence, these
component is strongly absorbed, but thgolarized compo- are electric-dipole excitations.
nent penetrates the sample. We assume that, because of im-To compare the strength of the absorption with that mea-
perfections, there is some depolarization of th@olarized sured in other experiments, it is useful to calculate the oscil-
beam thereby creating electron-hole pairs throughout th&tor strength. In units of electrons per Cu site, the oscillator
sample. A mechanical shutter chops the pump beam at 5 Harength is given by
and a second lock-in amplifier measures the 5-Hz variation
in the output of the first lock-in amplifier. 2C\/8—1 m*

The optical spectra are presented in terms of the absorp- f= (W) J a(w)do,
tion coefficienta which, including multiple internal reflec-
tions, but ignoring interference effects, is related to the meawhereN is the number of Cu sites per émand m* is the
sured transmissio by T=(1-R)%e *9/(1-R%e 229, electron effective mass. Using* equal to the bare electron
whered is the sample thickness amtlis the reflectivity. In  mass, the oscillator strength for the entire absorption spec-
the undoped lamellar copper oxides, the reflectivity is smaltrum from ~0.2 to 12 eV in LaCuQ, is
and nearly constant throughout the infrarég0.15 for ~10 * electrons/Cu. By comparison, in lightly oxygen-
La,CuQ,, Ref. 30. Then, since for the sample thicknessesdoped LaCuQ,,,, Thomaset al® measure an oscillator
usedad>1, we usead~ —In(T). In addition, aperturing of strength of~2x 10 2 electrons/Cu for the same spectral re-
the probe beam by the sample mounting plate can producegion. The small oscillator strength we measure raises the
wavelength-independent offset as well. The background sulpossibility that the observed absorption results from impuri-

Photon Energy (eV )

(€

™
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g O fok + + f 8
- (b) Sr,Cu0,Cl, (T=10K) £ -
& —— Crystal 1 z
:3’150‘ ---- Crystal 2 & of
= \ 2
9 Sl < 0 1 1 1
£ s 0.0 0.5 1.0 15 2.0
2 0 : ' N Photon Energy (eV )
< 150L(c) Nd,Cu0, (T=15K)

— Top Seeded FIG. 4. Absorption coefficient vs photon energy inGuO,Cl,

(upper tracg and LaCuO, (lower tracg at T=10 K. The arrows
indicate the~0.4-eV absorption structure displayed more clearly in
p play y
U ' ' ! ' Fig. 3. An additional absorption band is seen-&t.5 eV in both
0.2 04 0.6 0.8 1.0 1.2

materials and another at 1.7 eV in a0, The charge-transfer
absorption edge begins at 2.0 eV in,Ca0, and at 1.65 eV in
FIG. 3. Absorption coefficient vs photon energyTat 10 K for ~ SRCUOLL.
several crystals. Pangh) compares top-seeded and float-zone- ) .
grown LaCu0Q, crystals in theo polarization. Panelb) compares ~ sharp~0.4-eV peak Earlier reflectivity measurements on
two SLCUO,Cl, crystals grown from different starting materials in Single-crystal LaCuQ, by Falck et al*® found an excitonic
the « polarization. The difference in the absorption in the peak near 1.75 eV.
Sr,CuO,Cl, crystals at~0.8 eV probably arises from the back- Several material-specific absorption features in Fig. 3 are
ground subtraction. Pané) shows then-polarized spectra for one  worth noting. In LaCuQ,, at low temperatures, a shoulder
Nd,CuQ, crystal. near 0.37 eV is evident on the low-energy side of the sharp
peak. This shoulder appears with similar magnitude in every
ties or defects. In Fig. 3 we show the absorption spectra fopaMPle of LaCuO, measured, and is therefore believed to be
five different samples measured at 10 K. For the thinneftrinsic. In the S)CUQ,Cl, spectra .shown In F'g‘(B?’ a
samples, interference fringes are seen. Figlae Gmpares small fea.ture can b.e seenaOA ev, Just above the primary
. peak. This feature is more evident in data to be shown later
La,CuQ, crystals grown by the top-seeded solution growth . he st th of this feat ) ianificantl
and floating-zone methods. The floating-zone crystals ar%fee Fig. 8. The strength of this feature varies signiicantly
. I~ o om sample to sample and day to day, and similar features
free of Pt impurities kn.own to exist in the top-seeded sOlu-, o 114t seen in the other three materials studied. This lack of
tion growth crystals. Figure (B) compares two crystals of o0y cibility and the presence of strongQHabsorption

SrCUOLCl, grown from different starting materials. In the panqs in this photon-energy range suggest that these features
region of the sharp peak, the spectra are independent @fe not intrinsic to SCUOCl,.

growth technique or starting material. The minor differences
at higher energies probably arise from background subtrac-
tion errors. Figure &) shows the absorption spectrum of a
Nd,CuQ, crystal. The additional sharp absorption lines not Absorption spectra have been measured from 10 to 300 K
seen in LaCuQ, or SLCUQ,Cl, are Nd3 crystal-field exci-  for La;CuQ,, 10 to 444 K for S5CuO,Cl,, and 10 to 300 K
tations made weakly allowed by the lack of inversion sym-for Nd,CuO,. Figure 5 shows ther-polarized absorption
metry at the Nd sitd>**Similar Pr-3 crystal-field excitations ~SPectra for LaCuQ,; an additional spectrum taken at 90 K is
are seen in BEUO,.* Examining all three panels in Fig. 3, esse_nnally identical to the 10-K spectrum. As is evu_jent in
one finds that the oscillator strength is quite similar, not onlythe figure, the s.har.p peak.a10.4 eV broadens and shifts to
for different crystals of the same material, but also for dif- lower energy with increasing temperature. Above the sharp
ferent materials. As the impurity species and concentration,
although low, clearly vary between the measured samples,
the observed uniformity indicates that the excitations are in-
deed intrinsic. Quantitatively similar absorption spectra have
also been observed by Gringeret al®in single crystals of

the bilayer copper oxide YB&u;Og. Hence, on the basis of
their universality and common strength we conclude that the
measured spectra correspond to intrinsic, weakly electric-
dipole-allowed, excitations of the undoped Gu@ane.

The spectra in Fig. 4 show that there are additional ab-
sorption bands at~1.5-1.7 eV in both LguQ, and
Sr,CuO.Cl,. Note that the typical absorption coefficient for
this band is~1000 cm* or about ten times larger than that  FIG. 5. LaCu0, absorption coefficient vs photon energydn
for the absorption near-0.5 eV (an arrow highlights the polarization aff =10 K andT=295 K.

Photon Energy ( eV )

B. Temperature dependence

150

100

w
(=]

Absorption Coeff. ( cm’ )
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§ g 2483175
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Photon Energy ( eV ) &} 155 "“‘“\HOO
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FIG. 6. S,CuO,Cl, absorption coefficient vs photon energyadn & 17 +75
polarization aff =10, 294, and 387 K. § 807 T g
) . < 407 T
peak, the spectrum is weakly temperature dependent. In Fig. 100 10/’“\1205.
6, we showa-polarized absorption spectra for,6uO,Cl, at
three representative temperatures. The overall temperature
dependence is quite similar to that seen inQwa0,. In par-
ticular, we note that no dramatic change in the absorption
spectrum is seen above thedlé¢emperature which is-256 0 : ' '
0.2 0.3 04 0.5 0.6

K in Sr,CuO,Cl,, as measured by neutron scatterfg.
Figure 7 shows a series ofspectra for LaCuQ, from 10

to 295 K in the vicinity of the sharp peak. Note the offsets

used to display the data more clearly. For each spectrum, the FIG. 8. SkCuO,Cl, absorption coefficient vs photon energyan

featurelesgj-_polanzed Spectrum measured at the same templolarization at several temperatures. Note the indicated offsets. A

perature provides the energy-dependent background apégr{{ferent crystal was used for the 387- and 444-K spectra.

from a constant offset. For the spectra taken at 10, 90, and

295 K, the offset is chosen such that-ab.2 eV the absorp- shows similar spectra for S2u0O,Cl, measured inx polar-

tion is zero. At the other temperatures, the spectra have natation. For each spectrum, a linear background has been

been measured for photon energies bete:33 eV, thereby subtracted with the slope chosen from the 10-K data and the

necessitating an alternative normalization scheme. Figure &ffset chosen to set the absorption-ad.15 eV to zero. In

shows that the absorption coefficient is nearly the same d&ig. 9, we showw-polarized absorption spectra for pELO,

~0.6 eV forT=10 and 295 K. Hence, for the other spectra,at 15, 105, 213, and 291 K.

the offset is chosen to match the 10-K spectra at 0.56 eV, the We summarize, in Fig. 10, the temperature dependence of

highest photon energy examined at all temperatures. FiguretBe sharp-peak energy, width, and oscillator strength for

La,CuQ, and SpCuO,Cl,. Between 10 and 300 K the peak

Photon Energy (eV )

300 energy decreases by-0.01 eV in both LaCuQ, and
La,CuO Temperature Offset 3 : R
2T | Sr,CuO,Cl,. Figure 1@b) shows twice the half width at half
205 maximum measured on the low-energy side of the sharp
+160 peak. Measured in this way, the peak width is nearly identi-
270~ 1140 cal in LaCuQ, and SgCuO,Cl,. The sharp peak in LEUO,
250 = +120 is broader on the high—energy side than that igcsaozqz, o
2 ook but not on the low-energy side, when the shoulder is elimi-
g 2277 HI00 nated. The oscillator strength in Fig. (D is twice the
~ 204 ~ +80
g
9]
S 153 o= 460 | 400 | Nd,CuO,
= —_ Temperature
8 105 e +40 - Offset
3 90— 0 g 300
< 100+ +0 o 291
< 10 e 3z 225 |
O
g 200 150
Zﬁ 105475
2z 100\
< 15——40
0 ! 1 0 | 1 1 1
0.3 0.4 0.5 0.6 0. 0.4 0.6 0.8
Photon Energy (eV ) Photon Energy (eV )
FIG. 7. LgCuQ, absorption coefficient vs photon energydn FIG. 9. NgCuQ, absorption coefficient vs photon energydn

polarization at several temperatures. Note the indicated offsets. polarization at several temperatures. Note the indicated offsets.
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. - " : FIG. 11. Pane(a): Comparison of intrinsic absorptidieft axis)
e s et 8ty i undope LiCu0, i phtainduced sbsomiolPA) (1
(O, right). Panel(b): Empirical primary peak width as a function of axig) in the same CWS‘?'- Note _‘h?‘ the PA axis minimum 1S not
temperature in SEuUQ,Cl, (#) and LgCuQ, (O). The reported zero. Panelb): Comparlson .Of Intrinsic gpsorptloﬂeft a>.(|s). n
width is twice the half width at half maximum measured from the undoped LaCuG, with the qptlcal ponducuvny measured in lightly
peak to the low-energy side. Par(e): Oscillator strength of pri- oxygen-doped Lg'C_uOMy (right ams)_[Thomaset al. (Ref. 8]. The
mary peak as a function of temperature inGrO,Cl, (#) and PA from panel(a) is also shown with no zero offset. 7F30r the PA
La,CuQ, (O). To avoid contributions of the higher-energy bands, spectrum, the peak value at 0.54 eVHAT/T=1.1x10"".
the reported strength is twice the integrated strength from the low-
energy side to the peak maximum. Excepting the sharp 0.4-eV peak, for both chemical and

photogenerated doping, the doping-induced band has similar

strength integrated from the low-energy side up to the peaknergy and width to the intrinsic absorption in undoped
maximum. The low-energy limit of the integration is 0.16 eV samples. It is possible that the charge carriers introduced by
in La,CuQ, and 0.145 eV in SCuO,Cl,. The growth of the  doping may strengthen the electric-dipole character of intrin-
oscillator strength with increasing temperature primarily re-sic, but not fully dipole-allowed, excitations of the undoped

flects the increase of the peak width with temperature. copper oxides. For example, in electroreflectance measure-
ments on LgCuQ,, the electric-dipole forbidden Cd-d*
C. Photoinduced absorption excitons are made weakly allowed and hence observable by

. . . the perturbing electric field However, answering this ques-
A natural question to ask is whether the absorption ob-. P 9 9 q

) . e tion unambiguously requires a dedicated set of experiments
served in the undoped materials ha§ the same origin as th measure systematically the evolution of the absorption
observe_d in the doped copper oxides. 'I_'he_ ComPparisong, doping in very lightly doped samples. Note also that the
shown in Fig. 11 suggest that, at Igast in lightly dOpe%omponent of the doping-induced absorption near 0.2 eV,
samples, the absorption processes might be of the same O{:'I'early observed in lightly oxygen doped 4GuO, [Fig
gin. Figure 11a) compares the intrinsic absorptideft axis) 11(b), solid ling], is absent in the undoped g@ugycrysta.l
V;l]ith the p[l;:toiondu_ce? absorpltkln__(migh;_axis) mee_lsured in [Fig.’ll(b) dasﬁed ling Falck et al. have shown4that this
the same uQ, single crystal. For this comparison a con- ' . . ' L
stant background has been subtracted from the photoinduc!iEaN er-energy absorption arises from the photoionization of

) purity-trapped polaron$Hence, its absence in our mea-
spectrum. The pump beam with photon energy above the C ured spectra supports our assertion that the observed absorp-
gap creates separated electrons and Hol€bus, the photo-

induced absorption spectrum corresponds to the modulatiotion features correspond to intrinsic excitations of the un-
P P P Hoped CuQ@ plane.

resulting from the addition of charge carriers. The photoin-
duced spectrum we measure for Ca0, single crystal is

qualitatively simi%r to that measured previously by Kim, IV. DISCUSSION

Cheong, and Fisk on a powdered sample. Figure (bl .

compares the intrinsic absorption inJGu0Q, (left axis) with A. Phonon-assisted two-magnon bound state

that measured by Thomasat al® in lightly oxygen-doped According to Lorenzana and Sawatzky, the sharp feature

La,CuQ, .y (right axig, as well as the photoinduced spec- in the spectra of LgCuQ, and LaNiO, results from phonon
trum with no background subtracted. plus two-magnon excitations with magnon-pair momentum
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FIG. 12. Comparison of measured intrinsic electric-dipole ab-
sorption with theoretical prediction for phonon-assisted two-
magnon absorption from Lorenzana and Sawat@éRgfs. 11 and I .
12). Experimental spectra measured @t=10K. Panel (a): . 0.5 1.0
La,CuQ,. The theory curvédashed is scaled by~3 to match the Photon Energy ( eV )
experimental spectrésolid). Panel(b): La;,NiO,. Left axis, mea- _ o o _
sured absorptiortsolid line). Right axis, predicted theoretical ab-  FIG. 13. Comparison of intrinsic electric-dipole absorption
sorption(dashed ling (solid ling and B;; Raman spectra(dashed ling La,CuQ,,

Nd,CuQ,, and LgNiO,; Raman measured &t=30 K [Sugaiet al.
(Ref. 22]. SL,CuOCl,: Raman measured at=300 K [Tokura

37 ; ; ;
near (7,0).°" Therefore, in plotting the theoretical spectra et al. (Ref. 20]. Absorption measured 10 K in all.

(Fig. 12, the phonon energy is taken to be 0.080 eV for
La,CuQ, (Ref. 38 and 0.066 eV for LsNiO,4,>° which are
the pertinent in-plane Cu-O and Ni-O stretching modes aboth S=3 La,CuQ, andS=1 L&NiO,, Lorenzana and Sa-
(71,0). For LaNiO,, we useJ=0.03 eV, as found by Naka- watzky find a saddle point in the interacting two-magnon
jima et al?® from neutron scattering and by Sugetial?®>  dispersion relation at magnon-pair moment(mo) result-
from two-magnon Raman scattering. For,CaQ,, Jis cho- ing in a Van Hove singularity in the two-magnon-pair den-
sen so that the energy of the calculated peak coincides withity of states! Furthermore, the strong magnon-magnon in-
that measured experimental§. The value used,J teraction at(7r,0) lowers the interacting magnon-pair energy
=0.121 eV, is roughly 9% smaller than the 0.135 eV foundenough so that there exists only a small density of free two-
by neutron and Raman scatteritif0—42 magnon states into which the interacting two-magnon state
Using the effective charge calculated by Lorenzana an¢an decay. Accordingly, the excitation spectrum is relatively
Sawatzky, the calculated absorption strength is about thregharp. The one-phonon—two-magnon absorption spectrum
times smaller than that measured experimentally for botHor La,CuQ, is sharper than that for LKiO, because the
La,CuQ, and LaNiO,. In Figs. 12a) and 12b), the vertical ~ stronger magnon-magnon interactions ®¢ 3 than for S
axes are scaled so that the calculated absorption matches tlaf. enhance this effect.
measured experimentally at the sharp peak. Itis clear that the It is interesting to compare the Raman and infrared ab-
agreement between theory and experiment is excellent f@orption spectra as shown in Fig. 13. In,NéD, (bottom
LayNiO,. pane), the measured phonon-assisted two-magnon absorp-
The measured and calculated spectra shown in Fig. 1fon (solid line) is broader and roughly one optical phonon
make apparent two important differences between the opticainergy higher than the two-magnon Raman péddshed
spectra of LaCuQ, and LaNiO,. First, the sharp peak, cor- line). This is in accord with the intuitive notion that adding a
responding to one-phonon—two-magnon absorption, is markshonon to a two-magnon excitation will both broaden the
edly sharper relative to the peak energy in the copper oxidetesultant line shape and shift it to higher energy. Compari-
than in the nickel oxides. Second, while the broad highersons of the absorption and Raman spectra of theS3{1
energy bands in L&uQ, comprise the majority of the spec- antiferromagnets NiQRef. 43 and KNiF; (Refs. 44 and 4b
tral weight, in LgNiO4 no such bands are observed. yield qualitatively similar conclusions. In contrast, as shown
As evident from Fig. 12, the theory obviously accountsin Fig. 13, for the S=3 copper oxides LguQ,,
for the difference in peak shape in the two materials. FoiSr,CuO,Cl,, and N@CuQ,, the narrow peak corresponding
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to phonon-assisted bimagnon absorption is both sharper than
and nearly degenerate in energy with the two-magnon Ra-
man peak. This is explained by the theory of Lorenzana and 100
Sawatzky. The Raman-scattering peak results from two-
magnon excitations with magnon-pair momentuds= 0,
whereas the optical absorption, which requires the creation \'\
of a phonon, is dominated by two-magnon excitation& at
=(,0) where the magnon-magnon interaction is stronger
than atk=0. For the particular case of a spjr2D square-
lattice Heisenberg antiferromagnet wittof order 100 meV,
the difference in the&k=0 and k=(,0) magnon-magnon
interaction is comparable to an optical phonon enétgy:*?
Hence, the near degeneracy of the absorption and Raman-
scattering peaks in the undop&d 3 copper oxides appar-
ently results from a coincidental near cancellation of the
magnon-magnon interaction and the optical-phonon energy 100
in the copper oxides.

At low temperatures, only phonon-creation excitations

(a) 291 K

(=

(b) 387K

100

(c) 444 K

]

Absorption Coeff. (cm™)

.....

can occur. However, at elevated temperatures, the annihila- i o]
tion of thermally excited phonons should result in additional 0

absorption. As the characteristic phonon energy is quite high 0.15 0.25 0.35
(~70-80 meV, phonon-annihilation absorption will not Photon Energy (eV )

dominate the absorption, even at 450 K. Furthermore, the FIG. 14. Panel . lteratively derived bh hilati
broadening of the sharp peak with increasing temperature - G. . Sne (fa)__(c)' tegt've;y erve : P onor:-ang) |22t|10n
makes the identification of an annihilation peak difficult. and creation bands in SIUO,CI, at various temperature
. . K, (b) 387 K, and(c) 444 K. The solid line is the measured spec-
Therefore, in the absence of an explicit theory for the tem- . . L
. trum. The dashed and dotted lines are the derived annihilation and
perature dependence of the line shape, we have made A ation bands respectively

iterative analysis to determine if the measured spectra are

consistent with a superposition of creation and annihilation[ations involving more than two magnons may explain the
peaks. Assuming a phonon energyif=0.07 eV;"**%as broad higher-energy bands in 4Gu0, 1248 However, in
appropriate for phonon-assisted two-magnon absorption iBur view. the absence of analogous4bands iNi@ co,m-
SrCUOLI,, the annihilation band strength would be much ared to’ their dominance in LEuQ,, is inconsistgnt with

smaller than the creation band strength for the temperaturgs | multimagnon excitations of impleHeisenberg antier-
studied. Therefore, we take the measured spectrum as a ﬁrr%tmagnet Ho=JZ S S)

approximation to the creation band. From this, an annihila- . : 17 . .
tion band is derived by scaling the creation bandsbffs /T To first order in the phonon coordinatg, and the optical

and g doun n pton nergy R, Th resuting _ SE51° 1EE 2 Soubng betueen pranns and e
annihilation-band spectrum is subtracted from the measure
spectrum to yield a new creation band, and the process is
iterated until there is no visible change in the derived bands. H=Hy+ QeﬁE (Upn' EX(S- S), (2
To define a consistent zero for the derived spectra, the (NN)
creation-band absorption is taken to be zero at 0.15 eV. FigvhereH,, is the unperturbed spin Hamiltonian and the ex-
ure 14 shows the iteratively derived bands iBGIO,Cl; at  pansion coefficienQc, the effective charge. The,, term
291, 387, and 444 K. We find that the low-energy broadengenerates phonons and ti8-S; term, magnon-pair and
ing of the sharp peak is consistent with a phonon-assistefligher-order multimagnon excitations. For a Heisenberg an-
absorption process. tiferromagnet including only nearest-neighbor magnetic in-
teractions, within this first-order approximation the relative
_ strength of magnon pair and higher-order magnon excitations
B. Broad 0.4-1-eV absorption is an intrinsic property of the spin system, depending only
As evident in Fig. 13, in addition to the sharp0.4-eV  upon the excitations generated 8y S; .
peak, broad higher-energy absorption bands of comparable The processes that generate multimagnon bands are re-
intensity extend from~0.4 to 1 eV in the copper oxides, but lated to those which generate zero-point fluctuation and
no such bands are seen in,N#O,.12 Specifically, any ab- hence, should scale similarly with Roughly, these should
sorption for LaNiO, in the energy range 0.33 to 0.5 eV scale like :-(M'/Mg)?2, whereM " is the staggered magne-
corresponds to less than one-tenth the oscillator strength itization andM, is the value it would have without quantum
the phonon-assisted two-magnon bahdwhereas for corrections. Using the results of Igaradhipne finds that 1
La,CuOQ, the strength of the extended absorption is at least- (M/M;)? is ~0.6 for S=3 and 0.4 forS=1. Thus, we
five times larger than that of the primary peak. Thus, thewould expect only a small decrease in the sideband strength
relative sideband strength decreases by at least a factor of S@m La,Cu0, to La,NiO,, of the order of a factor 2, com-
betweenS=3 La,CuQ, andS=1 LaNiO,. Lorenzana and pared with the actual value of a factor 50 or more. To exam-
Sawatzky suggest that phonon-assisted multimatjrexci-  ine the role of higher-order magnon excitations, Lorenzana
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et al*® conducted exact diagonalization calculations on smalln NiO at 1 and 1.8 eV®% In La,NiO,, Perkinset all?
model clusters. For spih-antiferromagnets, the calculated observe similar bands at1 and 1.6 eV. For both bands in
absorption spectra do show phonon plus four-magnon excia,NiO,, the absorption coefficient at the peak is
tations, but with an integrated strengt8 times less thanthe 100 cmi* and the half width is~0.3 eV. Similarly, in the
sharp-phonon plus two-magnon peak. Recall that, experisostructural materials #\iF, and RBNiF,, each with spin
mentally, the sideband strength inJG0O, is a factor of 5or 1 58 and in K,CuF,,>® with spin 1, phonon sidebands to spin-
more, greater, not less, than the sharp-peak strength.  aliowed crystal-field excitons are seen with comparable
Canali and Girvin have theoretically examined the role Ofstrength and width, albeit at energies above 1 eV. In fact,
similar four-magnon excitations in Raman scatteriighey considering the strongest band observed in each material, the
find for spin ; that the four-magnon contribution is small, jneqrated absorption strength is the same to within a factor
only about 3% of the two-magnon contribution. They alsoof about 2 for LaNiO,, K,NiF,, RbNiF, and KCuF
find that the four-magnon contribution f@=1 is only ~3 | oA 2T + . do
. 1 ; ; ence, by comparison with measured absorption bands in
times smaller than that fd8= 3, in accord with our scaling ; . :
araument. Experimentally. four-maanon Raman scatterinthese isostructural materials, one expects phonon sidebands
g - =XP Y, 9 %n the spin-allowed crystal-field excitons in the undoped

has been observed by Diett al>! in 3D antiferromagnets. ides 1o vield absorotion band hiv 0.3-eV/ wid
The four-magnon scattering is roughly a factor of 30 weakePOPPET OXICES 10 YIEId absorplion bands roughly 9.5-ev wide
with a peak intensity of about 100 ¢ very similar to the

than the two-magnon scattering in NiO and weaker still in -
KNiFs. Although the relative four-magnon contribution is ~0-6-€V band in LgCuO,.

expected to be larger in 2D materials, like,NéO,, it is still ~ We next examine which Cd-d* exciton could be asso-
apparently small as can be seen from the Raman spectrum @igted with the 0.6-eV broadband. In a tetragoriah{) ap-
the lowest panel of Fig. 13. proximation, LaCuQ, has seven dipole-allowed optical

Hence, we conclude that four-magnon excitations in ahonons® These include foulE, modes with dipole mo-
two-dimensional Heisenberg antiferromagnet including onlyments in the Cu-O plane and thrég, modes polarized per-
two-body nearest-neighbor interactions cannot explain th@endicular to the Cu-O plane. Accordingly, phonon side-
strong sideband absorption observed in the gpiopper ox-  bands on thel,2_,2—ds,2 2 andd,2_2—d,, crystal-field
ides. Lorenzana and co-work&ré® suggest that additional excitons should occur only for the optical electric field po-
terms in the magnetic Hamiltonian similar to those proposedarized parallel to the Cu-O plane whereas phonon sidebands
to explain the magnetic Raman scatterg*might explain  on thed,>_,2—dy, anddyz_,2—d,, excitons should occur
the strength of the broad absorption observed betwe@d  for the electric field polarized either parallel or perpendicular
and 1eV. F_or example, exac? diagonalizat_ion ca_lculations (_){0 the Cu-O plane. As evident in Fig(i8, the absorption
the magnetic Raman scattering find that including a 4-Spifhands occur only with the incident electric field polarized

cyclical exchange interaction increases the relative strengtBara”d to the Cu-O plane. Hence, the 0.6-eV band could be
of higher-order magnon excnauqﬁ%.wmle.presently no . phonon sideband only on either thig:_jo—day2_ 2 or
theory for such effects in absorption experiments exists, w 2_y2—dy, Crystal-field excitons.

emphasize that any such model would require an enhance* . 5
ment by two orders of magnitude of the relative strength of Recent electroreflectance experiments by Faickl.” on

the higher-order multiexcitation processes relative to that of&CuQ, and 'afgg energy shift Ran;an—sgattenng expert-
the lowest-order processes. An alternate explanation is th&€Nts by Liuetal” and Salamoret al.” on eight different
these bands have a different electronic origin than that of thendoped copper oxides findyg (dy2-y2—dy,) symmetry
sharp~0.4-eV bimagnon peak. excitations near 1.5 eV. Recall that we observe an additional
One physically reasonable alternative, worthy of consid-absorption band near 1.5 eV in both ;CaiQ, and
eration, is that the broad 0.4- to 1-eV bands are phonon an@>CUO,Cl, as shown in Fig. 4. If these-1.5-eV excitations
magnon sidebands of a Cu crystal-field exciton. In the unare indeed associated with tlg_>—d,, exciton, then the
doped lamellar copper oxides, the ground-state electronionly Cud-d* exciton, consistent with our data, that could
configuration has one Cud3hole per Cu site. As summa- exist at~0.5 eV is the Cud,2_,2—d3,2_,2 exciton. We note
rized in the energy-level diagram of Fig. 1, the tetragonalthat cluster calculations generally predict thaeo 2
crystal field splits the Cu @ states into four levels with the —d3,2_,2 exciton to be the lowest-energy-d* exciton;
Cu 3d,2_y2 being the lowest-energy Cud2hole state. Pro- however, the predicted energies range from 1-1.5%%
motion of thed,2_,2 hole to the higher-energys,2 2, dyy, Interestingly, the Raman-scattering experiments that identi-
dy,, ordy, states yields the valence-conserving, crystal-fieldfied the d,>_,2—d,, exciton at~1.5 eV, find nod,2_,2
(d-d*) excitons>® Because these excitations do not change—ds,2_,2 exciton between 1 and 2 V.
the Cu-ion valence, the large 8—10-eV energy necessary to For thed,2 ,2—ds,2_,2 exciton, magnon as well as pho-
create C(it-Cu™ pairs, the Hubbardl, does not contribute non sidebands are possible. Electric-dipole-allowed exciton-
to the exciton energy. Cluster calculations predict the Cunagnon absorption was first seen in Mrify Greeneet al°
d-d* exciton energies to be 1-1.5 eV*4-18 in 1965. Its subsequent observation in ten additional antifer-
In the undoped copper oxides, with just one hole per Cuomagnetic insulators by 196@Ref. 61 established joint
site, all the crystal-field states have sgiand hence, all the exciton-magnon excitation as a fundamental intrinsic excita-
Cu™2 crystal-field excitons are spin allowed. In general, sucition of antiferromagnetic insulators. The commonly accepted
spin-allowed crystal-field excitations are made weaklymicroscopic explanation, based on off-diagonal exchange,
electric-dipole allowed by coupling to optical phonons. Forwas put forth by Tanabe, Moriya, and Sugfnia 1965 and
example, this is the accepted explanation for the bands segmedicts weakly allowed electric-dipole absorptf3n®’
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The magnon sideband energies can be estimated using a Next we consider the low;-0.5 eV, energy for the Cu
simple Ising model. Consider two nearest-neighbor Cu sitegl2_y2—ds,2_,2 exciton necessary to explain the broad ab-
A andB, on a 2D square lattice. In accord with the Tanabesorption. Several other experimental quantities are relevant
model, the exciton-magnon state corresponds to creating da this discussion; among them are tgevalue and Van
exciton plus a spin flip at sitd along with a spin flip at site  Vleck susceptibility. In general, the relative energies of the
B. Thus, two spins have the opposite orientation of that fad-d* excitons affect the anisotropies in tlevalue, and
vored by the antiferromagnetic exchange. B¢ 3, each thereby the spin susceptibility and anisotropic exchange, as
resulting ferromagnetically aligned pair of nearest-neighbowell as the Van Vleck susceptibility. The observed
spins adds} J to the energy, wherd is the ground-state anisotropie§ "3 are consistent with dy2_,2—d,, and
dy2_2-dy2_2 nearest-neighbor Heisenberg exchange. Fod,2_y2—dy,, dy, energies oF-1.5 eV or greater. However,
spins coupled to the spin on the exciton site, the exchanggince thed,> > andds,2_,2 states are not coupled ty the
coupling is differentJ’. Hence, the first magnon sideband d,2_,2—d3,2_2 exciton energy does not affect the aniso-
should be peaked at 2 (J+J’) above the exciton energy. tropic susceptibilitie$? Hence, of the fourd-d* excitons,
For Cud-d* excitons we expect a substantially redudégd  only thed,2_2—ds,2_,2 exciton could be at-0.5 eV.
from overlap considerations alon#,=J/3 (Ref. 68 for the Polarized x-ray-absorption spectroscapyAS) can probe
ds,2_ 2 exciton and)’ =0 for thed,, d,,, andd,, excitons.  excitations similar to the Cd-d* excitons. In oxygerK-line
Considering thel;,2_,2 exciton and takingl=0.13 eV, this  absorption in the doped copper oxides, @fis electron is
simple model predicts the first magnon sideband should ogexcited to fill anO2p valence hole. For such an excitation,
cur 2J~0.26 eV above the exciton energy. Hence, an excithe final state of the hole on the adjacent Cu may be either
ton energy of~0.5 eV as suggested above, yields the firstthe Cud,2_,2 or d3,2_,2 orbital. Thus, if these two states
magnon sideband peak at0.75 eV, close to the observed differed in energy by 1-1.5 eV as predicted by cluster cal-
value of the second broadband maximum in@Ca0, as evi- culations, two lines would be observed. Experiments by Bi-
dent in Fig. 13. anconi and co-workef$"®show a single line, but one that is

Although the integrated strength of theD.75-eV band is broader than the experimental resolution. Accordingly, the
several orders of magnitude stronger than that for previouslputhors put an upper limit on th#2_,2—ds,2_,2 splitting
observed exciton-magnon sidebands such as in RgMnFof ~0.5 eV. This interpretation is supported by calculations
(Ref. 69 or MnF,,% it is consistent with expectations for that show that a small,>_,2—d3,2_,2 splitting is required
joint exciton-magnon absorption. Examination of the cou-to account for the doped hole’s @4,2_,2 character as mea-
pling constant§®~®"as discussed in Perkirs al.* indicates ~ sured by XAS'’~"® However, we note that both the experi-
that the integrated strength of the sidebands should scaleents and this interpretation are disputed in the
very roughly as the square of the exchange energy. In théterature8%:8!
manganese fluorides the integrated absorption strength is of If the lowest-energy broadband &t0.6 eV arises from
order 1§ cm™2 while the ratio of zone-boundary magnon phonon sidebands on the Ql2_,2—d3,2_,2 crystal-field
energies squared between ,Ca0O, and the fluorides is exciton, then, as evident in Fig. 13, tlgx_y2—d3,2_2 €x-
~10°. This suggests an integrated strength for magnon sidesiton energy must be similar in L&u0,, SLCuO,Cl,, and
band absorption in LELuO, of order 16 cm 2 in agreement  Nd,CuQ,. This might at first seem surprising given the dif-
with the observed strength that is indeed®® cm 2. There  fering out-of-plane structures in these materials. Recall that,
is great uncertainty in this comparison because of the differwhile in La,CuQ, the Cu ions are octahedrally coordinated
ent crystal structures, in the states involved in the exciton fowith apical oxygen ions, SEuOCl, has apical Cl ions and
the two materials, and in the width of the sidebands in the CINd,CuQ, is square planar with no apical ions. Therefore, the
oxides. Nonetheless, the overall order of magnitude is reaexciton interpretation requires that the strong Cu-O in-plane
sonable. bonding dominates the exciton energies.

To our knowledge, electric-dipole-allowed magnon side-
bands on a spin-allowed crystal-field exciton have not been V. SUMMARY
previously observed. This can be easily understood in terms '
of the preceding discussion. Consider,NfF, with J The sharp peak near 0.4 eV and the broadbands extending
~77 cm 1.7% Using a (9)? scaling for the integrated oscil- up to 1 eV are clearly intrinsic, weakly electric-dipole al-
lator strength, the expected absorption would be 100 timekwed, excitations of the undoped Cufayer. The line shape
weaker than in LgCuQ, and, hence, much smaller than the of the sharp peak and that of a related peak iENi@, are
phonon sideband absorption. In addition, the energy shift ofjuantitatively described by the theory of Lorenzana and
the magnon sideband, which scales wiftwould be~0.02  Sawatzky''* for one-phonon—two-magnon absorption.
eV. Thus, in KNiF,, magnon sidebands on the spin-allowed However, both the absence of the broadbands igNI@,
crystal-field excitations are likely unobservable due to maskeompared to their dominance in JGu0, and the large rela-
ing by the much stronger and broader phonon sidebandsive intensity of the broadbands in &uQ, are not only
However, in materials with a large exchange energy, such asconsistent with the existing models, but further suggest that
La,CuQ,, the magnon sidebands should be both stronghese bands may arise from processes other than phonon-
enough and have large enough energy shifts to be observabieultimagnon excitations. In our view, for phonon-assisted
along with the phonon sidebands. For spin-forbidden excimagnetic excitations to explain the observed differences be-
tons, as in REMnF,, the phonon sidebands are strongly sup-tweenS=1 LaNiO, and S=3 La,CuQ, would require ad-
pressed, thereby permitting observation of the magnouitional unknown interactions which somehow enhance the
sideband§® broadband absorption in the copper oxides by two or more
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orders of magnitude. We argue that phonon and magnorecently been measured in NiO and CoO via electron ex-
sidebands of a Cd-d* exciton are a plausible explanation. change scatterintf8*Alternatively, electroreflectance mea-
Such an exciton-based origin accounts for the structuresurements in a suitable geometry could examinede >
strength, and polarization dependence of the 0.4-1-e\..d,._ . exciton. In addition, both experiments and calcu-
bands. lations studying the possible role of higher-order magnetic
The most controversial implication af-d* exciton pic-  interactions would be valuable. Lastly, dedicated experi-
ture is the low,~0.4 to 0.5 eV, energy required for the Cu ments are needed to examine the effects of doping upon the

dy2_,2—d3;2_r2 exciton. This is significantly lower than the jnyrinsic absorption spectra presented in this work.
1-1.5 eV predicted by cluster calculatiol{s!® Raman-

scattering experiments, which should be sensitive to the
dy2_y2—ds,2_ 2 exciton and do observe tlgz_,2— d,, €x-
citon at~1.5 eV, find no evidence for thé,2 _2—d3z,2 2
exciton between 1 and 2 V. However, the dy2_y2 The authors thank J. Lorenzana and G. Sawatzky for in-
—ds3,2 2 exciton has the samB,, symmetry as the two- formative discussions on their work prior to publication. We
magnon Raman scattering, which, in the copper oxides, ithank A. Cassanho, J. P. Falck, M. Greven, and H. Jenssen
peaked at-0.4 eV with a high-energy tail extending to al- for some of the crystals used in these measurements. We also
most 1 eV. Hence, it is possible thatdg y2—ds,2 2 ex-  thank C. Castellani, S. Girvin, M. Klein, P. Littlewood, R.
citon at ~0.4 to 0.5 eV may either contribute to, or be Liu, and A. McMahon for helpful discussions. J.D.P. ac-
masked by, the magnetic Raman scattering. knowledges support from the National Renewable Energy

Clearly, independent experiments to determine the CuLaboratory while preparing the manuscript. This work was
dy2_y2—dg,2_ 2 exciton energy would be valuable and, in supported in part by the MRSEC Program of the National
particular, would present a critical test of the exciton side-Science Foundation under award No. DMR 94-00334 and in
band model. For example, using low-energy electron-energypart by the National Science Foundation under award No.
loss spectroscopy, dipole-forbiddetid* excitations have DMR 94-1174.
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