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We describe the use of large-shift Raman techniques to probe features near the optical conductivity
peak in insulating high-T, parent compounds, including the T'-phase materials (R,Cu04, R =Gd, Eu,
Sm, Nd, Pr), T-phase LazCu04, and 123-phase PrBa2Cu306 and YBa2Cu306. We have observed several
features near 12000 cm '

( —1.5 eV) with A2g, B&~, and A &~ symmetry. At low temperatures, the larg-
est feature with A2g symmetry splits in all the insulating cuprates into three distinct peaks: a strong
main peak, and two weaker sidebands offset approximately 600 and 1500 cm higher in energy, respec-
tively. A B&g feature coinciding in position with the optical conductivity peak is observed in all the T
phase materials, but not in the other insulators. An A, g peak is observed in Gd, Cu04 and Eu2Cu04
40—50 cm ' lower in energy than the main A2g peak, and in YBa2Cu306 around 2400 cm ' above the
main A2~ peak. All of these features have unusual, temperature-dependent resonance behavior with the
incident photon energy. We propose explanations for many of the above observations involving copper
d 2 z to d ~ hole transitions enabled by coupling to oxygen p and p levels.
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I. INTRODUCTION

Much of recent research on high-temperature super-
conductors has focused on the role of the copper-oxygen
planes in the superconducting properties. Accurate stud-
ies of these materials are often complicated, however, by
sample-preparation difficulties as well as inaccurate deter-
minations of the in-plane carrier concentrations. By in-
stead studying the insulating parent compounds of the
high-temperature superconductors, we can avoid many of
these problems and isolate the properties of the copper-
oxygen planes from any effects of the apical oxygens.
Further, we can examine the magnetic properties of these
materials without additional complications from in-plane
carriers.

Even with their somewhat simpler structure, however,
the properties of the insulating parent compounds are not
well understood. The cuprate insulators seem to behave
as charge-transfer insulators, ' with a "charge-transfer
gap" around 1.7—2 eV as measured by infrared
reAectivity. High-energy spectroscopic studies sug-
gest that the lowest unoccupied states near the edge of
the gap are hybrids, with largely copper d 2 & and somex —y
oxygen p character. Neutron-diffraction experiments
have revealed long-range antiferromagnetic ordering with
Neel temperatures in the range 250—500 K. ' Magnon
excitations in this ordered state have been measured by
both Raman' ' and neutron-diffraction' ' techniques.

Resonant Raman experiments have also shown that the
intermediate states participating in these magnetic Auc-
tuations are not simple charge transfers. ' '

In order to probe both the symmetry of states near the
charge-transfer gap and the nature of the intermediate
states involved in magnetic fluctuations, we recently
demonstrated for the first time the technique of large-
shift Raman scattering. ' ' Using this method, we
discovered a Stokes feature in several of the cuprate insu-
lators near 12000-cm ' (1.5 eV) Raman shift at room
temperature. ' ' ' ' We also established that this feature
had unusual A2 or pseudovector symmetry. ' ' ' Note
that Wake has recently observed a similar feature in
YBa2Cu306. He did not, however, perform any symme-
try analysis of his peak, and the resonance behavior he
observes differs in important ways from our results.

Here we present the first systematic large-shift Raman
study of the cup rate insulators, including T'-phase
(RzCuO~, R =Gd, Eu, Sm, Nd, Pr), T-phase (La2Cu04),
and 123-phase (RBazCu306, R =Y, Pr) materials. Addi-
tional doping-dependence results from YBa2Cu306+ will
be published separately. This variety of insulating ma-
terials brings out several trends involving copper-oxygen
bond length and oxygen coordination number. Addition-
al temperature-dependence and resonant Raman studies
allow us to identify a number of common characteristics
across all of the cuprate insulators, and finally to propose
a possible model to explain some of the Raman features.
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II. DESCRIPTION OF THE EXPERIMENT

For this study, we employed both the pseudo- and
true-backscattering configurations. Polarization geom-
etries are described using the Porto notation i (jk)l,
where i, / represent the propagation directions and j,k the
polarizations of the incident and scattered light, respec-
tively. All directions are in terms of the sample axes, with
the optical x, y, and z directions parallel to the crystal
axes a, b, and c. The additional x' and y' optical direc-
tions are rotated 45' counterclockwise in-plane with
respect to the crystal axes a and b.

Laser excitation in this study involved ultraviolet (UV)
light at 325.0 nm (3.81 eV) from a HeCd laser, and at
333.6 nm (3.72 eV), 334.5 nm (3.71 eV), 351.1 nm (3.53
eV), and 363.8 nm (3.41 eV) from an argon laser. We em-
ployed an external 60' prism to split the argon laser UV
lines, orienting both the prism and the laser polarization
into a Brewster configuration to maximize UV
throughput. Typical laser power levels at the sample
were around 9—10 mW for the 333.6- and 334.5-nm lines,
and 15—20 mW for the 351.1- and 363.8-nm lines. In or-
der to eliminate laser plasma luminescence, we used both
diaphragm apertures and a UV-transmitting —visible-
blocking colored-glass filter.

The detection apparatus consisted of a SPEX Triple-
mate spectrometer with 150 groove-mm grating in all
three stages and a Photometrics 512 pixelX512 pixel
CCD array detector. Even with these gratings, the wide
spectral range used in this study required that a total of
five different CCD "windows" be linked together. These
windows were centered at 400.0, 490.0, 580.0, 670.0, and
760.0 nm and covered approximately 900 nm (or 2300
cm ') each. We accounted for chromatic aberration in
the collection optics by underfilling the 300-pm spec-
trometer entrance slit with our laser spot and using "bin-
ning" to combine many CCD pixels into one unit. The
laser spot was approximately 100 pm in diameter, provid-
ing a resolution of around 20—30 cm '. In most cases,
however, the actual resolution depended more on the
signal-to-noise level and breadth of the observed features.

The raw data taken from the CCD detector were
corrected in several ways before arriving at the final form
used for this article, i.e., normalized data directly propor-
tional to the photon scattering cross section dcrldco.
First, after subtracting away an averaged dark count
from the raw data, we corrected for the nonlinear spec-
tral response of our detection system by employing a
LabSphere standardized lamp. The calibration data were
additionally smoothed to improve the signal-to-noise ra-
tio. Second, we divided our data by a factor of co (with co

in absolute cm ') to arrive at corrected data proportional
to a photon cross section. This was necessary to convert
from CCD pixels measuring a wavelength range hA, to
data points measuring a wave number range Ace.

Finally, in order to compare results taken with
different laser wavelengths, all data were normalized to
the same incident laser power of 10 mW at 333.6 nm, cor-
responding to a power density of approximately 4
MW/m . Data taken at low temperatures in our cryostat
were also normalized for the wavelength-dependent

6.0
G d2Cu04
A~ + B~

4.0

2.0

0.0
A2 + B~

2.0

0.0

4.0

2.0

0.0
8000 10000 12000 14000

Raman Shift ( cm t )
16000

FIG. 1. Raman data on Gd2Cu04 at room temperature with
the laser at 325.0 nm. The true-backscattering geometries are
z(x'y')z (A2g+B&g), z(xy)z (A2g+Bzg), and z(x+iy, x+iy)z
( A )g + A ~g )

transmission coefticients of the Dewar windows. We did
not, however, correct for any sample-specific absorption,
transmission, or refraction effects since the optical con-
stants in these materials do not change appreciably over
the visible and UV energy ranges. ' Note that in all of
the sections to follow, the data are offset for clarity in
plots involving multiple spectra.

The T- and T'-phase single-crystal samples used in this
study included La2Cu04, Gd2Cu04, Eu2CuO~, Sm2Cu04,
Nd2Cu04, and Pr2Cu04. All were prepared using tech-
niques described previously, ' involving a CuO- and
PbO-based Aux method in a platinum crucible. Most of
the crystals used in this study were platelike parallel-
epipeds roughly 2 —3 mm on a side, with thicknesses
around 0.1 mm. The SmzCu04 crystal was about
0.5 cmX0. 5 cm in size, although some of this area had
facets and was unsuitable for Raman scattering. The
La2Cu04 sample also was very large, around
1 cm X1 cm, but the entire surface was faceted.

The 123-phase single crystals used in this study includ-
ed PrBa2Cu306 and YBa2Cu306 &. Both were prepared
using techniques published previously, ' involving a
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CuO Aux method in a yttria-stabilized zirconia crucible.
To reduce the oxygen content, the crystals were further
annealed in nitrogen gas. Both of the 123-phase crystals
were platelike parallelepipeds, around 1 —2 mm on a side.
Their thickness was around 50—100 pm.

The crystal axis orientations for all of the above sam-
ples were measured using Laue x-ray diffraction. Surface
contamination proved an important problem in this study
since the resulting luminescence tended to overwhelm the
Rama, n signal. We therefore ensured as much as possible
that all samples had mirrorlike surfaces by carefully
cleaning them with high-purity methanol. Additionally,
some of our YBa2Cu306 samples were etched in a solu-
tion consisting of 1% bromine and 99% methanol to
confirm that our observations were not parasitic surface
effects.

III. RAMAN-SCATTERING RESULTS

lar polarization geometry. Figures 1 and 2 show a sym-
metry analysis on Gd2Cu04, which is similar in most
respects to the results from the other materials we stud-
ied. There is a clearly defined peak in Fig. 1 near 12000
cm ' with A2 or pseudovector symmetry. Two addi-
tional features are also clear in Fig. 2, a broad one with
B& symmetry near 13000 cm ', and one with A& sym-
metry near 11900 cm '. There seem to be no features
with B2 symmetry. The barely resolved bump near
12000 cm in the B&g +B2g spectrum of Fig. 2 is likely
a small amount of leakage due to a slightly misaligned
1,/4 plate.

Figure 3 shows room-temperature data in the
A2 +B2 scattering geometry for all of the T' series,
plotted along with the corresponding optical conductivity
curve. There is a clear trend in which the A z peak shifts
position through the series to remain approximately 1600
cm below the peak in the optical conductivity spec-

A. T'-phase materials

We begin by examining the symmetry of our scattering
features at room temperature, where it was possible for
us to use the true-backscattering configuration and circu-
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FIG. 2. Raman data on GdzCu04 at room temperature with
the laser at 325.0 nm. The true-backscattering geometries are
z(xx)z (A&g+B&g), z(x'x')z (A&g+Bzg), and z(x+iy, x —iy)z
(Big+Bzg ).

FIG. 3. Raman data on the T' series at room temperature in
the z (xy)z ( A zg +Bzg ) true-backscattering geometry with the
laser at 325.0 nm. Also plotted on a difFerent scale is the optical
conductivity o for each material.
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trurn. Such behavior points toward an excitonic origin,
although excitons ordinarily have E„(dipole) rather than
A2 symmetry. The energy difference of 1600 cm
(-0.2 eV) is, however, close to twice the exchange pa-
rameter J, ' and may also match the energy difference be-
tween some of the p-d hybridized orbitals in the copper-
oxygen bonds.

In Fig. 4, we show the 8, +82 spectrum, as well as
the optical conductivity, at room temperature for all of
the T' series. As we have observed no 82 features, Fig.
4 shows pure 8&~ scattering. Again, a trend is clear in
which the broad 8, peak seems to align almost exactly
with the peak in the optical conductivity spectrum for all
the T' materials. Now, electronic absorption in optical
conductivity spectra is largely electric-dipole in nature
with E„symmetry. It thus seems likely that the 81~ peak
is actually Raman-forbidden scattering by the same E„
states producing the peak in the optical conductivity.
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FIG. 5. Temperature dependence of the Azg Raman features
in the z(xy)z ( A2g+Bzg ) pseudobackscattering geometry with
the laser at 333.6 nm. Data are shown for both Gd2Cu04 and
Sm2Cu04.
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Such behavior can arise from strong electron-phonon or
electron-magnon coupling, although these phenomena
are usually observed in the context of phonon Rarnan
scattering.

The temperature dependence of the A 2~ peak is partic-
ularly interesting, as shown in Fig. 5 for both Gd2Cu04
and Sm2cuO4. The single 3 2 feature at 295 K is seen to
split into three distinct peaks, all with the same 3 2 sym-
metry. The strongest of these is the one with the lowest
scattering energy, followed by two additional "side-
bands" with lower amplitude. Although there seems to
be no shift with temperature in the position of the strong-
est peak, its separation from the optical conductivity
peak changes to be around 2150 cm ' at low tempera-
tures as a result of displacement in the optical conductivi-
ty peak position (see Fig. 7). The splitting between the
strongest peak and the first sideband is approximately
600 cm ', and between the first sideband and the second
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FIG. 4. Raman data on the T' series at room temperature in
the z(x+iy, x —iy)z (B&g+B2g) true-backscattering geometry
with the laser at 325.0 nm. Also plotted on a different scale is
the optical conductivity a for each material.

FIG. 6. Temperature dependence of the B, and 2 lg Raman
features in the z(xx)z ( A &g +Big ) pseudobackscattering
geometry with the laser at 333.6 nm. Data are shown for both
GdzCu04 and SmzCu04.
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FIG. 7. Temperature dependence of the optical conductivity
in Gd~Cu04 and Sm2Cu04 near the charge-transfer gap. A vert-
ical line is drawn to illustrate the shift in position of the main
peak.

sideband approximately 850 cm '. All of the above
behavior has been observed throughout the T' series, al-
though the sidebands are somewhat difficult to identify in
the case of Pr2Cu04 (see Fig. 9).

Figure 6 shows the temperature dependence of the B,
and A1 features in Gd2Cu04 and Sm2Cu04. The A1
peak in Gd2Cu04 gets noticeably sharper at lower tem-
peratures, but does not seem to shift in position. In fact,
it is only at low temperatures that it is possible to really
see the difference in position between the 31 and A2
peaks. We will discuss the 31 peak in more detail below
in the context of resonant behavior. The B, feature is
interesting because it seems to be the only one of these
Raman peaks that shifts with temperature. This shift of
around 500 cm ' toward higher energies seems to occur
between room temperature and 150 K for both Gd2Cu04
and Sm2Cu04, as shown in Fig. 6. Interestingly, the shift
in the B, feature seems to match the shift with tempera-

ture in the optical conductivity peak position. As Fig. 7
shows, the optical conductivity shift also occurs between
room temperature and 150 K, and is also around 500
cm ' toward higher energies. Thus, the B, feature
tracks the optical conductivity peak with temperature.
Such evidence tends to support the idea that the B1 Ra-
man feature is actually Raman-activated E„scattering at
the charge-transfer gap edge, although the activation
mechanism is unclear.

All of the large-shift Raman features seem to also show
unusual temperature-dependent resonant behavior. Fig-
ure 8 shows A 2g resonance profiles for Gd2Cu04 at three
different temperatures, illustrating several important
trends. First, at 295 K it seems that all of the 32g peaks
resonate weakly toward photon energies higher than the
available 3.72-eV line. The behavior of the high-energy
portion of the peak, which contains the two unresolved
sidebands, seems to indicate that the sidebands resonate
slightly more strongly than the first peak. Then at 156 K
there is little or no resonant behavior of the first peak,
while the first sideband seems to resonate close to the
3.53-eV line, and the second sideband continues to
resonate weakly for photon energies higher than 3.72 eV.
Finally, at 8.5 K there is a dramatic resonant enhance-
ment of the first peak for the redder 3.41-eV line, the first
sideband seems to resonate somewhere between the 3.53-
and 3.41-eV lines, and the second sideband again
resonates weakly for photon energies higher than 3.72
eV.

All of this resonant behavior holds throughout the T'
series, but it gets progressively weaker with increasing
copper-oxygen bond length until there is almost no reso-
nant behavior seen in Pr2Cu04, as shown in Fig. 9. Fig-
ure 9 also shows arrows pointing out the best-guess posi-
tions of the three A2g "peaks" in Pr2Cu04 at 5.6 K. The
large peak in the 3.53-eV spectrum of PrzCu04 is of un-
known origin. It is not observed at room temperature,
but does appear to be polarized. Now, Pr2Cu04 is known
to be a somewhat disordered material in which some of
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FIG. 8. Resonance behavior at three different temperatures for Gd, Cu04 in the z(xy)z (A2g+82g) pseudobackscattering

geometry. Laser energies are indicated in eV.
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the O(2) atoms take up T-phase apical positions because
of the oversized Pr ionic radius. Such disorder can pro-
duce many unusual symmetry-forbidden scattering
effects, leading to behavior that is nontypical for T' ma-
terials. ' Results from Pr2Cu04 are thus shown here
mainly for confirmation purposes.

The resonant behavior of the B& and A 1 features is
less dramatic than that of the A2~ peaks, and there is lit-
tle temperature dependence. As shown in Fig. 10, the
81 feature consistently resonates toward photon energies
higher than 3.72 eV. This behavior holds through the T'
series, but the resonance gets progressively weaker with
increasing copper-oxygen bond length. Figure 10 also il-
lustrates the presence of a strong A, peak in Gd2Cu04
and a weaker one in Eu2Cu04. The Gd2Cu04 A, ~ peak
is shifted 50 cm below its 3 2 peak (see Fig. 11), while
the Eu2CuO4 A, g peak is shifted 40 cm ' below its A2~
peak. in both materials the A, peak seems to slightly
resonate toward the 3.41-eV photon energy.

As seen in Fig. 6, the A, feature is not present in
Sm2Cu04, nor in any other of the T' series. This
behavior points strongly toward the known lattice distor-

tion found in Gd2Cu04 and to a lesser extent in
Eu2Cu04, involving a slight in-plane bending of the O(1)
atoms. Evidence for such distortion comes from over-
sized x-ray thermal factors, forbidden Raman phonon
modes, ' and observations of weak ferromagne-
tism. ' This in-plane lattice distortion would seem to
be breaking the symmetry of the main A2g excitation,
causing a splitting of around 50 cm ' into two states
with different symmetry. Such a phenomenon points
strongly toward a localized copper excitation as the ori-
gin of the main A2g peak.

B. T-phase materials

La2Cu04 presents a difficulty for the large-shift Raman
technique employed in this work because the peak in its
optical conductivity is near 2 eV, a higher energy than in
the T' materials. This means that features appearing
near the charge-transfer gap in La2Cu04 come very close
to the infrared limit of our detection equipment, even for
the shortest-wavelength laser lines. As a result, in most
cases it was not possible to use the 363.8-nm (3.41-eV)
line, and data is very limited with the 351.1-nm (3.53-eV)
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line. In addition, our LazCu04 sample had a surface with
many facets, leading to increased stray light and lumines-
cence problems.

Figure 12 shows spectra from LazCu04 at room tem-
perature in the z (xy )z and z (xx)z pseudo-backscattering
geometries. There is an Azg feature near 14000 cm ' in
the z(xy)z spectrum, but it is poorly defined because of
luminescence. This same luminescence is clearly visible
in the z (xx )z spectrum where the peak position shifts
with wavelength. When plotted versus absolute energy,
the two peaks in the z(xx )z spectrum line up very well.
There seem to be no A, or B, Raman features present.
With a z(xx)z spectrum consisting of almost pure unpo-
larized luminescence, it is very tempting to simply sub-
tract it from the z(xy)z spectrum to leave only the Ra-
man signal. Figure 13 shows the result of doing this for
the 3.72-eV line of Fig. 12. The background level no
longer has any meaning, but now we can clearly see the
pure Az Raman peak at 13740 cm

The low-temperature behavior of LazCu04 is also com-
plicated by the presence of luminescence, but knowledge
of the room-temperature peak position allows us to make
a good interpretation of the data. As shown in Fig. 14,
the single room-temperature Azg peak at 13740 cm
develops sidebands in a similar fashion to the T materi-
als. These features are not distinctly resolved in
LazCu04, however, and instead the main peak and side-
bands are merged together. The dotted lines in the
z(xy)z spectrum mark the main peak, which is un-
changed from its room-temperature position, as well as
the first sideband at 14 340 cm ' and the second sideband
at 15 360 cm '. The separations between the main peak
and sidebands are remarkably consistent with values
from the T' series. Again there seem to be no A

&g
or B

&g

features present in the z (xx)z spectrum, but there is clear
luminescence at around 1.9 eV (14400 cm ' in the 3.72-
eV spectrum, 13 300 cm ' in the 3.3-eV spectrum), close
to the energy of the charge-transfer gap.

The resonant behavior of LazCu04 is somewhat com-
plicated by the limits of our detection system. As shown
in Fig. 12, there seems to be little or no resonant behavior
of the Azg feature at room temperature, but the data

with the 3.41-eV laser line are too weak to tell. In Fig.
14, however, there is some evidence for resonant behavior
at 5.7 K toward photon energies higher than 3.72 eV.
Again, the 3.41-eV spectrum is not entirely trustworthy
because of our poor infrared system response. Since
there is not much difference in amplitude between the
spectra at 3.53 and 3.72 eV, the case for resonant
behavior is rather weak. Certainly there is no dramatic
enhancement of the A zg features on the scale seen in the
T' materials. This seems to indicate that the absolute en-
ergy of the charge-transfer gap is very important in the
A2g reso ance

C. 123-phase materials

We measured two different insulating 123 samples for
this study, YBa~Cu306 and PrBa~Cu, 06. Both of these
materials exhibit clear Az peaks below the optical con-
ductivity maximum as shown in the z(xy)z spectrum of
Fig. 15. The spacing from the optical conductivity peak
is around 1300 cm ' for YBazCu306 and 1600 cm ' for
PrBazCu306, somewhat smaller than in the T' series and
in La&Cu04. Unfortunately, low-temperature optical
conductivity data for the 123 materials were not available
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FIG. 13. The spectrum that results from subtracting the 3.72
eV z(xx)z data from the z(xy)z data in Fig. 12 to remove the
luminescence. Now the position of the A &g peak is clear.
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the main A2~ peak and two sidebands.
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to make an accurate comparison. Figure 16 shows a Ra-
man symmetry study for YBa2Cu306, which proves the
A2 nature of the main peak and also identifies an addi-
tional peak with A1 symmetry at 14880 cm '. There
are also some possible very weak B1 features near 13 000
and 14000 cm '. There seems to be no equivalent for
the 14880-cm '

A1 peak in any of the other insulating
cuprates, including PrBa2Cu306 which has no A1 or B1
features.

Figure 17 shows the z(xy)z spectra for YBa2Cu306 at
room temperature and 5.6 K. At first there appears to be
a shift in the position of the Az peak with laser line. In
fact what is happening is slightly more subtle. Just as in
LazCu04, we are seeing a main peak and two sidebands
which are merged together and dificult to resolve. At
both temperatures in Fig. 17, however, there is a reso-
nance occurring which is dier'erent for each of the side-
bands; this changes the overall shape and position of the

"peak" between the laser lines. All of the A2
features seem to resonant toward photon energies higher
than 3.72 eV, but the resonance seems to be much
stronger for the two sidebands than for the main peak,
and also stronger at 5.6 K than at room temperature.

As a result of this resonance and the limits of our
detection system, the 3.41-eV spectrum at both tempera-
tures in Fig. 17 shows almost exclusively the main A2
peak, centered at 12460 crn '. The two sidebands can
then be identified as they grow in intensity in the 3.53 and
3.72 eV spectra, as illustrated by the dotted lines in Fig.
17. The sideband positions at 13060 and 14090 cm
give spacings of 600 and 1630 cm ' from the main peak,
spacings remarkably similar to all of the other insulating
cuprates. There also seems to be another sideband
present at 14730 cm ' in the low-temperature 3.72-eV
spectrum of Fig. 17. Such a third sideband has not been
resolved in the other insulating cuprates, but it occurs at
a spacing of 2280 cm ' from the main A2 peak, which
is remarkably close to the sum of the spacings of the first
two sidebands (600+1630=2230 cm '). We can thus as-
sign the third sideband as combination scattering from
the first two excitations.

Figure 18 shows resonance data from YBa2Cu306 in
the z(xx)z pseudo-backscattering geometry. It is clear
that the A

&
peak at 14880 cm ' resonates very strongly

at 5.7 K near the 3.72-eV laser line. Additionally, there
seems to be a weak Raman feature at 14240 cm ' as in-
dicated by the dotted line in the 5.7-K spectrum and the
arrow in the 295-K spectrum. There is no conclusive evi-
dence here for any of the possible B, features mentioned
earlier. At 295 K, the very intense rising spectrum that
shifts with the laser line seems to be luminescence below
the charge-transfer gap. The gap appears at about 14700
cm ' in the 3.53-eV spectrum and 13700 cm ' in the
3.41-eV spectrum. In each case, both values seem to be
above the highest luminescence edge. Such behavior is
consistent with the luminescence around 1.3 eV observed
in YBa2Cu306. Our detector sensitivity does not, how-
ever, permit us to look far enough into the infrared to
find the actual peak in the luminescence.

Unfortunately, luminescence turns out to be a
significant problem in PrBa2Cu306, as shown in Fig. 19.
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A2g + B2g 2g 2g
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FIG. 15. Rarnan scattering in the z(xy)z pseudobackscatter-
ing geometry at room temperature with the laser at 333.6 nm

(3.72 eV). Spectra are shown for an etched sample of
YBa2Cu306 as well as PrBa&Cu306. Also plotted with a
different vertical scale is the optical conductivity.
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Just as in La2Cu04 and YBa2Cu306 there seem to be mul-
tiple A2 peaks merged together, but the presence of
strong luminescence obscures their position. Since the
z(xx)z spectrum appears to mostly luminescence com-
mon to the z (xy)z (see Fig. 21), we can make use of the
same technique as in La2Cu04 and subtract away the
luminescence to find the peak positions. Figure 20 shows
the resulting spectrum, in which the main A2 peak at
11060 cm ' and the first sideband at 11710 cm ' be-
come well resolved. These positions have been indicated
in Fig. 19 with dotted lines, along with the probable loca-
tion of the second sideband, at 12680 cm '. The posi-
tions and spacings of all of these A2 features are con-

10.0
PBa zCu 3Q6

80 A2 +B,
6.0

4.0

sistent with the other insulating cuprates.
Figure 21 shows the z(xx)z pseudobackscattering

geometry on PrBa2Cu306 at both 7 K and room tempera-
ture. The way all the observed features clearly shift in
position with laser energy is a good indication they result
from luminescence. The luminescence peak in the 295 K
spectrum is close to 14340 cm ' (1.78 eV), considerably
above the optical conductivity peak at 12640 cm ' (1.57
eV). It is tempting to call the sharper peak near 15000
cm ' in the 7.4 K 3.72-eV spectrum a Raman
feature by analogy with YBa2Cu306. Plotting the 7.4 K
data versus an absolute wave-number scale in Fig. 22
however, illustrates that this feature is more likely a
luminescence peak near 15 110 cm ' (1.87 eV), as shown
by the dotted line. The actual peak position may be
lower in energy since our detector sensitivity runs out on
the falling edge of the luminescence. Two additional
luminescence peaks are also resolvable in Fig. 22 at
15 740 and 16 580 cm ' (1.95 and 2.06 eV), again marked
by dotted lines. The origin of these states above the opti-
cal conductivity peak is unclear.
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FIG. 16. Symmetry study of Raman features at room temper-
ature in YBa2Cu306. The laser was at 333.6 nm (3.72 eV) in the
pseudobackscattering configuration. Spectra are shown for the
(&p)z(A2g+B]g)z(&p)z(A2g+B2g)z(++)z(A lg+B&g)

and z(x'x')z ( A,g +B2g ) scattering geometries.

IV. DISCUSSION OF RESULTS

A. Summary of experimental results

The results of the previous section bring to light a
number of important trends. As shown in Fig. 23, we
have observed three A2 features in all of the insulating
cuprates studied: a main peak and two sidebands. The
spacings between the main peak and the first sideband,
around 600 cm ', and between the main peak and the
second sideband, around 1500 cm ', seem to remain rela-
tively constant throughout the insulating cuprates. Since
the T and 123-phase materials have "apical" oxygens
while T'-phase materials do not, Fig. 23 shows that the
apical oxygens do not play a role in the A2 mechanism.
More importantly, it shows that the A2 mechanism is
independent of the oxygen coordination number on the
in-plane copper atoms.

Figure 23 also shows curves plotted for each of the
peaks based on a least-squares fit to the data. The func-
tional form of the fit was the power-law relation
co=coo(d/do ) ", which gives better fits than a linear rela-
tion. Such a power-law relation is also expected between
the copper-oxygen charge-transfer energy and the in-
plane bond length d. The fit parameters are shown in
Table I, where the parameter do is the shortest bond
length in the sample series, that of LazCu04 at 1.907 A. '

The exponents found for all three Az features deviate by
at most 6% from each other, well within experimental er-
ror. The exponent found for the optical conductivity
peak is significantly different, however, leading to the
conclusion that the processes involved are probably
different than for the Az peaks.

It is also interesting to compare the fitted exponents for
the A2 peaks with those measured for the two-magnon
and two-phonon Raman peaks. Since it is known that
there is a linear relationship between hydrostatic pressure
and copper-oxygen bond length in La2Cu04, we can com-
pare our data with pressure dependence study of Aronson
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et al. They find a similar power-law relationship be-
tween the exchange parameter J and the copper-oxygen
bond length d with an exponent of n of 6.4+0.8 over a
2.5% variation in d. This agrees reasonably well with our
A2 results over a variation in d of about 3.5%, possibly
indicating that the two-magnon and A2g intermediate
states are related.

Pressure dependence studies of Erernets et al. and
Maksimov and Tartakovskii report an exponent of
3+0.5 for Eu2Cu04 and YBa2Cu306 2, but this is over a
wider pressure range (variation in d of 10%), and there is
evidence that the power-law changes to a lower exponent
at pressures higher than 80 kbar (variations in d of
greater than -2.3%). Uzumaki et al. ' report two-
magnon and two-phonon exponents of 4.6 and 6.3, re-
spectively, for all the T and T' materials, but their two-
magnon curve fits very poorly with their value for
La2Cu04. Their two-phonon fitted curve aligns with
their La2Cu04 value, however, and the fitted two-phonon
exponent at 6.3 agrees well with Table I. Thus the fitted
exponents for our data seem consistent with both the
two-magnon and two-phonon features.

We can also use the fitting results of Table I to estimate
the expected temperature shift of the main A2g peak be-
tween room and liquid-helium temperatures. Using the
low-temperature lattice constants for Nd2Cu04,
Pr2Cu04, and La2Cu04, ' we find that the 295-K
peaks should shift 66, 64, and 96 cm ', respectively, to-
ward higher energies at —10 K. Because the room-
ternperature A2 peaks are so broad, however, this dis-
placement is well within our experimental error. Thus
we cannot draw any firm conclusions about the tempera-
ture dependence of the A2 peak positions.

For the case of the broad B1 symmetry feature ob-
served in all of the T'-phase materials, there seems to be
a consistent shift of around 500 cm ' to higher energies
between 295 and 150 K, with no further shifts below 150
K. This behavior exactly mimics that of the optical con-
ductivity peak with temperature, indicating that the B1
feature and the band-edge optical states are closely relat-
ed. The different displacements with temperature would
also seem to indicate that the A2 peaks and the B1~
feature arise through different scattering mechanisms.

20 I I I ' I
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T= 295 K

A)g+B )I
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FICx. 18. Raman scattering from an etched sample of
YBa2Cu306 in the z(xx)z (A&g+B,~) pseudobackscattering
geometry at two temperatures. Spectra are shown for three
different laser energies. The dotted line in the 5.6 K spectrum
shows the location of a second weak Raman peak at 14730
cm '; the arrow in the 295 K spectrum points to the same posi-
tion.

The absence of a B, feature in the T- and 123-phase ma-
terials may mean the apical oxygens play a role in
suppressing or destroying the B1g-symmetry scattering
process.

The full resonance behavior of the large-shift Raman
features is difticult to ascertain without additional laser
lines. Some trends seem clear, however. The A2 peaks
in all of the insulating cuprates show almost no resonance
at room temperature, or only a slight resonance toward
photon energies beyond 3.72 eV. At low temperatures,
there seems to be a fairly consistent resonance toward en-
ergies below 3.41 eV in the T' series and energies above
3.72 eV in the T and 123 phases. Such behavior points to
involvement of the apical oxygens in shifting the energies
of the A 2 scattering process intermediate states. The
B, feature in the T' series shows consistent weak reso-
nance toward energies above 3.72 eV, even at low temper-
atures. This is further evidence that the scattering mech-
anisms are different for the 32 and B1 features.
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There are additionally two different A1 peaks ob-
served, one that appears just below the A 2 peak position
in only Gdzcu04 (50 cm ' below) and EuzCu04 (40
cm ' below), and one that appears in YBa2Cu306 and
possibly in PrBazCu306 near 14880 cm ' (around 2200
cm above the A2s main peak). While the origin of the
YBa2Cu306 peak is not clear, the Gd2Cu04 and Eu2Cu04
peaks seem to be correlated with the previously men-
tioned in-plane oxygen distortion present in these materi-
als and not in any of the others studied here. The ampli-
tude of the A1g peak is stronger in Gd2Cu04 than in
Eu2Cu04, corresponding to the stronger distortion
present in Gd2Cu04.

There are also several indications that the A1 peaks in

Gd2Cu04 and Eu2Cu04 are directly related to the A2
peaks. First, the A1 peaks maintain a constant fixed dis-
tance from the main A2 peak and do not shift with tem-
perature, although this is hard to tell at temperatures
higher than about 70 K since both peaks broaden consid-
erably. Second, although the intensity of the A1 peaks
seems to increase dramatically at low temperatures, its
resonance characteristics are the same as those of the
main A2 peak. Finally, when the A1g and A2 peaks
are plotted together and overlapped for Gd2Cu04, their
line shapes are almost identical, as shown in Fig. 11. A
similar situation seems to exist for Eu2Cu04, although
the A 1g peak is too weak to tell with certainty. Thus, the
A1 and A2 peaks both seem to arise from the same
scattering process in Gd2Cu04 and Eu2Cu04, with some
kind of distortion-induced splitting that changes the sym-
metry.

5
Gh I I'

PrBa&Cu&06
4 7.0 K 3.72 eV

A~ +82
Luminescence

Z& Removed

11713cm-l

T' materials, as that feature seems to involve a different
coupling mechanism from the A2 peaks. Nor does this
model account for the A1 peak observed in YBa2Cu306,
since limitations on our detector sensitivity in the in-
frared have prevented detailed study of that feature.
Bearing these facts in mind, we will concentrate on the
A2~ and T'A

1~ peaks, which all seem to arise from the
same phenomena.

The basic premise for our d-d transition model is that
the main A2 peak arises from electronic scattering be-
tween two in-plane copper 3d levels. In particular, a
transition between the occupied d 2 2 level and the

X

unoccupied d level (in the hole picture) would trans-
form as the function xy (x —y ), which has Azg symme-
try. It is important to note that the d y

orbital symmetry
is also the same as a ring of oxygen p„orbitals phased as
in Fig. 24. As a result, the copper d „orbital is likely to
hybridize with the oxygen p orbitals, and it is this ad-
mixed hybrid orbital with largely d„character that is the
final state of the hole.

Three pieces of evidence support our d-d transition
model. First, although the energy splitting between the

B. The d-d transition model

There are certainly many interpretations of the above
results. One recent proposal involves "hole-doublons, "
or electron-hole pairs in a bound state moving on only
one of the two sublattices and accompanied by a spin ex-
citation in the form of a "hedgehog. " Here, however, we
will concentrate on another model which seems to ex-
plain our A2g peaks particularly well. Note that this
model does not account for the B1 peak observed in the
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FIG. 20. The spectrum that results from subtracting the 7.4
K 3.72-eV z (xx)z data in Fig. 21 from the corresponding z(xy)z
data in Fig. 19 to remove the luminescence. Now the positions
of the A2g peak and first sideband are more clearly resolved.



6628 D. SALAMON et al.

22

20

I I

A)g + B~I

15 I I

PrBa&Cu30

'8 3.72ev

~T

3.53 ev
14

12
3.41 e

t&i 8 10

8
T = 7.4 K

10

3.5
5

T = 295 K
I I

FIG. 21. Raman scattering from
PrBa&Cu306 in the ~(xx)z (A&g+B&g) pseu-
dobackscattering geometry at two tempera-
tures. Spectra are shown for three different
laser energies.

8000 12000 16000
Raman Shift ( cm-' )

8000 12000 16000
Raman Shift ( cm-' )

d» and d„ levels has not been positively determined,x —y
cluster ' and local-density functional calculations for
La2Cu04 predict a splitting of around 1.4—1.9 eV, very
close to our main A2 peak energy of 1.70 eV (13740
cm '). Several recent experiments also suggest that the
d-d transition should lie in this energy range. For exam-
ple, midinfrared electroreAectance measurements on
La2Cu04 find a peak near 1.5 eV which has the correct
symmetry for this transition. Absorption measure-
ments on the similar material SrzCu02C12 find an ab-
sorption edge around 1.5 eV which the authors suggest
corresponds to d 2 2 and dxy transitions. Additionally,

photoconductivity measurements on YBa2Cu306 o thin
films show a shoulder near 1.5 eV, below the main con-
ductivity peak. All of the above energies are in good
agreement with our main A2 peak positions of 1.4—1.7
eV.

Second, an intra-d-level transition would be expected

to scale with copper-oxygen bond distance, as we ob-
served for the Az~ peak, because this affects the orbital
hybridization and crystal-field splitting energies. To first
order, the dxy to d 2 2 splitting is proportional to thex

A2s term sin(4$) [r /d ), where P is the azimuthal angle,
leading to a negative power-law exponent of 5 for varia-
tions in copper-oxygen bond distance d. This is in fair
agreement with our values of Table I, and the difference
may be a result of hybridization effects. Finally, a d-level
transition would be relatively insensitive to changes in
temperature or the presence of apical oxygens. This is
also in agreement with our Az peak, where we find little
or no energy shift with temperature and only bond-
length-related energy shifts among the T', T, and 123
structure materials.

In our picture of the d 2 2 to d transition there are
several possible intermediate states. Here we discuss only
photon-induced charge transfer among d orbitals. Later
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FIG. 22. The same 7.4 K data from Fig. 21 is replotted here
vs an energy scale of absolute wave numbers. Features that line
up in this plot are luminescence. Three peaks are indicated with
dotted lines.

FIG. 23. The positions of the main A2g peak and two side-
bands at -7 K, plotted versus the 295 K value of the in-plane
copper-oxygen bond length for all the insulating cuprates. For
the T' series, the peak positions for the optical conductivity at
10 K are also shown. All data have been fit to a power-law rela-
tion of the form co=no(d/do) ", where the fitting parameters
are shown in Table I.
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we will introduce d-p charge transfer. Let us assume that
the intermediate state is reached, as shown in Fig. 25(b),
by photon assisted charge transfer of a down-spin hole
from an occupied d 2 2 orbital at the central site to thex —y
same orbital on the copper site immediately to the left,
induced by x-polarized light. The material is (at least lo-
cally) antiferromagnetically ordered, and the two holes in
the d 2 2 orbital on the left-hand side have opposite
spins. There are two possible final states that can be in-
duced by y-polarized light acting on the doubly occupied
d 2 2 state on the left-hand copper site, shown in Figs.
25(c) and 25(d). In the first, a down-spin hole is
transferred to the d„orbital on the central site. The net
effect is then transfer of a down spin from the d 2 2 or-

x —y
bital to the d orbital on the central site. This process
would account for the main A2 peak. The second possi-
bility is for the up-spin hole to be transferred to the d
orbital on the central site. This process would involve
double spin fiip (or two-magnon creation) in addition to
the A z excitation.

In a simple Ising-type calculation, the energy of the
second final state would be raised above the first accord-
ing to the number of bonds changed from antiferromag-
netic to ferromagnetic as a result of the spin-exchange
process. By examining Fig. 25(d), it is evident that the
Aipped spin on the left-hand site sees three wrong bonds,
each costing an energy of —,

' J. The Ripped spin of the d
hole on the central site also sees three wrong bonds, but
the cost is essentially zero, because symmetry considera-
tions rule out (super)exchange between d„~ and d, , or-
bitals on first-neighbor sites of the square lattice. Thus
the second final state would rise in energy above the first

TABLE I. Least-squares-fit parameters from Fig. 23 for the
power-law relation co=coo(d/do) . The regression coefficient
R measures the goodness of fit, with 1.0 being a perfect fit. The
parameter do was chosen as the copper-oxygen bond length of

0

La2Cu04 at 1.907 A, the shortest in this study.

Raman feature

final state by around —', J, or about 1500 cm ', which is
similar to our observed second sideband offset. Since the
charge-transfer process leading to this new type of two-
magnon excitation can occur between any pair of
nearest-neighbor copper sites, it has an effective symme-
try of A &g. The d-d transition that is the activation pro-
cess must have 32~ symmetry, however, so the effective
symmetry of the coupled process must be 2& (3) A2
=Aq .

Ordinarily, two-magnon scattering with 2
&~ symmetry

is forbidden in the Heisenberg spin- —, system, because the
light-scattering Hamiltonian is proportional to the Ham-
iltonian for the system, precluding off-diagonal states.
In the present case, the two-magnon excitation is accom-
panied by an on-site d-d transition, which is not account-
ed for in the Heisenberg Hamiltonian. It therefore seems
likely that the second sideband is two-magnon scattering
under this new process.

The energy of the first sideband at -600 cm ' bears a
remarkable similarity to that of the Raman-activated E„
phonon seen in all the insulating cuprates. ' ' This
phonon is known to be an in-plane TO copper-oxygen
stretching mode, which means it could easily couple to
charge-transfer processes. The observed symmetry of
this normally Raman-forbidden phonon appears mixed in
some of the insulators, ' but it is consistently more in-
tense in the A

&
geometry. (It only appears in this

geometry for YBa2Cu306, for example. ) Assuming that
the phonon has 3

&
symmetry, the coupled phonon and

d-d transition process would then appear with
2, @ A2 = A2 symmetry, so that both the energy and
symmetry are in good agreement with our first 32~ side-
band. Additionally, the power-law dependence of the
two-phonon feature with copper-oxygen bond length re-
ported by Uzumaki et al. ' matches fairly well with the
first sideband value listed in Table I.

The A
&~

feature in Gd2Cu04 and EuzCu04 can also be
explained within the d-d transition model. As mentioned
previously, both of these materials are known to have
slight in-plane oxygen distortions with B& symmetry
about the center of the unit cell. These distortions pro-
duce Bi symmetry phonon peaks in Raman scatter-
ing. ' lf we look at the symmetry of the oxygen distor-
tion around a copper site, however, it becomes clear that
there is an effective rotation of the oxygen atoms alternat-
ing between clockwise and counterclockwise directions
along a line of copper sites; such a rotation has Az sym-
metry about each copper atom.

C. The role of oxygen p and p orbitals

lIIU

FIG. 24. The phasing of the oxygen p orbitals shown here
gives a large overlap with the copper d ~ states. As a result,
there will likely be some amount of hybridization between the
oxygen p and copper d ~ orbitals.

In the distorted state there are two copper sites per
unit cell. These are nearest neighbors on the Cu lattice;
they have opposite spin in the Neel ground state and have
opposite senses of the rotation of their four oxygen neigh-
bors in the distorted state. The A2 excitation for zero

l

wave vector corresponds to an in-phase superposition of
d 2 p to dxy hole excitations on the two Cu sites in thex —y
unit cell. The Rig excitation corresponds to the out-of-
phase d 2 2 to d hole excitation. The difference in en-



6630 D. SALAMON et al.

(a) Initial ethel State +Q g5

)&4+

(b) Intermediate State

(c) Final State 1

(d) Final State 2

dxy

dx2-y2

d 2-y2

dxy

FIG. 25. Illustration of the d-d mechanism
for A2g Raman scattering in the hole picture.
The lattice here is assumed to be initially in the
Neel state, as illustrated in (a) with holes
represented as arrows. Excitation by x-
polarized light induces a charge transfer of a
down-spin hole from the central copper site
d, 2 orbital to the d ~ 2 orbital on the site

X x —y
immediately at left, leading to the intermediate
state shown in (b). Excitation by y-polarized
light can then induce two possible Anal states.
In (c) a down-spin hole is transferred from the
d 2 z orbital on the site at left to the d ~ or-

x —y
bital on the central site. This restores the Neel
ordering, and the total cost is thus only the d-d
level energy difference. In (d), an up-spin hole
is transferred from the d & 2 orbital on the

x —y

site at left to the d„~ orbital on the central site.
This involves an effective double spin-Rip, and
the total cost is thus the d-d level energy
difference as well as the energy of three ex-
change interactions.

x2 y2

ergy between these excitations is due to the exchange en-
ergy between d 2 2 and d orbitals on the two di6'erent

x —y
copper sites in the unit cell. Direct exchange is negligibly
small. Superexchange results from hybridization of
d 2 2 and d„„with p and p oxygen orbitals, respec-

X

tively. The exchange interaction between the hybridized
oribtals then occurs through the exchange integral be-
tween p and p„orbitals on the oxygen site that is the
common first neighbor to the two copper sites in the unit
cell. We first discuss the nature of these states in the un-
distorted lattice. Next we discuss a d-p model for Raman
scattering which predicts two resonances and which
shows how the distortion induces Raman activity in the

excitation.
Let j = 1,2 label the two sites in the unit cell where the

spin is normally up and down, respectively. Site 1 has
four nearest neighbors on the same magnetic lattice as
site 2, all of which are excited in phase. %"e will calculate
the energy splitting between symmetric and antisym-
metric d-d excitations on sites 1 and 2. The total energy
splitting in the lattice mill be four times this value. From
the four oxygen p orbitals that are nearest neighbors to
each Cu site form the normalized linear combination that
has the same nodal structures as d 2 2. Denote this by

P . From the four oxygen p orbitals that are nearest
neighbors to each Cu site form the normalized linear
combination that has the same nodal structure as d, as
shown in Fig. 24. Denote this by P . Denote the d 2

and d orbitals by e and t, respectively. Then the hybri-
dized states that replace e and t take the form

(
—1)'E(j)=e(j)c os 0+P (j)sin8= p (0)sin9+

(la)

( —1)'
T(j ) = t(j)cosp+P (j)sini)I) = p„(0)sinl)II+

(lb)

where 8 and P are mixing angles. The second equalities
show how these states depend on the p orbitals on the ox-
ygen site (0) lying between Cu(1) and Cu(2).

We must consider the two-hole final states E t (1)T) (2),
where the down-spin hole in site 2 is excited from E to T,
and T& (1)E~(2),where the up-spin hole on site 1 is excit-
ed. These degenerate states are coupled by superex-
change. The final states of the "d-d" transition are then
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~+) —= —[Et(l)T)(2)+Tt(1)E)(2)]

1

4 2
—sin8sing[p& (0)p&„(0)+pi„(0)pt (0)]+ .

where U(p, p ) is the Coulomb repulsive energy if there
is one hole on a p orbital and one on a p„orbital on the
same oxygen site and where K(p,p ) is the exchange in-
tegral between these two orbitals. Taking the difFerence
and multiplying by four, we see that the odd-phased state
is lower in energy than the even-phased state by the
amount

5E= —,'sin /sin 8E(p,p ) . (4)

Using the value of K(p, p )=0.83 eV from Grant and
McMahan, we obtain agreement with the observed
splitting of about 6 meV if the mixing angles obey

~
sing sin8~ = —,'.

Thus, the "minimalist model" necessary to explain the
A, peak in the d-d picture requires four sets of orbitals:
d 2 2 (e), d„» (t), p, and p . Note that we neglect oth-

er orbitals such as d 2 2 which are usually included in

multiband calculations of electronic structure in cu-
prates; indeed the latter are usually assigned more impor-
tance than d „.

We now present a "minimalist" discussion of the
resonance-Raman effect, neglecting hybridization be-
tween e, t, p, and p . Define the hole energy differences

b, =E (p ) —E(e),
&=E(p ) —E(p ),

both of which are assumed to be positive. Denote by I
and y the unit vectors along x and y axes, and denote the
rotation angle of the Cu-0 bonds due to the distortion by
e. In this calculation we let the operator j„produce the
intermediate state and the operator j produce the final
state for A2s (j„ for A,g). The initial hole state is e(0),
i.e., d 2 2 at the origin; the intermediate states are, tox —y
first order in e, p„at +ao(x+ey), i.e., p, and p„at
+ao(y —ex), i.e., p„; and the final state is t(0). Here ao
is the Cu-0 bond length. The results of second-order per-
turbation theory for the Raman matrix elements are, to
first order in e:

2QC
A2 (yx):

L

2df
~+&—E, ' (7)

2abe 2dge
(8)

where the subscripts 1, $ denote spin. The second equali-
ty shows only that portion dependent on p(0) orbitals.
These states ~+) have a contribution of p orbitals to the
Coulomb energy given by

(+ ~H,'~+ ) =
—,', sin /sin 8[U(p,p )+K(p,p )], (3a)

( —~H,'~ —) =
—,', sin /sin 8[U(p,p„) E(p—,p )], (3b)

where EL is the laser photon energy. The matrix ele-
ments a —d, f,g are all positive and are given by

a=i(p (aox)~j, ~e(0)),

eb = i —( t(0)
~ j„~p„[a,(x+ey)] ),

c =i (t(0)~j„~p,(a x) ),
d = i (p„(aoy) ~ j„~e(0) ),
ef = i (—t(0)

~ j„~p, [ao(y —ex) ] ),
g = i ( t (0) j» ~p„(aoy) ),

(9a)

(9b)

(9c)

(9d)

(9e)

(9

where i =V —1.
The A

&g
Raman amplitude is proportional to e, which

is equal and opposite for the two Cu sites in the unit cell.
Equation (8) thus produces a coupling to the d-d
"difference mode, " the state

~

—) of Eq. (2).
The resonances at EL =b, in Eqs. (7) and (8) should

occur in the 1.6—2.6 eV range where phonon or two-
magnon resonant Raman scattering is observed. ' This
agrees reasonably well with our low-temperature T' series
data, which show a resonance someplace close to (but at a
lower energy than) the 3.4l-eV laser line. The resonance
at EL =5+5 may occur above the range of our experi-
ments, i.e., above 3.8 eV, as suggested by the room-
temperature curves in Fig. 8. A more realistic calculation
would account for hybridization and band-structure
effects; thus, the values of 6 and 5 should be regarded as
"effective" values.

Within this picture, we would expect the A
&

peak to
get stronger at lower temperatures, where the oxygen
atoms are more localized in the distorted positions. This
is in good agreement with our data. We would also ex-
pect the intensity ratio of the A& and A2 peaks to be
close to the square of the rotation angle e of the d Cu-0
bonds. Since the oxygen atoms are known to be dis-
placed by 0.18 A in Gd2Cu04, and the copper oxygen
bond distance is 1.947 A, ', this angle would be
0.18/1.947=0. 1 rad. This gives a ratio of roughly 100:1
between the Azg and A, g peak intensities, while the ob-
served ratio in Fig. 11 is close to 2:1. It would be in-
teresting to perform a more detailed calculation.

V. CQNCLUSION

We have presented results demonstrating the existence
of A z (pseudovector) symmetry Raman scattering
features in all of the T-phase, T'-phase, and 123-phase in-
sulating cuprates. The single A2 peak present at room
temperature splits into three or more peaks below 150 K,
with spacings of around 600 and 1SOO cm ', respectively,
between the lowest-energy (most intense) peak and the
two nearest higher-energy sidebands. The energies of
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these features consistently below the corresponding peak
in optical conductivity, putting them within the charge-
transfer gap. Additional peaks with A I symmetry ap-
pear within the gap in Gd2Cu04 and EuzCu04, and above
the gap in YBa2Cu306. A further 8&g symmetry feature
appears in the T' materials at an energy coinciding with
the optical conductivity peak, or gap edge. All of these
features resonate toward photon energies above 3.7 eV,
except at low temperatures where the T' materials show
resonance behavior toward energies below 3.4 eV.

We have presented a model involving copper atom d-d
transitions which can explain many of the large-shift Ra-
man features we seen. This model is based on the insight
that transitions between copper d 2 & and d orbitalsx —y
are expected to have both the correct 3 z symmetry and
correct energy difference to account for the main large-
shift Raman peaks we have seen. The slightly lower ener-

gy A,g-symmetry peak in Gd2Cu04 and EuzCu04, which

are distorted by alternating in-plane rotations of Cu04
units, is attributed to the out-of-phase excitation of d-d
transitions on the two copper sites in the magnetic unit
cell. The energy lowering is due to superexchange involv-

ing p and p orbitals. Raman activity is induced by ro-
tation of the Cu-0 bonds. We also sketched a picture of
resonant Raman scattering for the A2 and sharp A,
peaks in terms of excitations to renormalized p and p
levels. Should these arguments prove valid, they would
have important implications for theoretical models of the
insulating state.
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