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Novel Raman-Active Electronic Excitations near the Charge-Transfer Gap in Insulating Cuprates
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We have observed electric-dipole-forbidden electronic excitations with Aag, Big, and A1, symmetries
at energies near the charge-transfer gap in insulating cuprates, using large-shift Raman techniques. The
strongest feature, with pseudovector 42, symmetry, occurs in insulating cuprates just below the main op-
tical absorption peak, varying from 0.15 to 0.2 eV below according to the Cu coordination number.
Y Ba;Cu3O¢+x spectra at different doping levels show that all the new features are suppressed in metallic
phases. We propose two possible interpretations: internal d°-d° and charge-transfer d°-d'°L excita-

tions.

PACS numbers: 74.25.Gz, 74.72.—h, 78.30.Hv

The search for microscopic mechanisms responsible for
the unusual normal and superconducting states of the
high-T. cuprates would be aided by a comprehensive un-
derstanding of the parent insulating phase. While it is
widely accepted that some version of the Hubbard model
is an appropriate starting point for a description of the
CuO; planes [1], questions remain as to its adequacy.
For low-energy processes, there is intensive debate on the
merits of the multiband extended versus the simplified
one-band Hubbard models [2], but for excitation energies
of the order of the charge-transfer (CT) energy one will
need a multiband picture. Even multiband Hubbard
models do not, however, take into account intra-atomic
Cu d-d excitations. These excitations have not been
identified experimentally to date, but were suggested by
Weber [3] as the coupling mechanism for forming Coop-
er pairs in the high-7, cuprates. The ground state of the
CT insulators, as revealed by neutron diffraction experi-
ments [4], is known to have long range antiferromagnetic
order within the CuO, planes, but with a reduced Cu
magnetic moment. Theoretically, it approximates the
Néel phase, apart from local fluctuations into quantum-
spin-liquid states such as the resonating-valence-bond
state [5], or various flux phases [6].

Information from current experiments on the CT insu-
lators is still very limited. High-energy spectroscopic [7]
studies indicate that the lowest unoccupied states are
formed from Cu d,:_ 2 orbitals and the highest unoccu-
pied states from O p orbitals, but give both insufficient
energy resolution and little information about electron-
hole correlation effects. Optical absorption [8] probes
such electron-hole pair excitations. In a typical insulat-
ing cuprate, the charge-transfer band is characterized by
an abrupt rise in optical absorption forming a peak at
about 1.7 eV, followed by weaker absorption extending
beyond 4 eV. The above techniques do not, however,
yield much information about pair excitations having
symmetries other than E,. Because electronic structure
from outside the CuO; planes can mix into the same en-
ergy range as the Hubbard bands, it is difficult to recon-
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cile experimental data with the Hubbard picture in the
absence of such symmetry information. Recently, reso-
nant Raman scattering (RRS) has been used to explore
CT excitations in the insulating cuprates. Specifically,
the behavior of both one-phonon [9], and two-phonon and
two-magnon [10,11] features as the energy of the exciting
laser photon is tuned through the CT band depends on
the couplings of optical phonons and magnons to excita-
tions forming the various portions of the band.

In this Letter, we explore interband excitations near
the fundamental absorption edge in insulating cuprates
using high-energy ordinary Raman scattering. This
method, which to our knowledge has not previously been
pursued (even for semiconductors), can reveal excitations
inaccessible to other spectroscopies. Preliminary results
from our work have previously been presented [11,12].

Our RBa;Cu3O¢+x (R=Y,Pr) and R,CuO; (R
=Gd,Nd) single crystals were grown by using the CuO
flux method [13]. As grown, the RBayCu3O¢+ crystals
had x = 0.3. After annealing at 650°C for two days in
flowing Nj, the oxygen content was reduced to x <0.1.
The untwinned T, =66 K (x=0.6) and 90 K (x=1)
YBa;Cu3O¢+x crystals were obtained by annealing the
as-grown samples in flowing O [13]. By exciting the ma-
terials with ultraviolet (UV) laser lines at 3.81 eV (3250
A) from a He-Cd laser, at 3.71 eV (3345 A), 3.53 eV
(3511 A), and 3.41 eV (3638 A) from an Ar¥ laser, we
took spectra out to very large Raman shifts (~2 eV) us-
ing a Spex Triplemate spectrometer with a liquid-
nitrogen-cooled charge-couple device (CCD) detector.
Measurements were made on very clean surfaces, because
the UV laser can excite strong luminescence from any
contamination on the sample surface. Several sets of
samples of YBa,Cu3O¢+, were used. We found that the
surfaces of fresh samples are quite homogeneous and
yield very weak luminescence, whereas for old or improp-
erly preserved samples, the surface luminescence over-
whelms the Raman signal. We employed true back-
scattering geometry at room temperature in air for all
measurements shown here. Additional low-temperature

3709

© 1993 The American Physical Society



VOLUME 71, NUMBER 22

PHYSICAL REVIEW LETTERS

29 NOVEMBER 1993

measurements used a pseudo backscattering geometry in
a flowing helium cryostat. The raw data were corrected
for the spectral response of the equipment using a stan-
dard lamp and are plotted in units proportional to a pho-
ton cross section. All data were normalized to the same
flux of incident laser photons, corresponding to a power
density of approximately 4 MW/m?.

Figure 1 shows Raman spectra for Gd;CuQy in various
true backscattering configurations, where the z axis was
along the crystal ¢ axis, the unprimed x and y were along
the in-plane Cu-O bonds, and the primed x' and y' axes
were rotated 45° with respect to them. A well-defined
Raman peak at around 1.5 eV, with half-width about 0.2
eV, was observed for the first time. This feature appears
only for crossed polarizations, e; Xeg, indicating that this
excitation has the symmetry of a pseudovector, As,.
Confirmation of this unusual symmetry is provided by
measurements with circularly polarized light. In addi-
tion, two weaker features are also resolved in 41 and B,
symmetries. The 4, feature appears at a slightly lower
energy than that of the A,, peak, while the B, feature
appears at about 1.7 eV, coinciding with the position of
the strong optical absorption peak. Low temperature
measurements (not shown here) indicated that the A,
peak narrows significantly with decreasing temperature,
but does not shift in position.

In order to see whether these excitations are universal
for insulating cuprates, we studied other 7T'-phase sam-
ples with R =Eu, Sm, Nd, as well as YBa;Cu3Og¢; and
PrBa;Cu3Q0¢,;. The systematic study of the 7' samples
will be published elsewhere [14]. In Fig. 2, we plot the
Ay spectra for Gd;CuOy4, Nd,CuOy4, YBa;Cu3zOg,, and
PrBa,;CusOg along with their corresponding optical ab-
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FIG. 1. Raman spectra of Gd,CuQOs, excited at 3.81 eV, in

six different scattering configurations z(e.,es)z.
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sorption spectra. In all cases, the A, peak position
occurs on the structureless absorption edge below the
strong peak in &. The Bz Raman feature, as shown in
Fig. 1 for Gd;CuQy, is also observed to occur at the same
energy as that of the & peak in all of our other samples
(not shown here). However, the A, feature observed in
Gd,CuOy is not as universal; its intensity changes among
the 7' samples, and it can hardly be resolved in
YBa2CU306,|.

Figure 2 shows two very interesting trends. First, the
overall positions of the 4, peak and the &, peak shift to-
gether with changes in the Cu-O bond length. In Fig. 2,
they are quite similar for the pairs Gd,CuOy4 (1.948 A)
and YBa;Cu30¢, (1.941 A [15]), and Nd,CuO, (1.973
A) and PrBa;Cu304,; (1.962 A [16]). Second, the sepa-
ration of the 4;, Raman peak from the &, peak is similar
for materials with the same Cu coordination number.
The A, Raman peak appears roughly 0.2 eV below the
& peak for the 7' samples with square-planar coordinated
Cu sites, while it is 0.15 eV below for the “123” cuprates
with pyramidally coordinated Cu sites. Measurements on
La,CuQOy, which has octahedrally coordinated Cu sites,
are planned to check whether the Cu coordination num-
ber trend continues.

Our measurements with different laser lines not only
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FIG. 2. Raman spectra (in Raman shift) and & (in photon
energy) for four different insulating cuprates. The Raman
spectra were taken in the z(x+iy,x+iy)z geometry (probing
Az plus weak A1g components) with 3.81 eV excitation. The
spectra show varying amounts of luminescence and stray light
in the background, but peak positions are not affected.
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FIG. 3. The z(x,y)z Raman spectra of (a) Gd2CuQO4 and
(b) YBa;Cu3Og,; excited at four different laser energies. Since
the By, signal is negligible, the Raman mode is of almost pure
Azg symmetry. The upper three curves in (a) have been raised
by 0.3 (3.53 eV), 0.8 (3.71 eV), and 1.6 (3.81 eV) units for
clarity. In (b), the curves have not been offset; the varying
background levels are due to the presence of intrinsic lumines-
cence. The spectra have been normalized to the same number
of incident laser photons.

confirmed the Raman nature of these spectral features,
but also revealed their resonance behavior. Figure 3
shows that the A,; features for Gd;CuO4 and
YBa;Cu3O¢,; seem to resonate weakly in intensity to-
wards higher photon energy, while their positions remain
almost constant for incident photons in the range of 3.41
to 3.81 eV. Recently Wake [17] has also performed a res-
onance experiment on YBa;Cu3Og;, observing a peak
similar in energy to our A4,; peak. However, this feature
does not have a clear polarization dependence, and it
shifts more than 800 cm ~! in position for laser energies
varying from 3.4 to 3.6 eV. Despite much effort, we have
been unable to reproduce these results.

Figure 4 shows the doping dependence of the A4,, peak
for YBayCu3O¢+,x. The feature is distinct and remains
unchanged in position for x~0.1 and x~0.3 samples,
disappearing in metallic x ~0.6 (not shown) and x~1.0
samples.

The microscopic origin of the 4,, excitation is unclear.
Its special symmetry, transforming as xy—ypx, xp(x?
—y?), or a pseudovector L., and its energy suggest two
likely scenarios: (1) an intra-atomic dxz_yzﬂ dx, hole
transition, or (2) an interatomic transition, e.g., from a
hole in a d orbital (or a linear combination of d orbitals
on different sites) having symmetry (x2—y?) to a linear
combination of O(p) orbitals having symmetry (xy). A
less conventional model might posit an excitation from a
state where the Néel symmetry is locally broken due to
quantum fluctuations, e.g., of a chiral nature [6,18]. De-
tailed theoretical studies of these (and maybe other) pos-
sibilities may be necessary to determine the correct ex-
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FIG. 4. The z(x,y)z Raman spectra of YBa,Cu3O¢+x at
three different doping levels. The upper two curves are raised
by 0.5 (x~0.3) and 0.6 (x~0.1) intensity units for clarity.

planation.

The first scenario involves valence-conserving d-d tran-
sitions, which are parity forbidden for an electric dipole
transition but parity allowed for Raman scattering. Elec-
tronic Raman scattering has successfully probed crystal-
field splitting of d® (Fe2*) [19], d7 (Co?*), and 4%
(Ni2*) [20]. However, to our knowledge, crystal field
transitions have not been observed by Raman scattering
on a d° (Cu?*) configuration. It is well known that a
Dy tetragonal crystal field will split the d° (Cu?*) orbit-
als into states with representations b, (x2—y?),
a1g(322—r?), by(xy), and eg(xz,yz). The three d°-d°
excitations, dxz_yz-—’ dxy, dxz__yz—> d322_,2, and
dxz_yz_’ dxz(dyz), have Azg (b]gxbzg =a2g), B]g
(bigxaig =bg), and E, (bgxeg=e,) symmetries, re-
spectively. Our A;; Raman feature corresponds well to
the d,2_,2— dy, transition, having both the correct sym-
metry and an energy comparable to that yielded by clus-
ter calculations (~1.7 eV) [21]. The intermediate hole
states participating in this Raman process could be an ad-
mixture of O p, and p, orbitals hybridizing with different
crystal-field-split d° wave functions.

The Bz Raman feature might also correspond to a d-d
transition. This would amount to a variation on a sugges-
tion by Perkins et al. [22]. Our weak B, Raman feature
coinciding with the absorption peak near 2 eV could be
assigned to the d,2_ ,»— d3,2_,: transition. In this inter-
pretation, it is unclear why our B, feature would be so
weak compared with the A;, peak, and why the B,
feature should follow the E, absorption peak so closely.

The second scenario involves models for CT excitons
with Azg, Bg, and E, symmetries. One model 4,, exci-
ton is formed out of the Néel state due to the effects of a
photon-assisted d— p, transition followed by photon-
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assisted p,— p, hole hopping. In this way, one can ob-
tain a vacant d,2_ 2 hole at site (0,0) and a linear com-
bination of p,(r) holes at nearest-neighbor sites r having
byg symmetry:

P(b2) =3 [pax(0,1) = pax (0, — 1)
+pn:y(l,0)_pny("'l,0)], (1)

where the components of r are given in units of the Cu-O
bond length. This O-hole orbital will couple by py«>dy,
hopping to the d,, orbital at (0,0). It will also couple to
a hole state of bz symmetry composed of a linear com-
bination of the eight second-neighbor p, orbitals at
r=(x1,%£2),(£2,£1). Some computational work is
necessary to estimate the energy and wave function of the
lowest resulting b, state.

A CT exciton of Big symmetry can be formed out of
the Néel state due to the effects of a photon-assisted
d— p, transition followed by photon-assisted p,— po
hole hopping. One obtains a vacant d,:_ 2 hole at site
(0,0) and a linear combination of p(r) holes at nearest
neighbor sites r having aig symmetry:

Poa1g) =% [pox (1,0) = pox (— 1,0)
+ Doy (0,1) = poy (0, — D] @

Optical absorption can occur through charge transfer
excitations of E,(x) symmetry from the d,2_,. hole at
site (0,0) to p, states or p, states, respectively:

Pox=(1/V2) [pox (1,0) + pox (— 1,0)1 3)
P”XE(I/\/E)[pIEX(O,l)+pltx(0,—I)]. 4)

We expect (3) and (4) to be coupled due to p,« p, hole
hopping.

The existence of an exciton of A4z symmetry has not
been as firmly established in the present work as those of
Azg and Bz symmetries. It could result from transfer of
dxz_yz hole at site (0,0) to p, states at a linear combina-
tion of p,(r) holes at nearest-neighbor sites r having &,
symmetry:

Pa(b[g)E % [Pox(l,()) _pax(_ ],0)
— oy 0,10+ poy (0, — D1 | s)

The d-p charge transfer picture has the advantage of
being able to produce excitations of 4., Big, E,, and
A1 symmetry by the simple act of hole transfer to
nearest-neighbor sites, as described by Egs. (1)-(5), but
d-d transitions may play primary or secondary roles in
some of these excitations.

In summary, we have discovered several Raman-active
electronic transitions near the CT gap in the insulating
cuprates. They are suppressed by doping the CuO; plane,
and vanish in the metallic phase. We believe that the 45,
Raman feature corresponds well to the spin-allowed and
valence-conserving d,2_,2— dy, excitation, or alterna-
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tively, the peak might represent a CT exciton with com-
patible symmetry and energy. Clearly, these new Raman
modes together with recent RRS results [11] show that
the CuO; planes of the insulating cuprates have exciton-
like excitations of considerable complexity.
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