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Anomalous shifts of oxygen mode frequencies in
La2 Sr CuO4, YBa2Cus07

and T12Ba2Caz Gd Cu20s studied by photoinduced
infrared absorption and Raman spectroscopy
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Comparison of photoinduced local modes (PILM's) of insulating YBa2CusOs s and
Tl2Ba2Caq Gd Cu208 with Raman spectra of their metallic counterparts suggests that carrier
injection anomalously increases the frequencies of phonons involving s-axis apex-oxygen motion in
both the dilute (insulator) and concentrated (metallic) limit. In La2Cu04, we observe PILM s
whose frequencies suggest a correspondence with the "ghost modes" observed in neutron scatter-
ing [Rietschel et al. , Physica C 162-164, 1705 (1989)]. These data, together with Raman data on

apex-oxygen anharmonicity, enable us to discuss the vibronic mode couplings involved in polaron
formation in the three materials.

Raman-spectroscopy studies of YBa2Cu307 $ as a
function of doping have established that the frequency
of the syrrunetric 500-cm A& mode involving the z-
axis vibration of the apex-oxygen atom increases with
increasing carrier concentration. The observed increase
in phonon frequencies is unusual in the sense that it
would imply that doping reduces the electronic screening
of these out-of-plane modes. In contrast, the red shift of
infrared (ir) active modes involving displacements of the
apex 0(4) (at 155 and 569 cm i) is consistent with the
change in lattice constants upon doping. The behavior
in the ir can be easily understood, since ir modes involve
displacements of a relatively large number of ions in the
unit cell. Raman modes are simpler in comparison, in-
volving the displacements of a smaller number of ions.
In this sense Raman spectroscopy can probe more locally
into the electron-phonon interaction of certain ions.

There appears to be a fundamental connection between
the unusual behavior of the out-of-plane vibrational Ra-
man modes and superconductivity in the high-T, oxides.
An anomalous increase in the O(4) Ar mode frequency in
the immediate vicinity of T, has recently been found in
extended x-ray-absorption fine-structure (EXAFS) spec-
tra of YBa2Cus07 s. In addition, a sharp decrease of
the a and c lattice constants over a narrow tempera-
ture region of a few degrees above T, has been reported

in x-ray diÃraction measurements on YBa2Cu307
suggesting a structural phase transition just above T, .
Whether these two eA'ects have the same origin is not
yet understood, but these structural anomalies in the
vicinity of T, suggest coupling of the lattice, and apex
oxygens in particular, to critical Auctuations accompa-
nying the normal-to-superconducting transition. Indeed,
the martensitic Jahn-Teller (JT) phase transitions just
above T, in the A15 compounds (VsSi, VsPt, NbsSb,
etc.) provide a precedent for such behavior.

The appearance of localized phonon modes and self-
localized electronic transitions upon photoexcitation in
all high-T, insulator precursor materials studied to date
indicates that the photoinduced carriers form polarons
in the insulator materials. The midinfared optical con-
ductivity o(io) of doped superconducting high-T, mate-
rials suggests that this polaronic behavior persists in the
doped and superconducting state.

As an explanation for the anomalous behavior of the
apical 0 modes, we have recently suggested that an in-
teraction between the apex 0(4) oxygen vibration and a
localized electronic state changes the local crystal field of
the 0(4) atom upon doping, possibly giving rise to the
anharmonicity and anomalous positive frequency shift of
the 500 cm apex-oxygen modes in YBa~Cu307

In this paper we attempt to clarify the cause for the
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anomalous behavior of the out-of-plane modes by inve-y inves-
igating the local deformations caused by carrier pho-

toinjection into insulating La2Cu04, YBa2Cu'0's, and
TlgBa2Cao 98Gdo o2Cu208. A comparison of the pho-
toinduced (vibrational) local modes (PILM's) with Ra-
man spectra on both metallic and insulating material
enables us to assign the PILM's and attempt to iden-
tify some of the electronic states involved in causing the
observed phonon anomalies.

The photoexcitation measurements were done in the
usual way. s Similarly, the Raman measurements were
done in a way described previously. In Fig. 1, we show
Raman spectra and the PILM's obtained from photoin-
duced absorption on the insulators. The Raman spectra
of La2Cu04 and YBa2Cus07 ' are in agreement with
published data. We find the Raman spectrum of insulat-
ing TI2Ba2Cay -Gd-Cu20s (Fig. I) to be diferent from
the published spectra of metallic T12Ba2CaCu20s " In
particular, the apical 0 mode frequencies appear to shift
upward in the metal, similar to the already-mentioned
b ehavior in YBa2Cus07 '. (The background scatter-
ing in the region below 500 cm is mainly due to the
substantial scattering from the rough surface of the cold-
pressed powder pellets. ) The difference in the Raman
spectra between the metal and the insulator in the Tl
compounds could arguably be caused by the tendency of
the Tl material to form diAerent compounds. However,

the very small amount of Gd substitution (2 at. %), as
well as the very similar ionic radii of Gd and Ca ions sug-)

gest that the substitution should not significantly aAect
the structure. Powder x-ray measurements of the in-
sulating samples and the metallic (and superconducting)
2:2:1:2-phase samples show virtually identical patterns
with no sign of one- or three-layer Tl impurity phases.
In addition, Raman measurements on pressed ceramic
pellets of the T12BaqCa' -Gd Cu20s show very consis-
tent spectra over the whole pellet surface, implying that
there are no impurity phases present.

We cannot find any correspondence between the
PILM's and the observed Raman modes in the insula-
tor species of any of the three compounds (Fig. I). In
contrast, we do observe a fairly clear correspondence be-
tween the PILM's on the insulator phase and (k = 0) Ra-
man spectra on the metallic phase of both YBa2Cu307
an T12BaqCaCu20s (Fig. 2). We use this resemblance
to assign the PILM's in Table I. In both materials the
strongest observed PILM is the apex O(4) oxygen z-axis
vibrational mode: at 500 cm in YBa2Cu307 and 490
cm in T12Ba2CaCu~08. The shift between the PILM's
and the Raman frequencies in the insulator from which
they are derived, Au, is 55 cm for YBa3Cu307
and —47 cm for T12Ba2Ca~ Gd Cu20s. The fre-
quency shifts of the Raman modes upon doping are also
shown in Table I. For local modes, k is no longer a
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FIG. I. Photoinduced local vibrational modes (PILM's)
(thin lines) in ThBa2Ca' Gd CuqOs (top), YBaqCu30s 3

(middle), and La2Cu04 (bottom) are compared with Raman
spectra (thick lines) of insulating TI2Ba2Ca' Gd Cu20s,
YBa2Cu30{j.3 and La2Cu04.

FIG. 2. Photoinduced local vibrational modes (PILM's)
(thin lines) in T12Ba2Ca~ Gd Cu20s (top), YBa2CusOs s

(middle), and LasCuO' (bottom) are compared with Ra-
man spectra (thick lines) of metallic T12Ba2CaCu20s,
YBa2Cu~07, and Laq 85Sro qqCu04. The Raman spectra for
TI2Ba2CaCu208 are taken from Ref. 11.
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TABLE I. Frequencies (in cm ) of the PILM's compared with the symmetric Raman mode frequencies in the insulator
and metal.

Compound

La2 Sr Cu04

YBa2 Cu3 07

T12Ba2CaCu208

433 (Ai, ) 430 (A, )

229 (Aig)
505 (As)
420 (A, )
595 (A„)
490 (Ais)
410 (Ai )

229 (A, )
475 (Ais)
460 (Ais)
520 (Ai )
440 (A„)

Raman ~
Metal Insulator

PILM ~
Insulator

650
480

400
300

510
400
578
485
410

+55
-60
+50
+45

Shift

& 10

& 10
+40
-40
+75
+45

Assignment

new mode' (weak)
new mode '

apex O(2)-La out of phase~~ c
new mode ' (weak)

new mode & ~

apex O(2)-La in phase
~~

c
apex O(4) (( c

planar O(2)-O(3)
~ ~

c'
I-O(3) II c

apex O(2) ([ c
O(1) ii

c"

PILM: Raman (insulator).
Raman (insulator): Raman (metal).

'See text.

good quantum number and the range of the Hrillouin
zone Ak probed by the photoinduced local mode spec-
troscopy is related to the spatial extent of the distortion
(Az) created by the photoinduced carrier, Ek 27r/Az.
A correspondence of PILM's with k = 0 Raman modes
and their relative sharpness thus suggests that the modes
from which the PILM's are derived have relatively little
dispersion.

The remarkable correspondence between the frequen-
cies of the PILM's in the insulators and the Raman
spectra of the metallic phase of both YBa2Cus07 and
T12Ba2CaCu20s strongly suggests that the local distor-
tion caused by a photoinjected carrier (dilute limit) is
very similar to the change in crystal field caused by dop-
ing. Previously, we have shown that photoexcitation
mimics doping behavior in YBa2Cu&07 &. both the O(4)
apical z-axis PILM and the O(2)-O(3) z-axis PILM ap-
pear at the frequencies corresponding to Raman spectra
of metallic YBa2Cus07 (505 and 420 cm ). Whereas
the 500 cm i O(4) apical mode hardens, the 420 cm
O(2)-O(3) planar mode softens upon dopingi or photoex-
citation.

Present work on T12Ba2Cai Cu20s-based semiconduct-
ing material shows similar behavior. In this material, the
three PILM's involving z-axis motion of oxygen atoms are
observed at frequencies that are again very close to those
of the metal (Fig. 2 and Table I) and are up-shifted with
respect to those of the insulator. We note an upward fre-
quency shift also in the Tl-O vibrations (at 595 cm i),
suggesting that the valence fl uctuations that are causing
the local instability in the Cu-apex 0 behavior are also
present in the Tl-0 layers. The increase in the apical
oxygen frequencies upon the introduction of carriers ob-
served in both spectroscopies suggests that this behavior
is a more general phenomenon in the high-T, cuprates
with pyramidal structure, i.e. , the 1:2:3and 2:2:1:2com-
pounds. They show an absence of a mirror plane of the
apical modes with respect to the CuO~ planes and give
rise to locally polar electron-phonon coupling. The ob-
servation of (otherwise nonpolar) apical 0 modes in in-

frared spectroscopy is consistent with this interpretation:
upon photoinjection they acquire a dipole moment and
become observable in infrared absorption.

In La2Cu04, no significant shift of the apical 0 vi-
bration frequency is seen in Raman spectra with doping
(any possible shifts are smaller than 10 cm i). Also, we
observe no clear correspondence between the PILM's and
the Raman spectra in either the metal or the insulator.
Instead, new additional modes appear at frequencies that
cannot be as easily assigned as in the 1:2:3 and 2:2:1:2
structure materials (Fig. 1 and Table I). Perhaps im-
portantly, one of the new modes at 480 cm i (Fig. 1
and Table I) corresponds in frequency to the "ghost
mode, " which is observed in the neutron-scattering data
of Rietschel et al. 4 on La2Cu04. In addition to this
mode, we observe a rather broad feature centered around
300 cm and a set of weaker modes at 400 and 650
cm . More detailed comparisons between these data
and neutron-scattering experiments (also including the
1:2:3and 2:2:1:2compounds) have to be postponed until
more neutron data become available. Nevertheless, the
observation of the PILM at 480 cm does clearly imply
that this mode is coupled to the injected carriers.

Note that in contrast to the 1:2:3 and 2:2:1:2mate-
rials, La2Cu04 has an octahedral structure surrounding
the planar Cu ion, with no polar terms in the e-p cou-
pling. We conclude that the situat, ion is more complex in
La2Cu04 than in the other two materials, the complex-
ity arising from the diAerent symmetry of the electron-
phonon coupling of the octahedrally coordinated Cu in
these materials.

In order to explain the anomalous positive fre-
quency shift of the apex z-axis oxygen vibrations in
YBa2Cus07 s and T12Ba2CaCu20s, we can invoke two

p ossible mechanisms.
(a) The shift arises from level repulsion (or crossing)

between the symmetric vibrational modes and a coupled
collective low-frequency electronic excitation of A& sym-
metry (e.g. , an acoustic plasmon). This could explain the
positive frequency shift upon doping of the apical modes
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in Raman spectra, but it cannot easily account for the
shift observed in our photoexcitation experiments, where
the carrier density is probably too low for plasmons to
be present.

(b) The shift arises from a more localized Dahn-Teller
(JT) or pseudo-JT effect {PJT), where the change in oc-
cupancy at (or around) the JT site induces a local distor-
tion of the surrounding structure. As a result of this dis-
tortion caused by the introduction of carriers, the oxygen
vibration frequencies in the deformed structure are higher
than in the nondeformed structure. Equivalently, we can
view the efFect as a vibronic repulsion between a sym-
metric low-lying, localized electronic state and coupled
apex-oxygen vibrations. With increasing carrier concen-
tration, this local electronic excitation could extend to a
band.

There is increasing evidence to support the latter ex-
planation. A ST mechanism causing the phonon anoma-
lies of La2Cu04, observed in neutron-scattering data of
Pintschovius et al. ~ has been suggested by Weber.
That possibility was analyzed in some theoretical de-
tail by Zannen, Oless, and Feiner. ts A JT or PJT effect
in YBa2Cus07 g involving the apex-oxygen sites is sug-
gested by a variety of other data. A significant change
in the mean position of the apex oxygen has been ob-
served in x-ray studies of YBaqCus07 ~ upon doping,
with the 0 ion moving substantially closer to the Cu02
planes with increasing carrier concentration. This short-
ening of the apex-0 —Cu(2) bond cannot be directly
related to the tetragonal-orthorhombic structural phase
transition, and is opposite in sign from the change in c
lattice constant upon doping. Rather, the observed be-
havior appears to be a direct carrier-related eA'ect related
to the charge transfer (CT) from the charge reservoirs,
i.e. , chains to the planes through the apex oxygens. The
wealth of experimental data showing the presence of car-
riers (holes) in p, orbitals on 0 ions, together with the
well-known instability of the 02 ion, clearly suggest the
involvement of apical 0 p, together with out-of-plane Cu
orbitals in the JT coupling.

Anharmonicity of the apex-0 vibrations has been
found in temperature-dependent Raman scattering ex-
periments of both La2Cu04 (Ref. 19) and YBa2Cus-
07 q {Ref. 9). Anharmonic behavior is also observed
in T128a2CaCu20s (Ref. 20) where the apex 0(2) oxy-
gen mode shows high-temperature softening above 500
K similar to, but somewhat less dramatic than, that ob-
served in YBa2Cus07 (Refs. 9 and 21). The implica-
tion is that the common behavior in all three systems is
caused by the underlying instability to a 3T distortion.
The symmetry-breaking efFect of such nonadiabatic be-
havior has also recently been suggested by the observa-
tion of a spontaneous polarization (a pyroelectric eff'ect)
in YBa2Cus07 g and La2Cu04. A suggested adiabatic
potential surface for the apex-0 ions in the pyramidal
structure 1:2:3 and 2:2:1:2materials is shown in Fig. 3.
The position of the apex-0 ion (as determined by x-ray
difFraction) is as a superposition of the occupation prob-
abilities for the two equivalent or near-equivalent posi-

FIG. 3. A suggested possible adiabatic potential sur-
face describing the anharmonicity of the apex-0 atom in
YBa2Cu306. 3 and T12Ba2Caq ~ad Cu208. Assuming a
static potential, the barrier height can be estimated from the
high-temperature phonon softening (Refs. 9, 20, and 21) to
be 500 K ( 40 meV).

tions. Consequently, the apical 0 vibrational frequency,
as well as the average ion position, will change with local
carrier occupancy as the charge balance along z is dis-
torted by a localized carrier. A similar efFect seems to
occur in the concentrated limit upon doping. A dynamic
version of this apical oxygen JT efFect may have impor-
tant implications for superconductivity, with the anhar-
monic potential along the CT axis providing the neces-
sary retarded nonlinear interaction for real-space Cooper
pairing of in-plane carriers.

In conclusion, we find that the presence of a localized
carrier in an octahedral unit in La2Cu04 rnanisfests itself
in the appearance of new local modes. Of interest is the
mode in the region of 480 cm, which appears to cor-
respond to the "ghost mode" observed in elastic neutron
scattering. In contrast, a polaron in the pyramidal unit
of insulating YBa2CusOs and T12Ba2Cat Gd Cu20s
appears to result in the observation of coupled apex-
oxygen modes, which correspond to the k = 0 modes in
metallic YBa2Cu307 and T12Ba2CaCu208, respectively.
A Jahn-Teller interaction involving the level repulsion be-
tween a localized low-lying electronic state and the apex-
0 vibration is suggested as a possible explanation for the
anomalous large positive frequency shifts of the photoin-
duced local modes upon carrier injection as well as the
positive frequency shifts in the Raman spectra upon dop-
ing. Some kind of an anharmonic potential could then
be used to describe the vibronic interaction for the apex
oxygens in &BagCu307 and T12Ba2CaCu208.
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