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We report on the effect of rare-earth substitution on the Raman spectra of RBa2Cu307
perovskites where R Y, La, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Tm, and Lu. These spectra show both

the presence of Raman modes that are intrinsic to the superconducting material and also those
due to impurity phases. The intrinsic Raman modes near 340 cm ' and 500 cm ' which have

been attributed, respectively, to Cu(2)-O(2, 3) bending and Cu(1)-O(4) stretching vibrations,

show substantial and systematic variations in vibrational frequency as a function of the ionic ra-
dius of the rare earth. These variations are in good agreement with neutron-scattering determina-

tions of bond lengths, which supports the vibrational assignment of these modes. PrBa2Cu307
shows no anomalous behavior in its vibrational spectrum even though it was the only sample stud-

ied that was not superconducting. This suggests that the valency of Pr is similar to the other rare
earths studied and cannot account for the absence of superconductivity in this material. Assign-
ment of other Raman modes in the rare-earth spectra requires identification of impurity phases,
which even in small concentrations, can significantly contribute to the Raman spectra. Impurity

phases can be preferentially at the surface of samples and can be substantially modified by heat
treatment in an argon atmosphere. These impurity phases have previously been confused with

disorder-induced Raman modes.

INTRODUCTION EXPERIMENTAL DETAILS

During the last two years, since the discovery of a new
class of high-temperature superconductors by Bednorz
and Miiller, ' there has been an explosion of experimental
and theoretical studies on these new materials. These
studies include a substantial number of Raman3 '7 and
infrared s's's'9 spectroscopic investigations that could,
in principle, lead to an improved understanding of the
structure of these materials, impurity phases, and the su-
perconducting mechanism itself. Several of these investi-
gations show very interesting soft-mode behavior for some
of the phonon features. s 7 Such studies could prove to be
very informative since vibrational spectroscopy is a sensi-
tive probe of microstructure, which plays an important
role in these materials as illustrated by the strong depen-
dence of superconductivity on oxygen stoichiometry and
ordering. 20 Such investigations, however, can only be use-
ful if one can isolate the intrinsic modes of the supercon-
ductor from that of impurities ' and identify these
modes with the normal-mode displacement of atoms in the
unit cell. There are many conflicting reports in the litera-
ture on the Raman spectra of RBa2Cu307 perovskites.
These reports differ substantially in the identification of
the intrinsic modes of the superconductor as well as their
assignments. "' '

In this paper, we present a systematic study of the
effects of rare-earth substitution on the Raman spectra of
RBa2Cu307 materials where R Y, La, Pr, Nd, Sm, Eu,
Gd, Dy, Ho, Tm, and Lu. These studies take into account
the important and sometimes subtle role of impurities in
interpreting these spectra. After completion of this work,
a similar study of these dependencies was reported by
Cardona et al.

The experiments were conducted using a Jobin Yvon
U1000 spectrometer equipped with holographic gratings
and photon counting electronics. The excitation source
was an argon laser operating at 5145 A with a power of
approximately 100 mW at the sample surface. The laser
beam was incident at 60' and focused on the sample by a
7-cm focal-length cylindrical lens to give a line image on
the sample with a maximum power density of 50 Wlcmz.
The temperature of the laser-excited volume was estimat-
ed by measuring the anti-Stokes-to-Stokes ratio for the
503 and 339 cm ' lines of YBa2Cu307. This was con-
sistent with laser heating being less than 10 K at room
temperature. Similar conclusions were reached by con-
sideration of the heat-flow problem. 2' The polarization of
the incident beam was in the p direction and the scattered
light was collected at right angles to the incident laser ra-
diation with no polarization analysis of the outgoing radi-
ation. The samples, which were in pellet form, were
mounted in an optical cell in an atmosphere of flowing He
in order to eliminate the rotational Raman spectra of air.
The spectrometer slit widths were 500 pm which corre-
sponds to a resolution of 4 cm ' over the spectral range of
interest. The reported spectra were obtained by summing
100 individual scans over the spectral region between 25
and 800 cm ' with an integration time of approximately
12 11.

The superconducting samples were prepared by the
technique described by Engler et al. Ultrapure R203,
BaO, and CuO powders were mixed in atomic ratios of
R:Ba:Cu of 1:2:3where R Y, La, Pr, Nd, Sm, Eu, Gd,
Dy, Ho, Tm, and Lu. This mixture was then heated in

flowing oxygen for 12 h. The resulting black powder was
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formed into a pellet, sintered at 950'C in oxygen for 12 h,
and slow cooled to room temperature. Several of these
samples contained substantial amounts of impurity phases
which were predominantly BaCu02 after this preparation
procedure. These samples were reground and sintered at
950'C. This procedure was repeated until the impurity
concentrations reached a low enough level to give satisfac-
tory Raman spectra. Some rare-earth samples (e.g., La,
Pr, Nd, and Sm) were particularly difficult to purify
which may be related to the phase diagram of these ma-
terials with BaCu02. All the samples, except for
PrBa2Cuq07, were superconducting and had orthorhom-
bic unit cells. The critical temperatures were above 90 K.
Samples of BaCu02 and Y2BaCu05 were produced by
mixing the starting materials in appropriate atomic ratios
and reacting them in flowing oxygen for 12 h.

RESULTS AND DISCUSSION

Intrinsic Raman spectrum and impurity phases

The RBazCu307 superconducting materials crystallize
into an orthorhombic structure with the centrosymmetry
space group Pmmm(ops) (D2hl) as shown in Fig. 1. The
oxygen atoms occupy four different sites: two sites O(2)
and O(3) within buckled Cu(2)-0 planes, one site in
Cu(l)-O(1) linear chains, and one O(4) site bridged be-
tween the linear chains and planes (Fig. 1). The copper
atoms occupy two different sites Cu(1) and Cu(2) which
are, respectively, in the linear chains and planes. The R
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and Ba atoms occupy only one site. The 13 atoms in the
unit cell yield 36 vibrational modes of which 15 are Ra-
man active. These 15 modes involve five vibrations of A tz,
Bqz, and Bqg symmetry. These normal modes do not in-
volve displacements of the Cu(1) and O(1) atoms in the
linear chains or the R atoms which all have Dzq site sym-
metry.

Figures 2(a) and 2(b) display the Raman spectra of
YBaqCuq07 and EuBaqCu307 in the spectral region be-
tween 25 and 800 cm '. These samples, as we shall dis-
cuss later, contain only minimal amounts of impurity
phases. These spectra have four relatively strong features
at 151, 339, 437, and 503 cm ' in the yttrium compound
with corresponding features at 151, 311, 439, and 508
cm ' in the europium compound. Both spectra also show
a weak feature near 220 cm '. Single-crystal studies of
Krol et al. '4 and Yamanaka et al. 9 indicate that all these
features have A(g symmetry and involve normal-mode
displacements only along the z crystallographic axis as il-
lustrated by the normal coordinate calculations of Bates
and Eldridge. 23 Krol et al. '4 assign the spectral lines near
503, 437, 339, and 151 cm ', respectively, to stretching
of the O(4) bridging oxygen, O(2,3) in-phase bond bend-
ing, O(2, 3) out-of-phase bond bending, and Ba symmetric
stretching. In agreement with these authors, we also iden-
tify these features as intrinsic to the superconducting ma-
terial.

In general, Raman spectra obtained by other investiga-
tors contain these features. However, with a few excep-
tions these spectra also contain other Raman modes which
can dominate the relatively weak modes due to the super-
conductor. In many cases, we suggest that these extra
modes are due to impurity phases of BaCu02 and
RqBaCu05. Raman spectra of these materials are com-
pared to that of the superconducting materials in Figs.
2(c) and (2d), respectively. The relative amounts of these
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FIG. 1. Four unit cells of YBa2Cu07 shying the copper-

oxygen conducting planes and linear chains together with the
positions of the atoms. The orthorhombic unit cell has dimen-
sions a 3.8863 A, b 3.8231 A, and c 11.6809 A (Ref. 30).
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FIG. 2. Raman spectra of the following materials: (a)
YBa2Cu307, (b) EuBa2Cu30q, (c) BaCu02, and (d) Y2BaCu05.
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impurity phases depend in detail on the sample prepara-
tion conditions but often the major impurity appears to be
BaCuOq with its characteristic strong Raman features
near 641 and 587 cm '. These features are in the spec-
tral re~ion where disorder-induced modes are expect-
ed" ' and must be distinguished from them. Even small
concentrations of this impurity phase can strongly
infiuence the Raman spectrum. This is illustrated in Figs.
3(a) and 3(b) where the spectrum of a pure YBagCu307
sample is compared to that of the same sample prepared
by mixing a 10% BaCuOq impurity with the supercon-
ducting material. At this impurity level, the intensity of
the 641 cm ' mode is about a factor of 3 larger than that
of the strongest feature of the superconducting sample at
503 cm '. It also should be noted that there is consider-
able overlap between the BaCuOq modes at 430 and 221
cm ' and those in the superconducting phase at 437 and
220 cm '. It is clear from these results that a BaCuOq
impurity even at a 1% level will make a significant contri-
bution to the Raman spectrum. Even smaller concentra-
tions of R2BaCu05 will affect these spectra since the
stronger features of these spectra3 are about an order of
magnitude more intense than that of the 641 cm ' mode
of BaCuOq (Fig. 2).

So far in our discussion, we have assumed homogeneous
samples. In some cases, however, it appears that BaCu02
impurity is found preferentially either at the surface of the
pellet or the surface of the small particulates in the sam-
ple. This is illustrated in Fig. 4 where we show the spectra
of the following samples: (a) BaCu02, (b) HoBaqCu307,
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FIG. 3. Ram an spectra of the following samples: (a)
YBazCu307, (b) YBaqCu307+10% BaCuOq, (c) YBaqCu307
+10% BaCuOq heated 24 h at 500 C in an argon atmosphere,
(d) YBaqCu30q+10% BaCuOq heated 24 h at SOO'C in an ar-
gon atmosphere, and (e) sample c annealed for 24 h in an oxy-
gen atmosphere.
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FIG. 4. Raman spectra of the following samples: (a) Ba-
CuOz, (b) HoBagCu307, (c) sample b after regrinding, and (d)
sample c after annealing for 24 h at 800'C in an oxygen atmo-
sphere.

(c) sample b reground and pressed into a pellet, and (d)
sample c annealed at 900'C in an oxygen atmosphere.
The spectra of the nominally HoBaqCu30q sample in Fig.
4(b) appears to be almost identical to that of the BaCuOq.
The absolute intensities, relative intensities, and the line
positions are very similar. The only significant difference
in the spectra is a small systematic shift of all the modes
to higher frequencies. This shift could be due to small
variabilities in the structure of BaCuOz or oxygen
stoichiometry as discussed later in this paper or possibly
strain effects. 2 One might conclude from these data that
the HoBaqCu307 sample is predominantly BaCuOp.
However, as shown in Fig. 4(c), this sample after grinding
has a spectrum characteristic of the superconducting ma-
terial with only a small BaCu02 impurity. We suggest
that these data indicate that our sample was inhomogene-
ous with large concentrations of BaCu02 either at the sur-
face of the pellet or on the surface of the particulates in

the compressed pellet. Annealing of the sample at 900'C
in oxygen reduces this impurity level even further.

Impurities can also play an important role in studies of
the effects of oxygen stoichiometry on the vibrational
spectra of these materials. In these studies, the oxygen
stoichiometry is usually varied by heating the supercon-
ducting material to various temperatures in an argon at-
mosphere or in vacuum. This heat-treatment procedure
causes significant changes in the Raman modes6'7 ~5 but
also in those due to impurity phases. This is illustrated in

Figs. 3(c), 3(d), and 3(e) which shows the Raman spectra
of the following samples: (c) 90% YBa2Cu307+10% Ba-
CuOq heated for 24 h at 500'C in an argon atmosphere,
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(d) 90% YBazCu307+10% BaCu02 heated 24 h at
800'C in an argon atmosphere, and (e) sample c reoxy-
genated by annealing it in an oxygen atmosphere at
800'C. These spectra show large changes in both the ab-
solute and relative intensities of the 641 and 587 cm
BaCu02 impurity modes. The absolute intensity of the
641 cm ' mode decreases after the 500'C annealing and
both modes reduce substantially in intensity after the
800'C annealing. The 641 cm ' mode also appears to
show an appreciable frequency shift after annealing at
500'C. These changes are reversible as illustrated in Fig.
3(e) and suggest that the argon heat-treatment pro-
cedures may modify the oxygen stoichiometry of BaCu02
in a similar fashion to that of the superconducting materi-
als. It is obvious from these observations that it is essen-
tial to have very pure samples in these studies especially in

interpreting modes which are related to oxygen disorder.
Indeed, several studies have attributed the modes near 641
and 587 cm ' to disorder-induced modes. "
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Effects of rare-earth substitution on intrinsic

Raman spectrum

In Fig. 5, the Raman spectra of RBa2Cu307 are
presented where R Y, La, Pr, Nd, Sm, Eu, Gd, Dy, Ho,
Tm, and Lu. These spectra show the intrinsic Raman
modes of the 1:2:3 structure as well as spectral features
which we identify as due to either BaCu02 or R2BaCu05
impurities. The spectra of Y, Gd, and Eu materials are
relatively clean with no obvious impurity phases. Spectra
of Tm, Sm, Nd, Pr, and La show the clear signature of
BaCu02 impurities which their characteristic Raman
features at 641 and 587 cm '. The spectra of

HoBa2Cu30p and DyBa2Cu307 show extra weak modes
near 600 and 400 cm ' which we attribute to the 2:1:1
impurity phase. The small frequency shifts between the
modes in these two different samples is presumably due to
the different rare earths involved. In these samples, it is
relatively easy to separate the intrinsic Raman spectra
from that due to impurities and these results are presented
in Table I. It should be noted that there is significant
overlap between the 437 cm ' intrinsic mode and the 430
cm ' BaCu02 mode. For spectra in which there is a
significant BaCu02 impurity, we do not tabulate the posi-
tion of this mode. It is clear from these results that there
is a large and systematic variation in the frequency of the
503 and 339 cm ' lines. On the other hand, the frequen-
cy shifts of the 151 and 437 cm ' modes are small and do
not seem to have any obvious systematic variation. In
Figs. 6(a) and 6(b) the frequency of the 503 and 339
cm ' modes are plotted, respectively, versus the ionic ra-
dius of the rare earth as determined by Shannon and
Prewitt. 26 The 503 cm ' mode increases linearly in fre-
quency with increasing ionic radius in a highly correlated
fashion (r 2 0.977). The frequency changes by approxi-
mately 6% from Lu which has the smallest ionic radius to
La which has the largest. This result would at first not
seem consistent with the assignment of this mode to the
O(4) bridging stretch vibration since the dimension of the
unit cell in the z direction increases with increasing ionic
radii. 2O This would be expected to lead to increasing bond
lengths and decreasing force constants and vibrational fre-
quencies. However, this is not the case since neutron-
diffraction data show that although the c dimension in-

creases the Cu(1)-O(4) bond length, which presumably
controls the O(4) stretch frequency (Bates and El-
dridge), 23 decreases. This is illustrated in Fig. 6(a) where
the Cu(1)-O(4) bond length is plotted versus the ionic ra-
dius of the rare earth. Although there is only limited
neutron-diffraction data available, z7'2s there is good
agreement between the trends in the Raman data and
neutron data. These studies indicate the sensitivity of vi-

brational spectroscopy to small bond-length changes. As
illustrated in Fig. 6(a) a change the vibrational frequency
of 1 cm ', which is easily detectable, corresponds to a
change in bond length of approximately 0.002 k In Fig.
6(b) the frequency of the 339 cm ' Raman mode is plot-
ted versus the ionic radius of the rare earth. Again, a high
correlation is observed but in this case the vibrational fre-
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TABLE I. Frequencies of intrinsic Raman modes of
RBa2Cu307.
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FIG. 5. Raman spectra of RBa2Cu307 where R Y, La, Pr,
Nd, Sm, Eu, Gd, Dy, Ho, Tm, and Lu.
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quency decreases with increasing ionic radius. This
change is substantial and corresponds to approximately a
15% shift in the vibrational frequency. This shift is con-
sistent with the identification of the 339 cm ' mode as an
in-plane Cu(2)-0(2), 0(3) bending vibration since
neutron-diffraction studies2 '2s indicate that the in-plane
Cu —0 bond lengths increase with the ionic radius of the
rare earth as shown in Fig. 5(b). The intrinsic modes near
151 and 437 cm ' do not show any substantial variation
as a function of R. This may be reasonable for the 151
cm ' mode which has been attributed to a Ba vibration
but is somewhat surprising for the 437 cm ' mode which
is attributed to an in-plane bending vibration in close

FIG. 6. (a) Plot of variation of the vibrational frequency of
the 503 cm ' mode vs the ionic radius of the rare earth. These
results are compared to bond-length variations as determined
from neutronMiffraction studies (Refs. 27 and 2S). (b) Plot of
variation of the vibrational frequency of the 339 cm ' mode vs

the ionic radius of the rare earth. These results are compared to
bond-length variations as determined from neutron-diffraction
studies (Ref. 27).

proximity to the rare earth. All the rare-earth samples re-
ported here, except for PrBa2Cu307, were superconduct-
ing with T, greater than 90 K. It is interesting to note,
however, that there appears to be no anomalous behavior
in the vibrational spectrum of PrBa2Cu307 compared to
that of the other rare-earth samples. This is illustrated in
Figs. 6(a) and 6(b) where the vibrational frequencies of
PrBa2Cu307 fit in quite well with the systematic behavior
of the vibrational frequencies of the other rare earths as a
function of their ionic radius. The fact that PrBa2Cu307
is not superconducting even when it is in the orthorhombic
phase with ordered 0(1) is puzzling. It has been proposed
by others that this behavior is due to the 4+ rather than
3+ valency of the Pr ion in the 1:2:3structure. Our data
suggest that this is not a likely explanation since such a
change of valency would be expected to perturb the
Cu(1)-0(1) and Cu(2)-0(2, 3) vibrational frequencies
significantly, which is not observed.

In conclusion, we have determined the dependence of
the intrinsic Raman spectrum of RBa2Cu307 as a func-
tion of R where R Y, La, Pr, Nd, Sm, Eu, Gd, Dy, Ho,
Tm, and Lu. Raman modes near 503 and 339 cm
which are attributed, respectively, to Cu(l)-0(4) and
Cu(2)-0(2, 3) vibrations, show large and systematic vari-
ations in vibrational frequency as a function of the ionic
radius of the rare earth. These findings are consistent
with the limited neutron-diffraction studies available and
give further support to the identification of these modes as
Cu(1)-0(4) symmetric stretch and Cu(2)-0(2, 3) in

plane bending vibrations. PrBa2Cu307 shows no anoma-
lous behavior in its vibrational spectrum even though it
was the only sample studied which was not superconduct-
ing. This result suggests that the valency of the Pr ion is
similar to that of the other rare earths and cannot account
for the absence of superconductivity in this material. It
has also been shown that the interpretation of Raman
spectra at high-T, materials requires recognition of the
important role of impurities. Even small concentration of
impurity phases can strongly influence the Raman spectra
since these insulating materials are less absorbing than the
superconducting phases and have large Raman cross sec-
tions. Impurity phases can also be present preferentially
at the surface of samples leading to a highly distorted Ra-
man spectra. Furthermore, impurity spectra are substan-
tially modified by heat treatment in an argon atmosphere.
These effects are especially important in studies of oxygen
stoichiometry and ordering where the identification of
disorder-induced Raman modes is of great interest.
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