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Raman study of the effect of oxygen stoichiometry on the phonon spectrum
of the high-T, superconductor YSa2Cu30
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We have carried out a study of the effect of oxygen stoichiometry on the k 0 phonon spec-

trum of the high-T, superconductor YBa2Cu30 using Raman spectroscopy. Polycrystalline sam-

ples were prepared with oxygen content x varying from 7.0, where the material is orthorhombic

and superconducting, to 6.0, where it is tetragonal and semiconducting. The frequency and inten-

sity of the k 0 phonon modes of As symmetry at 151, 340, 435, and 502 cm ' (for x 7) were

studied as a function of oxygen content.

I. INTRODUCTION

A striking property of the new family of oxygen-
deficient high-temperature superconducting oxides in
the Y-Ba-Cu-0 system ' 3 having the composition
YBa2Cu30, (Refs. 4 and 5) is the critical dependence of
the superconducting6 '4 and magnetic'5'6 properties on
oxygen content. We report here the measurement of
first-order Raman scattering to study the effect of this ox-
ygen content on the k 0 phonon modes of YBa2Cu30„
(Y 1:2:3),for 6~ x ~7.

The superconducting transition temperature of Y 1:2:3
depends strongly on the oxygen stoichiometry, which can
be readily and reversibly varied between x 6 and
x 767'7 by heating in an inert atmosphere. In the fully
oxygenated state (x 7) YBa2Cu30, is orthorhombic [see
Fig. 1(a)) and superconducting with T, 92 K and for
x&6.5 it is tetragonal [Fig. 1(b)] and semiconduct-
ing. ' ' ' ' 's zo Two features of the structure' ' ' are
the sheets consisting of Cu(2)-O(2), O(3) atoms and the
ribbons formed by Cu(1)-O(4),O(1) atoms. For x 7,
the O(1) site at (0, —,',0) is fully occupied and O(5) at
( —,',0,0) is empty. As oxygen is removed, vacancies are
formed in the O(1) position, with smaller amounts
(& 10%) leaving the O(4), O(2), and O(3) positions. 's

These vacancies can be ordered for certain values of x.
For example for x 6.8 —6.9 a superlattice with a unit
cell of dimensions (2v'2a, 242a, c) has been proposed, 22

and for x 6.6 a doubling of the a axis alone has been ob-
served. 2 Near x 6.5, there is an orthorhombic-to-
tetragonal transition in which oxygen atoms occupy O(l)
and O(5) sites equally. 's The annealing and quenching
conditions can apparently affect the value of x for which
the tetragonal structure is formed. 's 2425 The supercon-
ducting transition temperature drops as oxygen is re-
moved and the material is not superconducting in the
tetragonal state, whether the oxygens are ordered or not.
Continued removal of oxygen to x 6 gives a tetragonal
structure in which the O(1) and O(5) sites are both emp-
ty. An orthorhombic-to-tetragonal transition also occurs
as a function of temperature at 700'C in air. 's

A number of Raman studies of Y 1:2:3 and related
compounds have been carried out. The reported
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FIG. l. (a) Crystal structure of the orthorhombic phase of
YBa2Cu30, (b) the tetragonal structure of YBa2Cu306 (from
Ref. 20).

spectra often differ greatly due to the presence of impurity
phases or unreacted starting material. Since many of
these compounds have higher scattering cross sections
than Y 1:2:3,great care is needed to eliminate or carefully
identify such impurities. 2643 We make particular refer-
ence here to those Raman studies which have investigated
the dependence of the spectrum on oxygen stoichiometry.
Stavola et al. 2s measured Raman spectra between 400
and 700 cm ', for four values of x and interpreted their
results as a superposition of different amounts of tetrago-
nal and orthorhombic phases. In later work, these work-
ers3 measured the continuous frequency shift of the 502
cm ' mode between x 7 and x 6.3 and proposed that
intensity changes in the vicinity of 600 cm ' as a function
of oxygen content were due to disorder activation of the
Cu(1)-O(1) chain mode, forbidden in the ordered x 7
materiaL Blumenroder et al. 3s reported Raman spectra
for x 6.2 and x 6.8. They observed a mode at 644
cm ' whose intensity depended on oxygen content and
they assigned it also to the normally forbidden vibrations
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of the Cu(1)-O(1) chains. On the other hand, we assign
this, and the mode at 585 cm, to BaCu02 impurities
and discuss them further below. Bhadra er al. measured
the Raman spectra of three samples of Y 1:2:3of different
but unknown oxygen content. They observed a qualitative
shift to low frequency of the 502 cm ' mode, as oxygen is
removed and proposed that the 340 cm ' mode, which
they only observed at low oxygen content, is normally for-
bidden for x 7 but is rendered Raman active by oxygen
vacancies. They further proposed that its observation in
nominally x 7 samples is due to inhomogeneity of the
stoichiometry. However, we observe the mode in all sam-
ples, and at all oxygen contents, and find a substantial in-
crease in intensity as oxygen is removed. Thomsen et al. 2

studied the Raman shift of the four strongest modes as a
function of oxygen content. Our results agree with the
overall behavior observed there but the dependence on ox-
ygen content is different. Recent work by Kirillov et al. 5

proposes that the 585 and 640 cm ' modes are intrinsic
to the Y 1:2:3structure, in disagreement with our assign-
ment. In addition they find a dependence of several modes
on oxygen content which differs from those reported here.

In our study we have made measurements of the fre-
quency and intensit~ of four Raman modes at 151, 340,
435, and 502 cm for more than 10 different oxygen
stoichiometries using material that was characterized by
chemical, x-ray, and magnetic measurements.

II. EXPERIMENT

The preparation of YBa2Cu307 from Y203, BaCO3,
and CuO followed the procedure described recently. 47

Finely ground starting materials were reacted in flowing
oxygen for 12 h, pressed into pellets, and sintered for a
further 12 h in oxygen at 950'C. Variation in the oxygen
content was effected by equilibrating a pellet of material
of the x 7 compound, in a high-purity argon atmosphere
at various temperatures. Oxygen content was determined
by a gravimetric method in which batches of 10 g of Y
1:2:3 were heated in argon at a given temperature until
the resulting weight due to oxygen loss remained con-
stant. 2~ This required at least 24 h, and the standard pro-
cessing time was chosen to be 36 h. Following this anneal,
samples were cooled in argon to room temperature in 8 h.
The weight loss provided a gravimetric determination of
oxygen content (see Fig. 2). Each run was checked by
reheating in oxygen at 500'C to produce the weight gain
appropriate to the x =7 compound. Two other methods of
oxygen determination were used, and calibrated against
the gravimetric results: thermogravimetric analysis and
iodometric titration (Fig. 2). Agreement between the
different techniques of ~ 0.05 oxygen equivalents could
be obtained.

Raman scattering measurements were made on pressed
pellets of finely ground (-10 p) material that had been
annealed in argon, as described above, to produce material
with different oxygen content. The pellets were stored in
dry N2 or air. Raman measurements were made at room
temperature with samples in a helium atmosphere to elim-
inate the rotational Raman spectrum of air. Approxi-

III. RESULTS

Before discussing the detailed dependence of the Ra-
man spectrum on oxygen content, we will examine the two
limiting cases corresponding to the structures shown in

Fig. 1, i.e., orthorhombic Pmmm for x 7.0, and tetra-
gonal P4/mmm for x 6.0. Figure 3 shows the Raman
spectra for these between 25 and 800 cm ' at room tem-
perature. We believe that these spectra are essentially
free of contributions from impurity phases. In particular,
the BaCu02 peaks at 585 and 640 cm ' and the strongest
Y2BaCu05 peaks at 318, 390, and 605 cm ' are absent.
There is considerable confusion in the literature caused by
the occurrence of impurity modes, particularly those at
585 and 640 cm '. These have been assigned to various
intrinsic Cu-0 stretching modes'9 or to disorder in-
duced Cu(1)-O(1),30 3s or Cu(2)-O(2), O(3) vibrations. 3'

This situation arises, in part, from the variation in the
amount of BaCu02 present under different oxygenation
conditions. When BaCu02 is mixed with Y 1:2:3, it is
transformed by heating in Ar to give different compounds,
as yet unidentified, but probably including nonstoi-
chiometric BaCuO„. The result, as shown in Fig. 4, is
that under the argon annealing treatment that changes
the oxygen content of Y 1:2:3,the absolute intensity of the
640-cm ' mode and its intensity relative to the 585-cm
mode of BaCu02 change markedly. In addition small
shifts in the frequency of the 640-cm ' mode are ob-
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FIG. 2. Dependence of the oxygen content of YBa2Cu30 on
argon annealing temperature.

mately 100 mW of 514.5 nm Ar+ laser light was focused
with a cylindrical lens to a line ca. 6x0.1 mm2 on the
sample surface producing a power density of -15
W/cm2. Scattered light was collected at 90' and spectral-
ly analyzed with a 1-m 3-Y double monochromator using
a spectral resolution of 4 cm ', and single-channel detec-
tion. Data acquisition time per run was approximately 16
h. Spectra measured on samples after three months of
storage showed no significant changes due, for example, to
decomposition, chemical reaction with atmospheric mois-
ture or loss of oxygen by out diffusion.
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FIG. 3. (a) Raman spectrum of a polycrystalline pellet of or-
thorhombic YBa2Cu307 at room temperature, (b) the same for
tetragonal YBa2Cu30g.

served. Thus, the reduction in intensity or disappearance
of the 640-cm ' mode with sample reduction should not
be interpreted as evidence for this mode being intrinsic to
Y 1:2:3.

The main features of the x 7 spectrum are four lines
at 151, 340, 435, and 502 cm '. In addition, there are
weaker lines at 115,34 233, and 325 cm ', and broad
weak structure between 550 and 650 cm '. This is dis-
tinct from the BaCu02 peaks noted above. In the tetrago-
nal x 6 compound, an additional mode appears at 596
cm ' and substantial changes in the frequency of other
modes can be seen. In addition large intensity changes
occur which are particularly striking for the 340- and
500-cm ' modes.

A. Mode assignments

In the orthorhombic Pmmm structure, there are 15 Ra-
man active modes, five each of As, B2s, and B3s symme-
try. The five lines at 115, 151, 340, 435, and 502 cm
have been assigned to Ag modes from polarized single-
crystal data. 3' ~ These involve atomic displacements
along the c axis. The normal mode atomic displacements
corresponding to the Raman and ir active modes have
been given by Bates and Eldridge. 4s They also carried out
a normal coordinate calculation of the mode frequencies
using a modified Wilson GF matrix method with empiri-
cal force constants obtained from other related materials.
A lattice dynamical calculation with potentials adjusted
from related compounds has also been carried out. ~ An
assignment which combines these results with those of the
single-crystal Raman scattering is as follows: 115
cm ' (Ba c-axis motion); 151 cm ' [Cu(2) c-axis
motion]; 340 cm ' [Cu(2)-O(2, 3)] bend with O(2),O(3)

300 500 700 900

Raman Shift (cm )

FIG. 4. Raman spectra showing the role of BaCu02 impuri-

ties in YBa2Cu30, (Y 1:2:3)and the ffetecof Ar annealing. (a)
Y 1:2:3; (b) Y 1:2:3+10%BaCu02, (c) sample b annealed in

argon for 24 h at SOO'C; (d) sample b annealed in argon for 24
h at 800'C; (e) sample d reoxygenated by heating for 24 h in an

oxygen atmosphere. The spectrum of b is restored.

out of phase; 437 cm ' [Cu(2)-O(2, 3)] bend with O(2)
and O(3) in phase, and 502 cm ' [Cu(1)-O(4) stretch].
Alternative assignments have been given. 3o3'373s The
233 cm ' mode may be defect induced. ~

The assignment of the B2s and B3s modes is more
difficult because they are weaker and very few are
identified. The B2s and B3s modes become degenerate Es
modes in the tetragonal phase. Since a =b, the separation
of these pairs of Bzg and B3s modes in the orthorhombic
phase is not expected to be large. The largest difference
will be in the Bzs and B3s modes involving O(4) motion
along a and b since this corresponds to motion in and per-
pendicular to the plane of the Cu(1)-O(4) ribbons. We
might, therefore, expect to see four nearly degenerate
pairs and one more widely separated doublet for these
nontotally symmetric modes. Assignments based on the
calculated frequencies of Bates and Eldridge, ss and Liu et
al. and the observations of Kourouklis et al. 39 are 325
cm ' [B2s Cu(1)-O(4)] bend along a axis], 550-650
cm ' region [2 pairs of B2s, B3s Cu(2)-O(2), O(3) in
plane bend]. The B3s Cu(l)-O(4) bend along the b axis is
probably in the vicinity of the 440-cm ' and 503-cm
As modes, which mask it. The two B2g, B3s pairs of lower
frequency modes involving Ba and O(2), O(3) motion are
not expected to be below 160 cm ' (Ref. 44).

8. Dependence on oxygen content

Raman spectra taken on a number of samples with
different oxygen stoichiometry between x 7 and x 6
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are shown in Fig. 5. We concentrate attention on the four
strongest modes with frequencies of 151, 340, 435, and
502 cm ' at x 7. These have Ae symmetry in the ortho-
rhombic phase and since As modes do not arise from the
doubly degenerate Eg modes of the tetragonal phase, none
of the frequency shifts can be attributed to splitting aris-
ing from the reduction in symmetry which occurs for x
less than 6.5.

At x 7, the oxygen atoms are ordered, with O(l) sites
full and O(5) sites empty. As oxygen is removed, the
dominant process is vacancy formation on O(1). 's~o

These vacancies, or the chains of Cu(1)-O(1) might be
expected to show ordering in the orthorhombic phase~~ ~3

particularly at "simple" values of x such as 6.5, where
every second oxygen is missing, 6.66 (one in three miss-
ing) or 6.33 (one in three present) and so on. For other
values of x, and especially when the system becomes
tetragonal for x & 6.5, disorder in the O(l) and O(5) po-
sition is most likely.

As oxygen is removed, the overall dimensions of the
unit cell change, refiecting the changes in bond lengths
and packing. At x 7, a 3.824(2) A, b 3.888(2) A.,
and c 11.678(7) kz' On going to x 6, the c axis
lengthens by 0.18 A. and (b —a) changes from 0.064 A to
zero. The dependence of the individual bond lengths on
oxygen content has been determined by Johnston et al. '~

Other structural features to note are the short O(4)-O(1)
distance of 2.68 A and the large "thermal" amplitude of
the O(4) atom.

Figures 6 and 7 show the frequency shifts of the 151-,
340-, 435-, and 502-cm ' modes as a function of oxygen
content x. The 340 and 435 cm ' modes which are as-

signed to Cu(2)-O(2, 3) out of plane bending, move to
higher frequencies as oxygen is removed (the former by a
very small amount), while the Cu(1)-O(4) oxygen stretch
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FIG. 6. Dependence of the k 0 mode frequency of oxygen
content x in YBaqCu30 for the 151- and 340-cm ' modes.
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at 502 cm ' and the Cu(2) mode at 151 cm ' decrease
in frequency upon oxygen removal. These data are similar
to those reported by Thomsen et al. ,

~z but the functional
dependence on oxygen content clearly differs. This is par-
ticularly true for the 435-cm ' mode which they find to
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FIG. 5. Raman spectra of YBaqCu30 for several values of x,
measured at room temperature.

FIG. 7. Dependence of the k 0 mode frequency as a func-
tion of oxygen content x in YBazCu30„ for the 435- and 502-
cm modes.
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have a linear shift with x. On the other hand, Kirillov et
al. 5 finds discontinuities in the shifts of the 502- and
435-cm ' modes at x 6.4. The source of these
discrepancies is not immediately clear, but may be related
to the homogeneity of the oxygen content and to the accu-
racy of its determination.

A detailed understanding of the frequency shifts with x
involves a knowledge of electron-phonon interactions and
ion-ion potentials, which are not yet available. However,
some insights can be obtained by considering bond-length
changes associated with oxygen removal. One of the most
interesting modes is that at 502 cm assigned to Cu(1)-
O(4) stretch; [recall that Cu(1)-O(1) is not Raman ac-
tive]. When oxygen is removed, the c axis lengthens as
the structure becomes more open. Because of the short
O(1) to O(4) distance, it might be expected that the 502-
cm ' mode would be very sensitive to the removal of
O(1) and, indeed, it does show a rather strong dependence
on x (Fig. 6). As noted by Kourouklis et al. ,

9 the
Cu(1)-O(4) bond decreases in length as oxygen is re-
moved yet the mode frequency drops. In the rare-earth
analogs RBa2Cu307, increasing the radius of the rare
earth, also increases the c axis and results in shorter
Cu(l)-O(4) bonds. In that case, however, the 502-cm
mode increases in frequency as the Cu(1)-O(4) bond
decreasesso —a more intuitive result. The anomalous shift
of the 502-cm ' mode has been ascribed39 to changes in
the force constant associated with changes in the Cu
valence as oxygen is added to, or removed from, the sys-
tem. More generally, it has been proposed by $hafer,
Penney, and Olsons' that in the metallic and supercon-
ducting phases of these oxide materials, the covalent na-
ture of the copper-oxygen bonding makes it more correct
to think of (Cu-0)+ complexes sharing the electron
deficiency. These holes are believed to be the major
charge carriers, since there is a ~ood correlation between
T, and the hole concentration. s' 2

As oxygen is removed from x 7 to x =6.5, we find that
there is a rapid increase in the Cu(2)-O(2), O(3) bend at
435 cm ' (and a smaller but noticeable increase in the
frequency of the 340-cm ' mode). Below x 6.5 on the
other hand, where the material is semiconducting, the
mode frequency is relative constant. This suggests that
electronic screening of the force constants for these modes
is important in the highly conducting regime. 42 There is
evidence that the conductivity occurs mainly in the Cu(2)
planes, 52 and the behavior of the 435-cm ' mode provides
support for this. It is not clear, however, why the related
340-cm ' mode in which the O(2) and O(3) atoms vi-

brate out of phase, shows such a small frequency shift.
Electronic screening also appears to be involved in the
anomalous temperature dependence of the 340-cm
mode which softens below the superconducting transition
temperature.

IV. CONCLUSION

We have used Raman spectroscopy to study the effect
of oxygen stoichiometry on the phonon spectrum of
YBa2Cu30„. The dependence of the frequency of the four
strongest Ag modes on x was measured for 6 ~ x ~ 7. We
find that the Raman spectrum can provide a sensitive non-
destructive method of determining oxygen stoichiometry,
once it has been calibrated by chemical assays. Mode fre-
quency shifts provide evidence for changes in the nature of
the Cu(1)-O(4) bond as oxygen is removed and for
screening by conduction electrons in the Cu(2)-O(2),
O(3) planes. In many cases the results are significantly
different from those of other workers. In part this may
arise from procedures for oxygen determination. It is
pointed out that care must be taken to identify purity
modes due to other oxide phases.
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