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A systematic Raman spectroscopic investigation has been performed on YBa&Cu3 „Co 07—Q

ceramic samples of different Co content x in the interval 0~x ~0.6. The structure and the super-
conducting properties of the samples have been carefully characterized by x-ray diffraction, magnet-
ic susceptibility, and resistivity measurements. It is found that the frequency of the axial stretching
vibration of O(4) at 502 cm decreases, the frequency of the Cu(2)-O(2), O(3) in-phase bending vi-

bration at 440 cm increases, and the frequency of the Cu(2)-O(2), O(3) out-of-phase bending vibra-
tion at 335 cm remains constant for increasing Co concentration. The dependencies of the fre-
quencies as we11 as of the intensities of these vibrational modes on cobalt substitution are reminis-
cent of the behavior of the corresponding modes for pure YBa2Cu307 z of increasing oxygen
deficiency. It is proposed that the frequency of this mode is directly dependent on the free-charge'
carrier concentration and is sensitive to the charge balance between the chains and the planes.
Moreover, the resultant changes of the vibrational modes on Co substitution provide additional evi-
dence for the mode assignments of YBa2Cu307 —$

I. INTRODUCTION

Since the discovery of high-temperature superconduc-
tivity in perovskite copper oxides' various experimental
techniques have been applied to elucidate the origin and
the properties of the superconductivity in these materials.
Since the classical weak-coupling phonon-mediated su-
perconductivity seems to be ruled out in these materials
by a negligible isotope shift of the transition temper-
ature T„new pairing mechanisms, involving spin-, "
exciton-, ' ' and strong phonon-coupling, "" ' or even a
new ground state "have been proposed to explain the
high-temperature superconductivity. However, so far no
conclusive experiments have been reported and the super-
conducting mechanism remains unknown. A useful and
established method in superconductivity research is to in-
vestigate the effects of different kinds of isomorphic sub-
stitutions, e.g. , isotope substitutions or replacements of
atoms of different magnetic moment, radius, mass, and
valence, on the superconductivity and its related proper-
ties. A well-known example is that the addition of
paramagnetic impurities in the classical superconductors
leads to a linear decrease of T„which can be explained,
within an extended weak-coupling BCS theory, as pair
breaking induced by an interaction between the paramag-
netic impurities and the conduction electrons.

The method of atomic replacement in YBazCu307
has proven to give valuable insight into the supercon-
ducting properties. Replacement of Y by other rare-
earth elements possessing large magnetic moments (ex-

cept Ce, Pr, and Tb) does not significantly afFect the su-
perconductivity. This implies that the rare-earth site is
not involved in the superconducting mechanism since
otherwise the localized magnetic moments would reduce
the transition temperature. However, there is a slight in-
crease of T, with increasing radius of the rare-earth ele-
ment, probably due to an expansion of the unit cell and
an increase of density of states near the Fermi level.
Furthermore, partial substitution of Ba ions by Sr and/or
Ca only has minor effects on the superconducting proper-
ties of Y-Ba-Cu-O.

Since different substitutions for Y and Ba in Y-Ba-Cu-
0 show that the superconductivity involves neither the Y
site nor the Ba site, the two-dimensional Cu-0 planes
Cu(2)-O(2), O(3), and the Cu(1)-O(1) chains (see Fig. 1)
are primarily associated with the high-T, superconduc-
tivity. An understanding of the physical properties of the
different Cu-0 environments is thus essential for an ex-
planation of the superconducting mechanism. Replace-
ment of Cu by other transition metal ions is therefore ex-
pected to give valuable information about the significance
and role of the different Cu-0 layers for the superconduc-
tivity. [The Cu(2)-O(2), O(3), and Cu(1)-O(1) planes will
hereafter be denoted as the Cu02 planes and the CuO
chains, respectively. ]

Recently, it has been reported that 3d transition-metal
substitution for Cu in Y-Ba-Cu-0 causes a decrease of T,
as well as a broadening of the superconducting transi-
tion. ' Interestingly, recent neutron-diffraction stud-
ies, ' ' Mossbauer, ' ' ' and extended x-ray-absorption
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of other authors' ' ' are also included in Fig. 4 for
comparison. A summary of the lattice parameters is
given in Table I, together with the T, values obtained by
resistivity and magnetic measurements. The immediate
observation to be made from Fig. 4(a) is that the struc-
ture of YBa2Cu3 „Co 07 z transforms from orthorhom-
bic to tetragonal for 0.05 (x &0. 15. In the tetragonal
phase the length of the a axis increases monotonically up

FIG. 4. Unit cell parameters (a, b, c, V) as a function of Co
content in different samples of YBa&Cu3 „Co 07 z. ( ~ )

present results; (6), (+ ), and (I) results of Refs. 32, 31, and

15, respectively. The lines are guides to the eye through the
present results.

to the maximum concentration investigated. Qn the oth-
er hand, the c axis length decreases slightly with increas-
ing Co concentration [see Fig. 4(b)]. The unit-cell volume
increases throughout the investigated concentration
range [see Fig. 4(c)).

D. Raman spectra

In Fig. 5 Raman spectra of fully oxygenated
YBa2Cu3 Co 07 z for 0 ~ x ~ 0.6 are shown in the
spectral region between 300 and 750 cm ', which is the
typical region of the oxygen vibrations in the high-T, su-
perconductors. The Raman spectrum of the undoped Y-
Ba-Cu-0 is composed of three distinct peaks at 335, 440,
and 502 cm ' and a broad feature at frequencies ) 550
cm '. Recent reports on polarized Raman spectra from
single crystals have unambiguously shown that the
first three peaks are typical features of the superconduct-
ing phase. For increasing Co substitution we note several
continuous changes in the spectra: (i) the intensity of the
335 cm ' mode increases, (ii) the frequency of the 440
cm ' mode increases, (iii) the frequency of the 502 cm
mode decreases, and (iv) the intensity of the broad band
above 550 cm ' increases. There is no sign of any abrupt
change at the orthorhombic-to-tetragonal transition. All
the spectra reside on a strong background which appears
to be independent of the Co concentration. This back-
ground has been interpreted by several authors to be due
to free-carrier scattering.

In Fig. 6 the peak frequencies of the 335, 440, and 502
cm ' modes are presented as a function of Co concentra-
tion. Note the rapid decrease of the frequency of the 502
cm ' mode with increasing x. For the samples with the
largest Co concentration investigated the 502 cm ' mode
has decreased about 30 cm ' compared to the undoped
sample. The 440 cm ' band increases only slightly and
the frequency of the 335 cm ' band appears to be con-
stant with increasing x. The dependencies of the peak
frequencies on Co concentration are reminiscent of the
variations observed for decreasing oxygen content of the
undoped Y-Ba-Cu-O. The intensity variations of the
570 and 630 cm ' bands with Co concentration are
shown in Fig. 7. For small x the intensities of both
modes increase rapidly while for larger x the intensities

TABLE I. Lengths of edges of the unit cell (a, b, c), the volume of the unit cell ( V), and the mid-

point superconducting critical temperatures, T, (R) and T, (I'), derived from the resistivity and the FC
magnetic transition curves, respectively, for YBa&Cu3 Co 07 z. Numbers in parentheses indicate the
uncertainty of the last digit stated as one standard deviation.

0.00
0.05
0.15
0.20
0.30
0.40
0.50
0,60

(A)

3.8210(8)
3.848(3)
3.8673(8)
3.8695(4)
3.8740(2)
3.8785(1)
3.8810(3)
3.8850(6)

b

(A)

3.8856(8)
3.880(3)
3.8673(8)
3 ~ 8695(4)
3.8740(2)
3 ~ 8785(1)
3.8810(3)
3.8850(6)

(A)

11.680(4)
11.674(6)
11.675(3)
11.6709(9)
11.6696(7)
11.6679(6)
11.6663(9)
11.655(2)

V
(A )

173.42
174.28
174.62
174.75
175.13
175.51
175.72
175.91

T, (R)
(K)

92
90
76
58
30
4
0
0

T, (I')
(K)

91
89
73
51
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tetragonal transition and loss of superconductivity of Y-
Ba-Cu-0 for 6 =0.5. However, the presence of high- T,
superconductivity in Co- and Fe-substituted Y-Ba-Cu-0
(Ref. 15) and low-temperature oxidized pure Y-Ba-Cu-0
samples of tetragonal structure as well as the recent
discovery of some Bi and Tl based high-T, superconduc-
tors of tetragonal structure with even higher T, (Ref. 40)
has unambiguously shown that this suggestion is wrong.

It has been demonstrated by neutron-diAraction'
and EXAFS' experiments that Co exclusively occupies
the Cu(1) site. Since Co usually prefers an octahedral ox-
ygen coordination stabilized by the Co + state it is ex-
pected that Co substitution on the Cu(1) site causes an in-
troduction of extra oxygen atoms in the CuO chains. The
Co substitution would then lead to an increasing oxygen
occupation at the O(5) sites bridging the Cu(1)-O(1)
chains. In fact the total oxygen content in Co-doped Y-
Ba-Cu-0 samples has been found to increase with in-
creasing Co concentration' ' ' to about 7 —5=7.4 for
maximum Co concentration. The increase of the a-axis
length in the tetragonal region and of the unit-cell
volume with increasing Co concentration then reAect the
higher coordination number of the Co ion and the extra
oxygen brought into the structure. Miceli et al. ' have
noted that one extra oxygen is introduced for every two
Co in the a-b plane involving CuO chains and speculate
that two Co form a local pail linked by an oxygen.
Furthermore, they argue that the extra oxygen brought
in by Co drives the orthorhombic-to-tetragonal transition
by filling the O(5) sites adjacent to the chains. However,
the tendency of Co to exist in octahedral coordinations
and thereby cause a disordering of the CuO chains seems
to be more important since the orthorhombic-to-
tetragonal transition occurs for very small Co concentra-
tions. This is supported by a recent EXAFS study' of
Co-substituted Y-Ba-Cu-0 which shows that most of the
Co(1) sites, and their neighboring oxygen sites are highly
disordered. The authors suggest a model which would
lead to a tetragonal structure; the Co atoms are displaced
from the Cu(l) site and aggregate with extra oxygens into
distorted zig-zag chains in the (110) directions. A simi-
lar displacement of the Co(1) sites has also been observed
in a recent neutron-scattering study. The main changes
of the local structure are expected to occur in the layer
where the substitution takes place, i.e., in the CuO chains
in case of Co doping. However, changes also occur in
connection with the CuOz planes which are thought to be
of prime importance for the superconductivity. The most
evident changes of the local structure, as observed by
neutron diffraction, ' ' are the shift of O(4) away from
Cu(2) and the shift of Ba towards the CuOz plane. These
changes are similar to those observed for a decrease of
the oxygen content in unsubstituted Y-Ba-Cu-O. ' '

Therefore, the changes of the electron distribution
around the CuOz plane seem to be similar in case of oxy-
gen removal and Co substitution of the pure Y-Ba-Cu-0
Miceli et a/. ' have noted identical correlation of T, with
the Cu(l) —O(4) bond length for oxygen deficient and
Co-doped Y-Ba-Cu-O. However, the largest change is in
the Cu(2)-O(4) distance which may be very sensitive to
charge transfer between the Cu02 planes and the CuO

chains and therefore also to the superconducting proper-
ties.

B. Phonon Raman spectra

Mode assignment

Recently, most of the phonon modes observed by Ra-
man scattering from the undoped Y-Ba-Cu-0 have been
unambiguously assigned on the basis of single-crystal Ra-
man experiments. Generally, five modes are ob-
served around 116, 160, 335, 440, and 500 cm ', which
are all assigned to vibrations in the c-axis direction. The
500 cm ' mode is the Cu(1)-O(4)-Cu(2) stretching, the
440 cm mode is the in-phase bending vibration of O(2),
O(3) and the 335 cm ' mode is the out-of-phase bending
vibration of O(2), O(3). The 116 and 160 cm ' modes,
which are not observed in the present study
owing to the large straylight background, are assigned to
Ba and Cu(2) c-axis vibrations, respectively. We attribute
the distinct Raman peaks observed for Co-substituted Y-
Ba-Cu-0 at 335, 440, and 500 cm ' to the corresponding
modes for pure Y-Ba-Cu-O. In pure Y-Ba-Cu-0 addi-
tional modes have been observed at 220 cm ' and in the
region 550—650 cm '

~ In some reports ' ' ' these
modes have been assigned to Raman-forbidden modes,
which have become Raman active due to disorder in-
duced by oxygen vacancies, defects, or twinning. A mode
observed at 580 cm ' has then been proposed to corre-
spond to the ir-active Cu(1)-O(1) stretching vibration. In
other reports ' the modes in the region 550—650 cm
have been attributed to impurities of BaCu02, which
have Raman modes at 636 and 576 cm ', and
Y2BaCu05, which have a strong Raman mode at 600
cm '. A recent Raman study of an untwinned single
crystal of Y-Ba-Cu-0 has shown the existence of.

disorder-induced modes at 580 and 220 crn
The disorder-induced modes related to the CuO chains

should also become Raman active for Co-doped material
because of the disorder introduced by the Co ions and the
extra oxygens. A broad band in the region 550—650
cm ' is present in the Raman spectrum of the Co-
substituted Y-Ba-Cu-0 (see Fig. 5). It consists of two
main peaks at 570 and 630 cm '. The intensities of these
modes increase considerably with increasing Co concen-
tration, which suggests the assignment to disorder-
induced modes. However, to be able to attribute the 570
and 630 cm ' peaks to scattering from the superconduct-
ing Co-doped phase we need to exclude the possibility
that they correspond to the nearly coincident BaCu02
modes at 576 and 636 crn '. The x-ray diA'raction mea-
surements did not reveal any detectable amount of im-
purities. Nevertheless, the modes can still be due to Ba-
Cu02 since the detection limit of the x-ray-diftraction
measurements is of the order of 1% and the Raman
scattering cross section of BaCu02 is much larger than
for the superconducting phase. The intensity ratio of the
636 and 576 cm ' peaks in pure BaCu0z is about 3
which is incompatible with our observation for the Co-
doped Y-Ba-Cu-O samples and would seem to exclude
the presence of BaCuOz. However, it has been reported
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by Rosen et aI. that for small amounts of BaCu02 in
Y-Ba-Cu-0 both the absolute and relative intensities of
the 636 and 576 cm ' modes of BaCu02 change dramati-
cally with oxygen removal. A subsequent oxygen anneal-
ing recovered the original Raman features of BaCu02. A
similar change of the Raman spectrum was observed for
a sample of pure BaCu02 annealed at 950 C in air.
These results suggest that heat-treatment procedures can
change the oxygen content of BaCu02 in a manner simi-
lar to that of Y-Ba-Cu-0. If a significant amount of such
oxygen-deficient BaCu02 is present in our samples as im-
purity, a heat treatment under oxygen atmosphere should
change the intensity patterns for the 570 and 630 cm
bands. However, as demonstrated in Fig. 8 no significant
change was observed in the Raman spectra of the original
sample before and after annealing. Therefore we attri-
bute the Raman features above 550 cm ' to disorder-
induced Raman scattering rather than to contamination
of BaCu02.

Moreover, the intensities of the 570 and 630 cm
bands increase rapidly for small Co concentration but
tend to saturate near x =0.5, which is the composition
corresponding to the largest disorder in the Cu0 chains
brought in by Co. A similar behavior has recently been
reported ' for pure Y-Ba-Cu-0 of di6'erent oxygen con-
tent, however restricted to the 570 cm ' peak. The be-
havior was attributed to the Cu(1)-O(1) stretching mode
which was activated by an increasing disorder in the CuO
chains caused by oxygen vacancies on the O(1) site.

The complex Raman band contour in the frequency re-
gion 550—650 cm ' of the Co-doped Y-Ba-Cu-0 can be
explained by possible overlapping of several Cu(1)-O(1)
and Co(1)-O(1) modes of the heavily distorted chains with
similar frequencies. The complexity is considerably
enhanced for larger Co concentrations as shown in Fig. 5.
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(bI x=0.6
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FICx. 8. Raman spectra of samples of YBa2Cu3 Co„07—$
with (a) x =0.15 and (b) x =0.6 before (lower trace) and after
(upper trace) additional annealing at 400 C in oxygen.

2. The e+ect of Co doping on the Raman phonon modes

The inhuence on the Raman spectrum of Y-Ba-Cu-0
for Co substitution is similar to that for oxygen

deficiency; the intensity of the 335 cm mode increases,
the frequency of the 440 cm ' mode increases slightly,
the frequency of the 502 cm ' mode decreases consider-
ably, and disorder-induced scattering around 570 cm
increases with increasing Co concentration as well as for
increasing oxygen deficiency.

The most prominent change in the Raman spectra for
both Co doping and oxygen deficiency is the decreasing
frequency of the 502 cm ' mode [O(4) axial stretch].
Several attempts have been made to correlate this mode
and its corresponding ir antisymmetric stretching mode
at 573 cm ' (Ref. 50) to either the c-axis length or the
Cu(1)-O(4) distance which is by far the shortest Cu-0 dis-
tance in Y-Ba-Cu-0. The frequency dependence seems to
be well correlated with the increase of the c-axis length
for decreasing oxygen content. ' However, in the case of
Co substitution the c-axis length behaves oppositely, it
.decreases weakly with increasing cobalt content, which
rules out the c-axis length to be the important factor for
the changes of the O(4) stretching vibrational frequency.
It seems plausible that the O(4) stretching mode would
mainly be determined by the Cu(1)-O(4) force constant
since this distance is much shorter than the Cu(2)-O(4)
distance. Interestingly, the Cu(1)-O(4) distance decreases
for increasing cobalt concentration as well as for increas-
ing oxygen deficiency. The vibrational frequency is then
expected to increase (as a result of an increase of the
force constant), which is the opposite behavior to that ob-
served in the present study and to that observed for oxy-
gen deficiency. ' ' ' For a simple oscillator the fre-
quency is expected to depend on the distance d as
co-d . The decrease of the Cu(1)-O(4) distance of 0.025
A for either a Co concentration of x =0.4 (Ref. 14) or an
oxygen deficiency of 5=0.5 (Ref. 43) is then expected to
give a 30 cm ' higher frequency of the O(4) stretching
mode compared to the pure fully oxygenated compound.
Instead a downward shift of about the same magnitude is
observed in the present study as well as for the case of ox-
ygen deficiency. ' ' ' If the Cu(2)-O(4) distance,
which increases when the Cu(1)-O(4) distance decreases,
is taken into account the discrepancy between the O(4)
oxygen stretching frequency and the bond lengths will
only partly be compensated.

What is then the origin of the downshift of the O(4)
stretching mode for ilicreasing Co content or oxygen
deficiency? It has been argued that a change of the
charge distribution and of the orbitals around Cu(1) can
explain the behavior of the frequency shift for oxygen-
deficient samples. However, it seems rather unlikely that
a change of the Cu(1) orbitals simultaneously binds the
O(4) closer to the CuO chains and cause a decrease of the
Cu(1)-O(4) force constant (i.e., a negative frequency shift).
Recently, it has been proposed that the frequency of the
500 cm ' mode is directly proportional to the hole con-
centration and thus to T, for pure Y-Ba-Cu-0 of varying
oxygen content. In order to test this assumption we
have plotted T, versus the frequency of the 500 cm
mode in Fig. 9 for the present Co-substituted samples and
also for the case of oxygen-deficient samples. ' As seen
in Fig. 9 the correlation between T, and the O(4) stretch-
ing frequency is remarkably similar for Co substitution
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FIG. 9. Plot of T, vs the frequency of the 0(4) axial stretch-
ing vibration for (0) Co substitution and (+ ) oxygen deficiency
(Refs. 38 and 52). The solid line is a guide to the eye.

and that the number of the mobile holes on the Cu02
planes rather than the total-hole concentration is the
essential variable governing the superconducting proper-
ties. According to the idea of Tokura et al. together
with consideration for both the observed increase in the
oxygen content' ' ' ' and the reported strong decrease in
the Hall number with increasing Co concentration,
which in the former suggests constancy of total-hole con-
centration, while in the latter would be directly related to
the decreasing number of mobile holes on the Cu02
planes, it can be speculated that the hole population be-
tween the Cu02 planes and the CuO chains is
significantly altered for increasing Co content. We thus
expect that an increasing number of holes becomes local-
ized within the CuO chains, while the decrease in the
hole concentration on the Cu02 planes, with which we
correlate the downshift of the 500 cm ' O(4) stretching
mode for increasing Co content or oxygen deficiency, re-
sults in an eventual decrease in T, .

and oxygen deficiency of Y-Ba-Cu-O. It is tempting to
ascribe the changes of the O(4) stretching frequency to
the number of free holes since it is well established that
T, of the cuprate superconductors is directly proportion-
al to the hole concentration. The decreasing frequency
of the O(4) vibration is then explained by a decrease of
the attractive force between (Cu-0) holes in the Cu02
planes and the negative charge of O(4). Interestingly, the
Ba ion comes closer to the CuO2 plane for both oxygen
deficiency and increasing Co concentration, ' ' which is
then consistent with the proposed picture of a decreasing
positive charge (Cu-0) in the CuOz planes. However,
since the oxygen concentration for Co-substituted sam-
ples is generally higher than 7, one oxygen is introduced
for every two Co + in the CuO chains, the formal valence
of Cu or O is essentially unchanged which would mean,
in principle, that the total-hole concentration is un-
changed. In contrast to this assumption recent Hall
effect measurements have shown that the number of
free carriers decreases with increasing Co concentration.
This then lends support to the suggestion that the charge
carrier concentration is directly reAected in the frequency
of the O(4) axial stretching vibration. Nevertheless, it
seems natural that the frequency of the O(4) vibration is
very sensitive to the charge balance or charge Auctua-
tions between the chains and the planes since the O(4)s
are the charge links between the chains and planes. This
balance has been proposed to be of vital importance for
the superconducting properties since the chains (or the
intercalated Tl and Bi layers in case of Bi and Tl based
superconductors) act as charge reservoirs and provide the
hole-charge carriers for the planes in which the supercon-
ductivity takes place. Recently, Tokura et al. " have
tried to estimate how the holes associated with the (Cu-
0)+ charge are distributed between the CuOz planes and
the CuO chains based on their data for many samples in
the (Ca Y& „)BazCu30 and Y(La Ba, )~Cu3O sys-
tems where both the oxygen content and the average Cu
valence can be separately varied over a wide range. They
have concluded that the holes localized within the CuQ
chains merely provide an insulating reservoir of charge

V. CONCLUSION

The effect of Co substitution for Cu in
YBa2Cu3 Co„07 & on the superconducting properties,
the structure and the Raman active vibrational modes
have been investigated for Co contents in the range
O~x ~0.6. T, is observed to decrease linearly with in-
creasing Co content for x &0. 1 and vanishes around
x =0.4. An orthorhombic-to-tetragonal phase transition
is observed around x =0.15, i.e., the superconductivity
remains well into the concentration region of the tetrago-
nal phase.

The observed changes of the Raman spectra with in-
creasing Co concentration are reminescent of those re-
ported for increasing oxygen deficiency, despite that the
lattice parameters show different behavior for Co substi-
tution and oxygen deficiency. Changes in the Raman
spectra are related to local valence, bond lengths, and
charge-transfer changes, which can affect the interaction
that may be important. Interestingly, the frequencies of
the O(4) axial stretching vibration at around 500 cm
which has been proposed to be proportional to the free-
charge carrier concentration, exhibit large downward
shifts for increasing Co concentration as well as for in-
creasing oxygen deficiency. In fact, the same linear
dependence of T, on the frequency of the O(4) axial
stretching vibration is found for both Co substitution and
oxygen deficiency. The present results then indicate that
the oxygen vibrational modes as well as T, are sensitive
to local changes of the valency and the charge balance be-
tween the chains and the planes and that the O(4)s play
an essential role for charge transfer between the CuO
chains and the Cu02 planes. It is suggested that an in-
creasing number of (Cu-0) holes becomes localized
within the chains and therefore does not contribute to the
superconductivity which occurs in the CuO2 planes.
Thus, the decrease of T, for increasing Co substitution as
well as for increasing oxygen deficiency is explained by a
decreasing number of free-charge carriers in the Cu02
planes.

The introduction of Co + ions at the Cu(l) sites causes
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a distortion of the CuO chains which is observed as an in-
crease of the intensity of a Raman-forbidden broad band
around 570 cm . This band is assigned to the ir-active
and Raman-forbidden Cu(1)-O(1) stretching mode of the
pure perfect crystal of Y-Ba-Cu-O, which has become
Raman active by the disorder introduced in the chains by
the Co ions.
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