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A scries of compounds with the general formuta LnBa,CuyGa0O;,, ; (Le = La-Gd, Y) and LaBa,Cu,
Co0,,; (Ln = La~Yb, Y) have been synthesized and characterized. The phase [ormation is found
to be sensitive to the size of the rare carth ion in both the series. For Ln = La—Eu, the Ga-substituted
compounds are single phase and possess tetragonal Y-123 structure, In the LaBa,Cu,Co0O, 4 series,
single-phasce formation is noled for all the L#'s studied except Yb. An orthorhombic-to-tetragonal
transition occurs across the rare earth series. For La = La—-Er and Y, the phases are orthorhombic,
and for Ln = Tm the pbase is tetragonal, OXygen content of the phases is found to be ~7.0 for the
LmBa,Cu,Ga0y, 4 series, whereas for the LaBa,Cu,Co0y, s system, the value increases to ~7.25 as
expected. Electrical resistivity studies show that all the phases are semiconducting with activation
energies in the range 0.03-0.28 eV, IR spectra and magnetic susceplibility of select compounds have
been studicd and discussed. © 1993 Academic Press, Inc.

Introduction

The high-temperature superconductor,
YBa,Cu;0, (Y-123, T, = 90 K) crystallizes
in an orthorhombically distorted oxygen-de-
ficient tripled perovskite structure with a =
3.82,b = 3.88,and ¢ = 11.67 A. In Y-123,
yttrium has an 8-fold and barium has a
10-fold coordination of oxygens. Thcre are
no oxygens in the Y-plane. The two Ba
siles arc cquivalent. In the structure two
distinct, crystallographically inequivalent
sites exist for the copper: The Cu(l) site
has a square planar coordination of oxygens
with 2 x Cu(1)-O(1) = 1.94 A and 2 x
Cu(1)-0(d) = 1.85 A. The Cuf2) site has
a square pyramidal coordination with 2 x
Cu(2)-0Q2) = 1.93 A, 2 x Cu(2)-0(3) =
1.96 A, and 1 x Cu(2)-0(4) = 2.30 A. There
are five distinct sites for oxygen: O(1) along
the b-axis in the basal plane; O(2) and O(3)
parallel to the a- and b-axes, respectively,
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in the CuQ, square planes; O(4) bridging
the CuQ, plane and CuQ chain; and O(5)
positioned along the a-axis in the basal
plane (1-4).

In the orthorhombic Y-123 with O, stoi-
chiometry, the oxygens are ordered in the
basal plane with all the O(1) positions filled
and O(5) positions vacant. The oxygen in
the basal plane can be selectively removed
(deintercalated) lcading to compositions
varying from O, to Q4. The degree of ortho-
rhombicity decreases as we go from compo-
sitions with Oy to Oy due to disordering of
the oxygen occupancy between O(1) and
O(5) positions. The structure eventually
transforms to tetragonal symmetry at
~Q 15. Careful structural studies on Y-123
with varying oxygen stoichiometries have
revealed the existence of superstructures
for specific values of the oxygen stoichiome-
try, e.g., the phase with O is an oxygen-
vacancy-ordered orthorhombic II structure
with O(1) sites being occupied in alternating
chains (along the b-axis) (a’ = 2a); simi-
larly, the O, 45 phase also appears to have a
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vacancy-ordered structure (5-7). The
orthorhombic — tetragonal transformation
can also be achieved by increasing the oxy-
gen content above 7.0. The excess oxygen
occupies the O(S5) position in addition to the
fully occupied O(1) positions of the O, com-
position. The O, _; can be achieved by suit-
able chemical substitution at the Ba/Cu sites
8, 9).

The structure of YBa,Cu,0, is amenable
to extensive chemical substitution. Yttrium
can be replaced by all rare earths (Ln) other
than Ce, Tb, and Lu, retaining the ortho-
rhombic tripled perovskite structure. Super-
conductivity with T, ~ 90 K is exhibited by
all Ln-123 except when Ln = Pr (Pr-123 is
semiconducting}. The Ba-site can be substi-
tuted by Sr to the extent of x = 1.25 in
YBa,_,Sr,Cu,0,. The unit cell parameters
decrease with increasing x and T, is sup-
pressed marginally (0.4 K/at%) (1-4).

Substitution at the Cu-site by transition
and nontransition elements has been exten-
sively studied. It is generally agreed that
trivalent ions (e.g., Fe™?, Co*’) substitute
preferentially at the Cu(l)-site for lower
concentrations of the substituent, and for
higher concentrations, substitution takes
place at the Cu(2)-site also (/0-12). On the
other hand, divalent ions (e.g., Ni*?, Zn*?)
are known to substitute preferentially at the
Cu(2)-site (plane site) (9, 10, 13). Substitu-
tion at the Cu(1)-site by trivalent ions which
prefer octahedral coordination leads to con-
sequent uptake and/or disorder of oxygen
in the basal plane, and the structure changes
to tetragonal symmetry. Divalent ion substi-
tution at the CuQ, planes does not affect
the symmetry, and the orthorhombicity is
retained throughout the range of solid solu-
bility. However, in the case of most of the
substituents at the Cu-site the solubility is
farless than x = 1.0 (maximumx = 0.3-0.4)
in YBa,Cu;_ M, O, except for Co (x = 1.0)
and Fe (x = 0.8) (/0).

Replacing Ba completely by Srin Y-123,
however, can increase the solubility tox =
1.0, Sunshine et al. (14} have synthesized
YSr,Cu,MO, , , with M = Al, Fe, and Co
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with a tetragonal structure. Recently, Roth
et al. (15} and Vaughey et al. (16) reported
the synthesis of LrSr,Cu,Ga,0,. There are
very few reports of substitution at the Cu-
site by ions with valence higher than +3.
Murayama et al. (I17)and Greaves and Slater
{I8) have reported the synthesis of LaBa,
Cu,TaQy, and Rey et al. (19) synthesized
single-phase LaBa,Cu,NbO;. In both Nb-
and Ta-substituted La-123, TaO, and NbO,
octahedra replace the CuO, square planes
at the Cu(l)-site. Yaron et al. (20) have re-
ported the synthesis of YBa,Cu,WO,_;, but
the structure is a cation-ordered variant of
the cubic perovskite structure and is not
considered as a derivative of Y-123.
Recently we have studied the effect of
Ga substitution at the Cu-site in the Nd-123
system and found that Ga substitution could
be effected up to x = 1.0 in NdBa,Cu,_,
Ga,O; (21). In the Y-123 system, on the
other hand, Ga substitution at the Cu-site
to a significant level (x > 0.1 in YBa,Cu,_,
Ga,0;, g has not been unequivocally estab-
lished. This prompted us to think that the
solid solubility of Ga in the 123 structure
depends on the nature and size of the rare
earth ion, In the present study we report on
the results of the effect of varying the rare
earth ion (L#) in the LnBa,Cu,Ga0,, and
LnBa,Cu,Co0,  ,; systems on the phase for-
mation, structural and IR spectral features,
and electrical and magnetic properties.

Experimental

Phases with the following compositions
were synthesized and studied: LnBa,Cu,
MO;,,, Ln = La-Yband Y; M = Ga and
Co. The compounds were prepared by high-
temperature solid-state reaction from high
purity oxides: Ln,O, (99.99%; IRE, India;
La,0, and Nd,O, (precheated at 950°C/24 hr,
cooled, and stored in a desiccator), BaCO,
(99.999%), CuQ (99.9%), and Ga,0,
(99.999%) (all Cerac), and Co,0, (Fisher
Co.). Stoichiometric amounts of the oxides
were mixed well and heated at 920°C for 24
hr with intermittent grindings and heated
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again at 940°C for 24 hr. The reacted powder
was pressed into pellets (8 mm dia, 1-2 mm
thick; WC-lined stainless steel die and
plunger; hydraulic press; 2-3 tons pressure)
and sintered at 940°C for 24 hr in air. In
the case of multiphase samples an additional
heat treatment at 1000°C for 24 hr has been
given. The samples were oxygen treated in
a tubular furnace at 900°C for 24 hr, cooled
to 600°C, held for 48 hr, and furnace cooled
to room temperature in 1 atm oxygen flow.
The LnBa,Cu,0, (Ln = Y, Nd) phases were
prepared by heating LaBa,Cu,0, powder
under vacuum in a quartz tube at 550°C for
2 hr followed by quenching the quartz tube
in ice.

The compounds were characterized by
powder X-ray diffraction (XRD) (Seifert
unit, Germany; Cuk,, radiation) and the lat-
tice parameters were obtained by LSQ fit-
ting of the high angle reflections. Oxygen
content of the phases was estimated by the
iodometric titration method (21, 22). The
oxygen content values are accurate to
+0.03. For the LnBa,Cu,CoO,,; phases,
far-IR diffuse reflectance spectra were re-
corded with a Fourier transform IR spec-
trometer (Bio-Rad, FTS5-40V) at room tem-
perature with a resolution of +0.5 cm™'.
The samples in powder form were mixed
with polyethylene powder and the spectra
were recorded in the range 450-100 cm™L.
For LnBa,Cu,Ga0,_; phases, electrical re-
sistivity measurements as a function of tem-
perature (in the range 303—-480 K) were done
on the pellets by the two-probe method. To
ensure good ¢lectrical contact the top and
bottom portions of the pellets were coated
with silver paint (Eltecks Co., Bangalore,
India) and dried at 100-110°C in an oven
before mounting between the electrodes.
The resistivity studies on LnBa,Cu,Co0; 4
phases were done by the four-probe van der
Pauw method on the pellets as a function of
temperature in the range 300-150 K using
a closed-cycle He-refrigerator (CTI-Cryo-
genics, USA; Model M22). The electrical
contacts were given by impregnating indium
metal and soldering fine gauge copper wires
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to the sintered pellets. Magnetic susceptibil-
ity measurements were done on select sam-
ples of LnBa,Cu,Ga0O,,; phases using a
SQUID magnetometer (Quantum Design,
Model 1822, MPMS) in the range 300-5 K,
in a field of 100 G.

Results and Discussion

a. LnBa,Cu,GaOy, 4 (Ln = La-Dy, Y)
System: Structure and Stoichiometry

Phases with Ln = La, Pr, Nd, Sm, Eu,
Gd, and Dy have been synthesized and stud-
ied. The phases are black in color. XRD
patterns reveal single-phase formation for
phases with Ln = Pr, Nd, Sm, and Eu and
can be indexed on the basis of a tetragonal
celt with 123 structure. Small unidentified
lines (10-13% intensity) are observed in the
XRD patterns of GdBa,Cu,Ga0, , along
with the major 123-phase lines. For phases
with Ln = La, Dy, and Y, the XRD patterns
reveal multiphase formation with additional
peaks corresponding to Ga,0, and CuO. An
additional heat treatment at 1000°C for 24
hr in air followed by oxygen treatment at
900°C/24 hr and 600°C/48 hr and furnace
cooling to RT in flowing oxygen has been
given to the multiphase samples. LaBa,Cu,
Ga0,,; formed a single-phase compound
after this additional heat treatment and the
XRD patterns did not show any unindexable
lings. On the other hand, XRD patterns of
phases with Ln = Gd, Dy, and Y remain
unchanged even after the additional heat
treatment at high temperature (1000°C, 24
hr). This can be explained considering the
phase formation behaviour of the simple
LnGaQ, perovskites. Whereas the larger
Ln’* (Ln = La-Sm) form the LnGaO; un-
der 1 atm pressure, high pressures are re-
quired to stabilize LnGaO; with smaller Ln’s
(21). The arguments can, therefore, be ex-
tended to the present system since the struc-
ture is perovskite-related. Thus, the toler-
ance factor criteria that hold good for simple
perovskites can be qualitatively extended to
the case of the 123 structure. There is a
narrow range of the ionic radius of Ln’* that
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TABLE 1

STRUCTURAL, ELECTRICAL, AND MAGNETIC DATA FOR LnBa,Cu,Ga0;, 5
(Lr = La, Pr, Nd, Sm, Eu, and Gd)

Tetragonal
lattice
parameters
P30 K E, (V) § up (calc.) g (theor.)

In a(A (A V@AY (x10°Qcm) (303480 K)  (£0.03) (BM) (BM)
La 3.959  11.96 187.5 0.3 — — — —
Pr 3927 11.79 181.8 2.6 0.18 0.04 3.26 3.58
Nd 3921 1176 180.8 2.5 0.28 0.00 3,20 3.62
Sm 3909 1173 179.9 2.2 0.10 0.02 — —
Eu 3.898  11.69 177.6 2.8 0.21 0.03 — —
Gd®  3.891  11.68 176.8 — - 0.02 7.31 7.94

@ Slightly multiphasic; p-T data could not be obtained because the pellet crumbled under pressure of the

spring-loaded contacts.

stabilizes the 123 structure when one Cu per
formula unit is rteplaced completely by
Ga’+,

The XRD patterns of all the single-phase
LnBa,Cu,Ga0,,; compounds are similar
to that of tetragonal Y-123 (space group:
P4/mmm)}. The tetragonal structure is evi-
dent from the merger of characteristic ortho-
rhombic (hk!) reflections (e.g., 013, 103; 020,
200, etc.). The lattice parameters g and ¢
obtained by LSQ fitting of high-angle reflec-
tions and the unit cell volume show a sys-
tematic decrease from L.rn = La—Gd as can
be expected from the ionic radius consid-
erations (lanthanide contraction) (Ta-
ble 1).

Recently Roth et ai. (/5) and Vaughey et
al. (16) reported studies on LnSr,Cu,Ga0,
(Ln = La-Yb, Y). The space group Ima2
which is closely related to P4/mmm as well
as Pmmm has been chosen to index the pat-
terns with approximate orthorhombic lattice
parameters g ~22.8, b~ 5.5,and¢ ~ 5.4 A.
The occurrence of (410; & = odd) reflections
necessitated the choice of the above unit
cell. In the present study, however, no such
extra reflections have been noticed in the
XRD patterns and all the observed reflec-
tions could be indexed on a tetragonal (P4/
mmm) unit cell. In LaSr,Cu,Ga,0,, the

Cu0, square planar chains {(Cu(1)-site) run-
ning along the b-axis are replaced by GaQ,
tetrahedral chains running along the diago-
nal of the basal plane (ab-plane). The oxy-
gen stoichiometry in the above compounds
is fixed at 7.0. Our earlier studies on the
NdBa,Cu,_,Ga O,, 5 system also showed
that the phases are tetragonal for x =
0.1-1.0, and the oxygen content remains un-
changed at values close to 7.0 for all values
of Ga concentration (0.0 = x = 1.0) (21).

In the present study, the oxygen content
of all the single phase LrBa,Cu,Ga0, ., es-
timated by iodometric titration method (21,
22), are close to 7.0 (in the range 6.98-7.04)
(Table I). This shows that there is no uptake
of extra oxygen with Ga substitution.
Hence, the disorder of oxygen among O(1)
and O(3) positions could be the main reason
for the observed tetragonal structure.

b. LnBa,Cu,CoO4_ 5 (Ln = La-Yb, T):
Structure and Stoichiometry

Phases with Ln = La, Pr, Nd, Sm, Eu,
Gd, Dy, Ho, Er, Tm, and Y have been syn-
thesized and studied. The XRD patterns of
LnBa,Cu,CoO,_ ; compounds reveal single-
phase formation except for Ln = Yb. The
XRD peaks are sharp indicating well-crys-
talline nature of the phases. Extra peaks
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FiG. 1. XRD patterns (CuK,) of LnBa,Cu,Co0;,5, Ln = La, Nd, Gd, and Tm, indicating O — T

transition across the lanthanide ion.

corresponding to Yb,BaCuOs are observed
in addition to those of the major 123-phase
in YbBa,Cu,CoO,,,. All the single-phase
LnBa,Cu,Co0,, ; are black in color and are
stable toward exposure to normal atmo-
spheric conditions. They possess the ortho-
rhombic 123 structure except when Lrn =
Tm (Fig. 1 and Table II). This is in contrast
to the LnBa,Cu,GaO,,,; system which
adopts the tetragonal structure. The degree
of orthorhombicity [(b-a)/a] is highest for
LaBa,Cu,Co0,,; and NdBa,Cu,CoO,
and decreases monotonically with decreas-
ing ionic radius of the L»** ion. The ortho-
rhombic lattice parameters «, b, and ¢ ob-
tained by least-squares fitting of high-angle
reflections show a systematic decrease from
Ln = La-Er as the ionic radius decreases
from La** to Er**. The unit cell volume also
decreases in the above order as expected.
YBa,Cu,Co0O,_; is almost tetragonal,
whereas TmBa,Cu,Co0;_; is truly tetrago-

nal (Table II). YBa,Cu,CoO,, ; has been re-
ported earlier (/0) to be tetragonal with lat-
tice parameters a = 3.89 and ¢ = 11.63 A.

The oxygen content of the phases esti-
mated by iodometric titration method (21,
22) reveal that the values are in the range
7.20-7.28 for all single-phase LnrBa,Cu,
Co05,;, showing an uptake of oxygen with
Co substitution in all the cases for charge
neutrality. This is in agreement with the re-
sults reported earlier for the Y-123 system.
The substituted trivalent ions (Fe ™3, Co*?)
occupy the Cu(l)-site for small concentra-
tions and for higher values of x, the ions
occupy the Cu(2)-site also. Square planar
coordination is not known for Fe** and
Co®* ion in oxides whereas tetrahedral,
square pyramidal, and octahedral coordina-
tions are well known. Bridges et al. (23)
based on XAFS studies on the YBa,Cu,_,
M. 0, ; (M = Fe, Co) system proposed that
Fe and Co in the basal plane form zig-zag
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TABLE 11
STRUCTURAL aND ELECTRICAL DATA FOR LnBa,Cu,Co0;,; (Ln = RARE EARTHS AND Y)

Ortho./tetra. lattice

parameters
- - - (b — aVa & By P50k Esom 0
Ln a (A) b (A) c (A) V(&) (1074 (x£0.03) ({1 cmy) ({1l cm) (eV)
La 3.902 3.961 11.87 183.4 1.51 0.28 0.02 0.1 0.03
Pr 3.900 3.938 11.81 181.3 0.97 0.26 17.5 6870 0.16
Nd 3.886 3.927 11.80 180.1 1.06 0.25 4.1 727 0.13
Sm 3.896 3.916 11.76 179.3 0.51 0.20 40.3 13872 0.15
Eu 3.876 3.911 11.74 178.0 0.90 0.28 0.8 123 .13
Gd 3.882 3.909 11.71 177.8 0.67 0.24 4.8 4732 0.18
Dy 3.871 3.8%6 i1.68 176.2 (.65 0.20 kN | 261 0.13
Ho 3.877 3.889 11.66 175.8 0.31 0.28 0.7 60 0.12
Er 3.870 3.884 11.67 175.4 (.36 0.25 0.7 45 0.11
Tm 3.878 3.878 11.64 175.1 0.00 0.23 2.8 101 0.09
Y 3.888 3.889 11.67 176.1 0.03 0.28 0.1 1 0.06

chains, and the aggregation of these chains
will promote twinning which results in the
average tetragonal symmetry. In this model
the Fe and Co can have oxygen coordination
between four and six. Indeed, HREM and
electron diffraction measurements (24-26)
on phases with low Co content (x < 1.0)
revealed the formation of Co containing
clusters with Co free microdomains of or-
thorhombic structure. The random orienta-
tion of the microdomains produce an aver-
age tetragonal structure in the diffraction
experiments.

The additional oxygen has two possible
sites to occupy: (i) the O(5) site in the basal
plane (along the a-axis) and (ii) in the Y-
plane (between the CuO, planes; O(6) posi-
tion). There are no reports of oxygen occu-
pancy in the Y-plane in the Y-123 structure
cither in the pure or substituted phases.
Even in Co- and Fe-substituted Y-123, it is
known that for higher concentrations of the
substituent the Cu(2)-site is also substituted,
but there is no evidence for the presence of
oxygen in the Y-plane. Recently, however,
Slater et al. (27) have studied the LaBa,
Cuy_,Fe,O,,; system by neutron diffrac-
tion, and they suggest that with increasing
Fe content (x}, the occupancy of oxygen in
the La-plane [O{6)-position] increases with

the associated occurrence of O(2) vacan-
cies. The structure, however, remains te-
tragonal even for x = 1.0. The occupancy
of O(6) position is correlated with cation
disorder between La and Ba. They also find
that in the case of Y-123 such a cation disor-
der is not seen due to the greater size differ-
ence between Y>* and Ba’* (compared to
that of La** and Ba’*) ions and no occu-
pancy of the O(6)-sites. There are also re-
ports of oxygen occupancy between the
CuO, planes in related structures whenever
there is a Sr** ion, but not Ca?* or Y3+ ion,
e.g., Bi,Sr;C0,08,; (3, 28) and La,Sr
Cu,0, (29).

Recently, in our studies on NdBa,
Cu,_ M 0O,;,; (M = Fe, Co, Ni, Zn) system
(30) we found that the structure transforms
to tetragonal symmetry as M concentration
increases; for x = (.08 the phases are tetrag-
onal when M = Fe and Co, and for x = 0.5
the phases are tetragonal when M = Ni and
Zn. However, for M = Fe and Co, with
increasing x, the structure once again trans-
forms to orthorhombic symmetry for x =
0.5. The systematic changes in the lattice
parameters, the O — T — O transition with
increasing x and the absence of any impurity
peaks in the XRD patterns rule out the possi-
bility of incomplete substitution of Co at the
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Cu-site, This observation has been corrobo-
rated recently by Hegde et al. (31) during
their studies on the PrBa,Cu,Co(,, sys-
tem. They speculate that the Co occupies
the Cu(2)-site exclusively and the excess ox-
ygen is accommodated at the O(6) position.
This will leave the CuQ chains intact and
hence the observed orthorhombicity. How-
¢ver, the observation of the O— T transition
indicates that part of the Co indeed occupies
the Cu(1)-site for phases with x = 0.4 above
which the T — O transition is observed.
However, there is no special driving force
(heating in reducing atmosphere etc.) for the
migration of all the Co from the Cu(l)-site
to the Cu(2)-site for phases with x > 0.5.
Thus, the assumption that all the Co occu-
pies the Cu(2)-site is not fully justified.

Alternatively, for higher concentration of
Co, as in the present study, enhanced clus-
tering of Co, leaving large undoped domains
of 123 with CuO chains intact and thereby
giving rise to orthorhombicity may be possi-
ble. However, this picture still can not ex-
plain the decreasing degree of orthorhom-
bicity with decreasing size of the Ln’* ion
and the tetragonality of TmBa,Cu,CoO, ;.
It is also possible that a superstructure ex-
ists and the weak superstructure reflections
could not be seen in our XRD patterns. Fur-
ther studies (¢lectron or neutron diffraction,
HREM, etc.) are required to understand the
detailed nature of the crystal structure of
these phases.

c. Far-Infrared Studies on
LnBa:CUZCOO7+8

Far-infrared spectra (IR) of supercon-
ducting orthorhombic Y Ba,Cu;0, and semi-
conducting tetragonal YBa,Cu,;04 have
been reported in the literature (32-38).
Group theory predicts 21 infrared active
modes for orthorhombic YBa,Cu;0,, out of
which only 5 are clearly identified. This is
probably due to the high electrical conduc-
tivity within the CuQ, planes which screens
the phonons confined to these planes. The
mean values of the well defined IR bands,
along with the uncertainties are at 152 = 3,
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191 £ 8,277 = 7, 312 = 6, and 565 = 14
cm™! (32). For the tetragonal YBa,Cu,0,,
11 infrared active modes were predicted and
at least 10 of them have been observed. Re-
moving oxygen from the metallic and super-
conducting YBa,Cu;0; eventually creates
semiconducting material and thereby re-
duces the screening within the CuO,-plane
and more lattice vibrational modes become
visible. The main IR bands observed for
YBa,Cu;0; are at 107 = 2, 118 = 4, 151 =
6, 191 += 3, 215 = 4, 252 = 5§, 356 = 4,
440 + 10, 597 = 9, and 642 = 12 cm ' (32).
Out of the eleven predicted modes, six are
doubly degenerate (E,) and they split into
B,, and B,, modes in the orthorhombic
phase. Some of these split bands are not
seen in the spectra of YBa,Cu,0; due to
the anisotropic screening by the conduction
electrons as mentioned earlier (32-38).

1t is reported (32, 34) that when Y is re-
placed by heavier rare earths, the Baand the
corresponding Ln translation modes shift to
lower frequency by about 4 and 20-30cm ™',
respectively, Jianmin et al. (39) studied the
Fe-doped Y-123 and assigned the observed
peaks whereas Song et al. (40) reported the
IR reflectivity for Zn-doped Y-123. In the
latter case, the dopant concentration was
small and the compounds retained metal-
licity and superconductivity. Since all the
LnBa,Cu,Co0,,; phases presently studied
are semiconducting in nature, it is interest-
ing to study the effect of chemical substitu-
tion at Y on the spectra of YBa,Cu,CoO, 4.
Further, the unobserved bands in the ortho-
rhombic phase of LnBa,Cu,0,_ ; must be
observed in these Co-doped orthorhombic
semiconducting phases. For the LnBa,Cu,
Co0),_; phases, due to the orthorhombic
structure and partial occupation of Cu by
Co, we expect to see more number of bands
compared to LnBa,Cu,0,. Indeed we ob-
serve several shoulders and fine structures
in addition to the bands observed for LnBa,
Cu,0q. The results are discussed below. We
could not obtain a well-resolved spectrum
for the LaBa,Cu,Co0, ; phase due to its
high conductivity compared to other
phases.
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LnBayCuy0g System

¥ Ba;Cuy0g

Transmittance {arb. units)

Py

Nd Bu;Cu;OE

1 1 1 "
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wavenumbers {cm!)

1 1
450 400 350

Fig. 2. Far-infrared diffuse reflectance spectra of
LnBa,Cuy0O4 (L = Y, Nd) from 450-100 ¢cm ™! at 300
K. When Y is replaced by Nd the modes at 218 and
193 cm™" shift to 201 and 172 cm™', respectively,

The spectra of YBa,Cu,04, NdBa,Cu,;0;
and select samples of LnBa,Cu,Co0,.; in
the region 450100 ¢cm ™! are shown in Fig.
2 and Fig. 3, respectively, and a summary
of the assignments is listed in Table IT1. The
oxygen deficient phases have been synthe-
sized and characterized by XRD (see experi-
mental). The oxygen content, estimated by
iodometry, is found to be close to 6.0
(£0.03). The observed band positions of
Y Ba,Cu,04 and NdBa,Cu,0, (Fig. 2) are in
agreement with the results reported in the
literature (32, 34). Several weak bands and
shoulders are also noted in our spectra. In
the spectra of YBa,Cu;04 and NdBa,Cu, 0,
the broad band seen in the region 420-350
cm ! (peak P)) and centered at 390 and 373
c¢m~!, respectively, can be assigned to
Cu(2}-0(2) in-plane bending mode. This
doubly degenerate mode should split into
B,, and B,, mode in the orthorhombic sym-
metry. In LnBa,Cu,Co0,, ; (Fig. 3), in the
region 420-350 cm~! we see a broad band
with reduced intensity and fine structure.
Since the Cu(2)-site is partially occupied by
Co, we expect a band due to the Co(2)-0(2)
in-plane bending mode (E,). The fine struc-
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ture observed in the broad band could be
due to the lifting of the degeneracy of the
Cu(2)-0(2) and Co(2}-0(2) in-plane bend-
ing modes. The reduced intensity of the
band can be understood as due to the high
conductivity of the Co-doped phases com-
pared to that of the undoped LnBa,Cu,0.
A shoulder-like band seen clearly at 433 and
430 cm ™! for YBa,Cu,0, and NdBa,Cu, 0y,
respectively, can be assigned to the
Cu(1)-0(4) in-plane bending mode (34).
The Cu(2)-0(2) out-of-plane bending
mode is symmetry-allowed only in the or-
thorhombic structure. Hence, this mode is
IR-inactive in the tetragonal LnBa,Cu,0.
For YBa,Cu;0; this mode is observed at
312 cm™! (34). The broad band with fine
structure observed between 330 and 280
cm™! (peak P,) in the orthorhombic Co-

LnBa;CuyCoy0y,5 Systen
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=
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FiG. 3. Far-infrared diffuse reflectance spectra of
LnBa,Cu,Co0;, 5 from 450~ 100 cm ™! at 300 K. Shifting
of the Ln and Ba translational modes to lower fre-
quency when Y is reptaced by other heavier rare earths
is evident. Appearance of the degeneracy-lifted modes
(peaks P, and P;) are also seen clearly (see text).
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TABLE II1
OBSERVED JR BANDS AND ASSIGNMENTS OF THE VIBRATIONAL MoDES IN LnBa,Cu;0; AND LnBa;Cu,CoQ,

In=Y,

Rare earth)

Assignment?® (cm™")

Compound P, P, P, P, Ps Py P; Pg
YBa,Cuy0 420-350 Inactive 258 218 193 168 121 108
(cent. at 390)
NdBa,Cu;0¢ 420-350 Inactive 247 201 172 164(sh) 118 —
(cent. at 373)
LnBa,Cu,CoO,
In=Y 420-350¢ 320-280¢  275-250° 220, 207¢ 194 175-145¢ 130, 117 111
Nd 420-350 320-290 275-240 207, 193 172 165-145 124, 113 110
Sm 410-350 320-280 275-240 206, 193 172 165-136 129, 115 105
Eu 410-350 330-280 275-240 200, 192 173 165-136 125, 110 102
Dy 420-350 330-285 275-240 188, 182 171 165-134 124, 112 104
Ho 415-350 330-290 285-250 189, 179 170 165-135 122, 108 103
Er 420-350 330-285 275-240 186, 75 168 135-135 122, 111 101
Tm 410-350 330-290 280-240 188, 176 166 165-130 122, 109 102

4P Cu(2)-0(2)/Co(2)-0(2) in-plane bend; Py: Cu(2}-0(2)/Co(2)0(2) out-of-plane bend; P;: Cu(2)-0(3)/
Co(2)~G(3) out-of-plane bend; P,: Ln translation in ab plane; Ps: Ln translation parallel to c; Py O(1)-Cu{(1)/
Co(1)-{0{4)),-0O(1) translation along ¢; P;; Ba translation in the ab-plane; Pg: Ba translation paralle] to ¢. The
numbering of atoms in the 123 structure is discussed in the Introduction.

# Samples prepared by the vacuum method and characterized by XRD and iodometry (see text).

¢ Broad absorption with structure,

4 Band splitting due to orthorhombicity similar to Y-1230; (see text).

doped phases may be due to the Cu(2)-0(2)
and Co(2)-0(2) out-of-plane bending mode.
The sharp intense band observed at 258
cm™! (peak P;) in YBa,Cu,0q is shifted to
247 cm ™! in NdBa,Cu,04. This band has
been assigned to the Cu(2)-O(3) out-of-
plane bending mode. In the Co-doped
phases the corresponding band is not seen
clearly; instead, a very broad band with fine
structure is seen in the region 275-240cm .
As mentioned earlier, the increased conduc-
tivity and partial occupation of Cu{2)-site
by Co may be the reason for the broadness
of the band and appearance of fine structure.
We are not able to assign these fine structure
bands unequivocally (Table III and Fig. 2).

The Y-translational mode in the ab-plane
is doubly degenerate in the tetragonal YBa,
Cu;O¢ and should split into B,, and H,,
modes in the orthorhombic symmetry. For
YBa,Cu,O, we observe this mode at 218
cm ! (peak P,). For NdBa,Cu,0y, this mode

shifts to lower frequency, as expected, and
is observed at 201 cm™". Since the Co-doped
phases are orthorhombic, we expect to see
two bands corresponding to this mode of
vibration. For YBa,Cu,CoO, ; we observe
the Y-translation mode perpendicular to the
c-axis at 220 and 207 cm~'. As we substitute
Y by other heavier rare earths we observe
a shift in the frequency to the lower region
(Table III). The sharp intense band seen at
193 cm~! (peak P.) in the spectra of YBa,
Cu;04 can be assigned to Y translation along
c-axis. As in the case of Y translation in the
ab-plane, this mode also undergoes large
shift in energy when rare earths are substi-
tuted for Y. For NdBa,Cu,0O,, this mode
is observed at 172 cm . Since it is not a
degenerate mode, we do not expect any
change in the energy of Ln translation along
the c¢-axis in the corresponding Co-doped
phases as well. For LnBa,Cu,Co0,,,,
Ln = Y and Nd we observe sharp intense
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bands at 194 and 172 cm™!, respectively,
as expected (unshifted 193 and 172 ¢m™!
bands of LnBa,Cu,04, Lrn = Y, Nd). This
shift in frequency for different rare earths
is due to change in force constants and unit
cell dimensions (34). When Nd is substi-
tuted by other rare earths this mode either
remains unaffected or shifts to lower fre-
quency by about 6 cm ! for Lr = Eu-Tm.

The vibrational mode corresponding to
O(4)-Cu(1)-O(4) translation appears as
sharp and intense band at 168 cm ™" (peak P)
in YBa,Cu,0,. For NdBa,Cu,0;, however,
we observe this mode as a shoulder at 164
c¢cm~!, In orthorhombic YBa,Cu,0,, the
mode corresponding to this is the
O(1)-Cu(1)-(0(4}),-0O(1) translation along
the c-axis, which appears at a lower fre-
quency (155 cm™') (34). In LnBa,Cu,
Co0;,;, Co predominantly occupies the
Cu(l) site. Hence, we expect O(1)-
Co(1)-(0(4)),-0(1) transiation along the c-
axis as an additional contribution. In YBa,
Cu,Co0;, ; we observe several small-inten-
sity bands in the 175-145 cm ™! region and
for LnBa,Cu,Co0;.; in the 165-130 cm™!
region. These are not unequivocally assign-
able to any of the above-mentioned modes.

Inthe spectrum of YBa,Cu;0, we observe
a sharp band at 144 cm ! (Fig. 2). Crawford
et al. (34) observe only a shoulder in this
region in their spectrum for LnBa,Cu,0,
and attributed this shoulder and additional
fine structure in this region (155-140 cm™F)
as possibly due to the vibrations involving
residual oxygen at the chain sites in LnBa,
Cu,04, ;. In NdBa,Cu,0, we observe aclear
but less intense band at 139 cm ™!,

The sharp intense band observed at 121
cm™! (peak P;) for YBa,Cu;0, is definitely
due to the doubly degenerate Ba-translation
mode in the gb-plane. In the orthorhombic
symmetry this is expected to split as B,, +
B, modes. Like the Ln-translation modes,
the Ba-translation modes also should shift
to lower frequency when Y is substituted
by heavy rare earths in YBa,;Cu,0O, and, in-
deed, we observe this mode at 118 cm~'in
NdBa,Cu,;04. In YBa,Cu,CoO;,; the less
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intense bands at 130 and 117 cm™! can be
assigned to the degeneracy-lifted mode of
the Ba-translation in the ab-plane. For
the other LaBa,Cu,CoQ,,; phases, these
modes are shifting to lower frequencies as
expected, more or less in a systematic fash-
ion, The shoulder-like band observed at 108
cm ™! (peak Pg) for YBa,Cu,Oq (but not seen
in NdBa,Cu;0) can be assigned to Ba-trans-
lation along the c-axis (34). In the Co-doped
phases also this band appears either as a
shoulder or a well-defined band and under-
goes systematic changes to lower energy
valugs when Y is replaced by other rare
earths (Table I1I and Fig. 3).

To summarize, far-IR studies show that
our results for the LnBa,Cu,0, phases are
in agreement with those reported in the liter-
ature. We observe strong, intense bands for
the semiconducting, tetragonal LrBa,Cu,O4
phases. The Co-doped phases are ortho-
rhombic and are semiconducting. Still, their
conductivity is much higher than that of the
LnBa,Cu;0;4 phases and hence due to the
interference of the conduction electrons we
observe broad bands with reduced intensity.
The bands due to the splitting of the doubly
degenerate Ln-translation in the ab-plane
and Ba-translation in the ab-plane are
clearly seen in our LrBa,Cu,Co0O,, spec-
tra. This is a clear indication of the ortho-
rhombic nature of the Co-doped phases. As
Y is substituted by other rare earths the
corresponding Ln- and Ba- translational
modes also shift to lower frequencies as ex-
pected. The spectrum of tetragonal TmBa,
Cu,Co0,  ; appears to be similar to that of
other orthorhombic LrBa,Cu,CoO, 4. This
is probably due to the existence of ortho-
rhombic microdomains, as discussed
earlier.

d. Electrical and Magnetic Properties of
LnBazcu1M07+a (M = GG,CO)

Electrical resistivity studies were done on
single phase, oxygen annealed pellets. For
LnBa,Cu,Ga0,, ; phases resistivity (p) vs
temperature (T) studies were done by the
two-probe method in the range 303-480 K.
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Fig. 4. Resistivity vs temperature plots for LnBa,Cu,Ga0,,; (Ln = Pr, Nd, Sm, Eu) showing
semiconducting behavior (two probe measurement). Inset shows log o vs 1000/T plots for the phases

for estimation of E,.

Four-probe measurements could not be car-
ried out due to significant fluctuations in
voltage drop (both with In-soldered or with
Ag-paint contacts) even for small values of
impressed current (0.1 mA). This behavior
appears to be an inherent property of the
material. Similar observations were also
made during our studies on the NdBa,
Cu,; _ Ga O, phases wherein the difficulty in
estimating p by the four probe measure-
ments increases with increasing Ga content
(x) (21). The resistivity at each temperature
was calculated using the relation p = R %
Afl, where R is the measured resistance
(ohms), A and [ are the area of cross section
and thickness of the pellets, respectively. p
vs T plots of LnBa,Cu,Ga0,,; phases are
shown in Fig. 4. All the phases are semicon-
ducting in the temperature range measured.
The room temperature resistivities of the
Ga-containing phases are of the order of k{)
cm for all the Ln-phases (Table I}. The p
vs T plots are fitted to an Arrhenius-type
equation, o = gy exp(E,/kT) in the tempera-
ture range 303-480 K, where o = 1/p. The
energies of activation (E,) for conduction in
this temperature range are calculated from
the slope of the log o vs 1/T plots (Fig.

4, inset). The E, values are in the range
0.10-0.28 eV (Table I). Measurements be-
low 300 K could not be carried out due to
the high resistance of the samples.

For the LnBa,Cu;Co(,,; phases, p-T
studies were done on oxygen-annealed pel-
lets by four-probe van der Pauw method.
All the phases exhibit semiconducting be-
havior in the range 300-150 K. Below 150
K, measurements could not be done due to
fluctuations in voltage drop while passing
current. The room temperature four-probe
resistivity values (p;), ) are in the range
0.02-40 £ ¢m and are much lower than that
of the corresponding Ga-doped phases (two-
probe measurements). There are no system-
atics in the p;y ¢ values as a function of rare
earth ion, possibly due to the polycrystalline
nature of the samples (Table II). Figure 5
shows log o vs 1/T plots for select phases
in the LnBa,Cu,Co00;  ; system. The activa-
tion energy values for conduction calculated
using Arrhenius equation for the range
300-150 K are given in Table II.
LaBa,Cu,Co0;, s shows minimum activa-
tion energy (0.03 eV). For all the other
LnBa,Cu,Co0y,, ; phases, the E, values are
in the range 0.06-0.18 eV.
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Fi16G. 5. Resistivity vs temperature plots for LrBa,Cu,
CoQ;, 5 Ln = Pr, Nd, Gd, Tm) showing semiconduct-
ing behavior. Inset shows log ¢ vs 1000/T plots for
the phases.

The metallic conduction and supercon-
ductivity in YBa,Cu;0,_; is explained by
considering CuQ chains as charge reservoirs
and charge transfer to the CuO,-planes is
effected via the bridging oxygen, O(4).
Thus, mobile charge carriers (holes) are cre-
ated in the CuQO, planes and the observed
p-type metallic conduction and supercon-
ductivity are due to these carriers in the
CuQ, planes. Decrease in the oxygen con-
tent decreases the hole concentration (due
to reduction of Cu**) and the metallicity
decreases. The T, also decreases and the
compound shows semiconducting behavior
and no superconductivity is encountered for
8§ > 0.6-0.65 (I, 41). It is known that
substitution at the Cu-site (Cu(l) as well as
Cu(2}) leads to loss of metallicity as well as
superconductivity (10-12). In the present
study, the Cu** (formal valency) of LnBa,
Cu,0; is completely replaced by Ga®* which
has a filled 3d4'° configuration (fixed valency
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of 3+) to form LaBa,Cu,Ga0,. Since the
oxygen content remains at 7.0 (and does not
increase beyond 7.0), the formal oxidation
state of remaining Cu is only +2. Thus,
there is no scope for the creation of holes
and hence the observed semiconducting be-
havior. In LnBa,Cu,Co0;, ; also the Cu’®*
is completely replaced by Co’*. However,
unlike in the case of Ga-substituted phases,
the oxygen stoichiometry increases above
7.0 (~7.28). The excess oxygen should oxi-
dize some Cu®* to Cu’* thereby creating
charge carriers (holes), However, the com-
pounds do not exhibit metallic behavior and
superconductivity.

The total hole concentration consists of
two components, the localized and the mo-
bile holes. The concentration of the mobile
holes determines the conductivity of the
compound. Clayhold et a!. (42) have shown
from Hall-effect measurements that in
YBa,Cu,_,Co,0,, 5 the carrier density (mo-
bile hole density) decreases exponentially
with increasing x. Although superconduc-
tivity is largely determined by conduction
in CuQ,-planes, the substitution of Co in the
CuO chains will lead to a redistribution of
charge carriers (holes) in the chain region
and possibly to an inhibition of charge trans-
fer from the chains to the planes. Neutron
diffraction studies on the YBa,Cu,_,
Co,0,,; system (43) reveal a dramatic
change in the Cu(1)-0{4) bond length. The
apical oxygen [O(4)] is progressively drawn
away from CuQO, planes with increasing x.
This leads to an exponential decrease in the
overlap integral between Cu(2) 3d,; and O(4)
2p, states with increasing x and therefore
an exponential decrease in the number of
mobile carriers leading to not only suppres-
sion of T, but alse onset of semiconducting
behavior. Thus, the semiconductivity in Ga-
and Co-substituted phases is due to the de-
crease in mobile charge carriers.

The temperature dependence of the mag-
netic susceptibility (x vs T) was studied for
the LnBa,Cu,Ga0, , ; phases (Ln = Pr, Nd,
Sm, Gd) using a SQUID magnetometer in
the range 300-5 K in a field of 100 G. The
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reciprocal susceptibility vs temperature
(1/x vs T) plots in the range 300-100 K could
be fitted to a Curie—Weiss law except when
Ln = Sm. Below 100 K the 1/y vs T plots
for Ln = Pr and Nd show deviation from
linearity caused by the crystalline electric
field (CEF) splitting effects. The nonlinear-
ity inthe case of Lr = Smin the temperature
range 300-5 K is also due to ¢crystalline elec-
tric field effects (44). The values of Weiss
constants (#) are 28, 33.5, and 2.4 K for
Ln = Pr-, Nd-, and Gd-phases, respec-
tively. The values of the effective magnetic
moment {¢5) calculated from the values of
C (Curie constant) are in good agreement
with the free-ion moments of Pr™?, Nd*?
and Gd*? (45, 46) (Table I). Sunshinc et
al. (I14), from their magnetic susceptibility
measurements, observed antiferromagnetic
behavior in the semiconducting samples in
the system YSr,Cu;_ Al O;. Indeed, YSr,
Cu,AlO; shows a Néel temperature of 11 K.
In the present study, however, such order-
ing of Cu moments is not observed for any of
the phases. More detailed studies at higher
fields are required and are currently under
way,

Summary

The effect of varying the rare earth ion
(Ln) in the LnBa,Cu,MQO,_ ; (M = Ga and
Co) system on the phase formation and
structural features is studied. In the LnBa,
Cu,Ga0,, ; system, single-phase formation
is observed only when Lr = La—Eu. All the
single phase compounds possess tegragonal
123 structure and the oxygen content is
found to be ~7.0. In the LaBa,Cu,Co0,
system single-phase formation is observed
for Ln = La-Tm and Y, and the oxygen
content is 7.25 = 0.03 for all the phases.
The phases with Ln = La—Er are ortho-
rhombic and the Y-analogue is almost te-
tragonal. When La = Tm the phase is tetrag-
onal, Thus, our studies show that the phase
formation and structural features of the Co-
and Ga-substituted Ln-123 system depend
very much on the size of the lanthanide ion.

MARY, KUMAR, AND VARADARAJU

Far-infrared diffuse reflectance studtes
show that when Y is replaced by other heav-
ier lanthanides, the corresponding Ln-trans-
lational modes and Ba-translational modes
shift to lower frequency systematically, as
expected. The degenerate modes in the
LnBa,Cu,0; spectra appear as split modes
in the LnBa,Cu,Co0,,; spectra, proving
that the phases are indeed orthorhombic in
structure. All the phases are found to be
semiconducting with activation energies in
the range 0.03-0.28 ¢V. Magnetic suscepti-
bility measurements done on select samples
of LnBa,Cu,Ga0,,; phases show that the
effective magnetic moments obtained for
the trivalent lanthanide ions are in
agreement with the free-ion values reported
in the literature and are unaffected by the
presence of Ga at the Cu-site.
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