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Phase formation and lattice strain in superconducting compound Y1ÀxLaxBa2Cu3Oy „0ÏxÏ1…
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We study the formation and evolution of phases in the La substituted Y12xLaxBa2Cu3Oy @~Y–La!123#
superconductors from XRD and Raman measurements. We find characteristic modifications in the interatomic
distances, bond valence sum~BVS! values and crystallite microstrains, which correlate with corresponding
features of the micro-Raman spectra at nominal La compositionsx50.2, 0.5, and 0.8. Based on the Raman
spectra we conclude that two phases appear, an intermediate of chemical formula Y12xLaxBa2Cu3Oy with x
values less than nominal, and another phase of pure La123 with partial substitution of La for Ba and reduced
Tc . The crystallographic changes and the reduction ofTc can be interpreted based on the formation of this pure
La123 subphase upon La doping.

DOI: 10.1103/PhysRevB.68.064502 PACS number~s!: 74.25.Kc, 74.72.2h, 61.10.Nz, 64.75.1g
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I. INTRODUCTION

Rare-earth substituted YBCO systems have been ex
sively studied in order to understand the origin of the stro
modification of their superconducting properties in the c
of Pr substitution. The YBa2Cu3Oy ~Y123! high Tc super-
conductor has an oxygen deficient strained tri-perovs
structure, the internal strains playing an important role in
physical properties of the system. The replacement of Y
another rare earth R results in a linear shrinkage of the c
tallographic axes with increasing atomic number of R, due
the size-effect and the lanthanide contraction behavio1,2

However, subtle crystal structure changes and internal str
are due to more complicated effects, besides the size-ef
such as valence-induced carrier redistribution when the d
ant rare earth occupies other than the Y site or/and oxy
disordering and stoichiometry. These effects are more p
nounced for the light rare earths, especially Pr and La. U
cell values for the Pr123 compound, which is not a bu
superconductor, and for La123, which has aTc between 45 K
and 93 K~Refs. 3 and 4! deviate from the lanthanide linea
trend.1,2 Structural data reported in various papers for
La123 compound are scattered, in contrast to the Y123
perconductor, which has a well-established structure with
teratomic bond distances and bond valence sum values
ied thoroughly.5–7 The nominal La123 compound has be
shown to be an end member of the solid solution fam
La11xBa22xCu3Oy , with physical properties being sensitiv
to the preparation conditions. The scattered values ofTc ob-
served for the nominal La123 compound are mainly attr
uted to the disorder of La, Ba, and the chain oxygen ato
as well as the uncontrolled oxygen stoichiometry.3,4 Such a
disorder is expected to introduce additional internal stra
~changes of the different interatomic distances! in the lattice
of La123.

In a previous paper we have shown that in t
(La0.5R0.5)123 mixed compounds characteristic changes
the interatomic distances are indicative of La induced in
nal strains in the unit cell. Moreover, relaxation of the inte
0163-1829/2003/68~6!/064502~11!/$20.00 68 0645
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nal strains can result in phase separation of the mixed sys
with average ionic radius 1.09 Å, which corresponds to
compound (La0.5Y0.5)123.8 Therefore, the study of the solid
solution Y12xLaxBa2Cu3Oy @~Y–La!123# (0<x<1) seems
to be essential in order to examine the relation between
induced internal strains, phase separation, size of the ion
superconductivity.

The superconductive behavior of LaxY12xBa2Cu3Oy
(0.05<x<0.75) solid solution has been reported so far on
in one paper by Ganapathiet al.9 They have found that for
x,0.5 the system behaves more like a pure Y123 superc
ductor oxide while forx.0.5 the system starts behaving lik
a La123 system with high sensitivity of superconducti
properties on the preparation conditions. However, a deta
investigation of lattice distortions and phase separation
fects induced by La doping in the Y123 superconduct
which could give some better insight in the physical prop
ties of the solid solution and the end member La123, has
been reported so far.

In this work we study with XRD Rietveld analysis th
interatomic distances and bond valence sum variation w
La dopingx (0.01<x<1) in the Y12xLaxBa2Cu3Oy . X-ray
line broadening analysis has been also used to obtain c
tallite microstrains associated with La–Y inhomogeneit
~phase separation! in this solid solution. Raman spectroscop
has been used to investigate the separation into phases
the possible substitution of La for Ba. Characteristic chan
in the B1g Raman active phonon showed the formation o
pure La123 subphase, the amount of which correlates v
well with structural modifications. The observed reduction
Tc is associated with the development of the pure La1
phase and not with the total amount of La, implying t
important role of phase separation effects when interpre
the superconducting properties of rare-earth substitu
YBCO.

II. EXPERIMENT

Polycrystalline ceramic samples Y12xLaxBa2Cu3Oy have
been prepared from high purity~99.999%! powders La2O3,
©2003 The American Physical Society02-1
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TABLE I. Rietveld refinements of XRD data for Y12xLaxBa2Cu3Oy . The space group isPmmmwith Ba(1
2 , 1

2 ,z), La(1
2 , 1

2 , 1
2 ), Y( 1

2 , 1
2 , 1

2 ),

Cu~1!~0,0,0!, Cu~2!~0,0,z), O~1!~0,0,z), O~2!~0,1
2 , z), O~3!( 1

2 ,0,z), and O~4!~0,1
2 ,0!. Also shownTc , DTc , oxygen content (y), and

shielding fraction~SF!.

x50.01 x50.10 x50.20 x50.30 x50.40 x50.50 x50.60 x50.70 x50.80 x50.90 x51.00

z(Ba) 0.1834~3! 0.1825~3! 0.1827~3! 0.1834~3! 0.1816~5! 0.1816~4! 0.1807~5! 0.1793~5! 0.1809~6! 0.1802~5! 0.1796~7!

z(Cu2) 0.3561~6! 0.3566~7! 0.3537~6! 0.3533~6! 0.351~1! 0.3516~9! 0.351~1! 0.348~1! 0.348~1! 0.347~1! 0.346~2!

z(O1) 0.162~3! 0.161~3! 0.159~2! 0.160~3! 0.160~5! 0.162~5! 0.159~5! 0.156~5! 0.163~7! 0.161~5! 0.164~7!

z(O2) 0.377~2! 0.385~2! 0.376~2! 0.362~3! 0.359~4! 0.367~4! 0.367~4! 0.383~4! 0.360~5! 0.364~4! 0.360~6!

z(O3) 0.383~2! 0.369~2! 0.381~2! 0.382~2! 0.382~3! 0.380~3! 0.388~3! 0.377~3! 0.394~4! 0.386~3! 0.416~4!

a(Å) 3.8218~4! 3.8239~4! 3.8301~2! 3.8385~4! 3.8502~6! 3.8430~6! 3.8561~3! 3.8666~3! 3.8694~3! 3.8822~3! 3.8911~3!

b(Å) 3.8875~4! 3.8866~5! 3.8874~3! 3.8927~5! 3.9034~7! 3.8992~7! 3.9095~5! 3.9165~5! 3.9167~5! 3.9269~4! 3.9330~8!

c(Å) 11.677~1! 11.676~1! 11.685~1! 11.702~2! 11.732~2! 11.717~2! 11.749~2! 11.778~1! 11.777~2! 11.805~1! 11.808~3!

R(%) 6.28 6.15 5.43 6.15 7.39 7.32 7.19 6.13 7.23 7.02 8.83
Rwp ~%! 8.25 6.80 6.70 7.15 8.69 8.42 8.46 7.78 9.14 8.94 11.0
Rexp ~%! 5.51 4.75 4.62 4.54 5.77 5.70 5.38 5.47 5.60 5.80 6.12
RBragg ~%! 5.73 6.24 4.60 6.50 7.79 8.82 6.89 6.02 6.19 6.84 8.64
BaCuO2 ~%! 0.97 2.33 4.16 4.51 5.30 5.80 7.57 6.11 5.62 6.42 5.65
y 7.07~2! 6.97~2! 6.90~2! 6.92~2! 6.92~2! 7.01~2! 6.99~2! 6.98~2! 7.00~2! 7.05~2! 6.95~2!

Tc 91 91 84 83 85 86 85 82 81 79 74
DTc 30 36 44 43 52 45 50 50 51 52 52
x 0.004 0.092 0.182 0.282 0.385 0.472 0.617 0.727 0.827 0.938 0.8
SF~%! 81 83 71 54 49 56 48 49 60 40 44
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Y2O3, BaCO3, and CuO by the solid-state reaction tec
nique. In order to prevent contamination from CO2 and
moisture, the initial La2O3 powder was heat treated and th
all starting materials have been mixed according to the no
nal composition, ground, pressed into pellets, and calcina
at 920 °C for 20 h in an oxygen atmosphere. The pellets h
been reground, repressed, and further thermally treate
oxygen flow for 20 h~four times! at 940, 960, 980, and
990 °C, respectively. According to the XRD examination t
pellets consisted of a single crystalline phase and the c
monly found BaCuO2 phase. It is known that the chemistr
of the La–Ba–Cu–O system is different from that of Y1
having a large number of ternary compound and solid so
tion series. Sintering in inert atmosphere is necessary for
synthesis of single phase La123.3,4 Therefore, sintering of the
samples has been performed in He atmosphere at 950 °C
about 30 h. The samples have been then cooled dow
500 °C in the furnace and annealed at that temperature fo
h under flowing oxygen. The process~sintering and anneal
ing! has been repeated until the amount of BaCuO2 was re-
duced to a percentage lower than 8%.

11 samples have been prepared with the composition
responding tox50.01, 0.10, 0.20, 0.30, 0.40, 0.50, 0.6
0.70, 0.80, 0.90, 1.00. The superconducting critical temp
ture has been determined using a SQUID magnetomete
the Zero Field Cooled~ZFC! mode. Oxygen stoichiometry
has been obtained by a volumetric method, taking into
count the presence of the BaCuO2 impurity phase for each
sample.10

X-ray diffraction measurements at room temperature h
been carried out on a Siemens D5000 powder diffractom
with Cu Ka radiation and a graphite secondary monoch
mator. The XRD patterns have been collected in a stand
06450
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two-cycle goniometer in Bragg-Brentano para-focusing
ometry by step scanning mode. A step size of 0.03° an
counting time of about 15 s/step have been used.

Micro-Raman spectra have been measured at room t
perature with a Jobin-Yvon T64000 triple spectrome
equipped with a liquid nitrogen cooled CCD and a micr
scope ~magnification3100). The 488 nm and 514.5 nm
lines of an Ar1 laser and the 530.9 nm of a Kr1 were used at
low power (,0.2 mW) focused on a 1 –2mm spot size.
Accumulation times were 1.5 and 3 h for thezz andxx(yy)
scattering geometries, respectively.

A. Results

The XRD patterns of all samples have been analyzed w
the Rietveld method using the programRIET,11 assuming for
each sample two phases, the main~Y–La!123 and the impu-
rity phase BaCuO2. The refinement has been carried out~120
Bragg reflections, 1670 points! using for the ~Y–La!123
phase the starting crystal structure model of Y123~space
groupPmmm!.5 Each reflection peak has been assumed to
described by a Pearson VII profile shape function with s
FWHM and shape. Sample preferred orientation has been
to the vector 00l using the March function.12 For the BaCuO2
impurity phase, the structural parameters reported in Ref
have been used without refinement, while the correspond
scale factor was refined and the content of the impurity ph
was estimated according Hill and Howard14 for each sample
~Table I!.

Due to the difference in the scattering factors of Y and
the site occupancy at the Y site by La could be refined in
~Y–La!123 phase. Results shown in Fig. 1~a! indicate that
the average amount of La in the Y site coincide with t
2-2
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nominal composition for all samples except for La123x
51.0), which is La deficient. This means that the La1
phase has vacancy and/or antisite LaBa defects. From neutron
diffraction data2 it is known that La can occupy also the B
site, however this cannot be detected in our samples by
fining the corresponding site occupancies due to the sim
x-ray scattering factors for the two elements. An attemp
refine a mixed Ba/La occupation factor resulted in unreali
values. In a preliminary refinement we have also tried
include in the refinement a third phase, the tetrago
La11xBa22xCu3O72d , following the results obtained by
Izumi et al.4 for the nominal La123. For samples withx
,0.7 the refined corresponding scale factors indicated
no such tetragonal phase was present. Forx>0.7 we have
obtained improvedR-factors when including in the refine
ment the tetragonal phase. However the obtained values
some interatomic distances and especially the fractional
ordinatez for Ba of the main La–Y123 phase were unre
istic. This indicates that the improvement of the refinem
assuming the presence of a ‘‘tetragonal’’ (LaBa)3Cu3O72d
phase could represent the contribution of an inhomogen
in those samples as pointed out also by Izumiet al.4 There-
fore any La/Ba disorder can be eventually indirectly ma
fested as a change of different bond lengths and bond
lence sum values at the Ba site of the orthorhombic phas
discussed below.

FIG. 1. ~a!The site occupancy at the Y site by La from Rietve
refinement vs the nominal stoichiometry,~b! The transition tem-
perature and the transition widthDTc as a function of La dopingx.
The inset shows a typical ZFC magnetization vs temperature c
for x50.1 ~H550 Oe!.
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Table I presents the structural parameters of
Y12xLaxBa2Cu3Oy compounds as determined from the fin
Rietveld refinement. In Table I are also shown the oxyg
contenty, theTc values, the corresponding diamagnetic tra
sition widthsDTc ~10%–90%! and the~%! shielding fraction
SF, estimated from the ZFC magnetic susceptibility data@in-
set Fig. 1~b!#. All samples are optimally doped or overdope
(y56.927.07) with a slight tendency of increased amou
of oxygen with increasing La concentration. So, samp
with x>0.5 have on average higher oxygen contenty
56.9827.05) compared to the samples with 0.01,x,0.5.
The transition temperature (Tc) is decreasing from 92 K~for
x50.01) to 74 K~for x51). The decrease is not linear wit
La dopingx showing two plateaus@Fig. 1~b!#, the first at 92
K for x,0.2 and the second at approximately 85 K for 0
<x<0.7. TheDTc increases considerably to an asympto
value of 50 K forx50.4 @Fig. 1~b!#. This should reflect also
the coexistence of phases as discussed below.

The unit cell volume and parameters increase with
doping in agreement with the larger La31 (r 51.16 Å) re-
placing the smaller Y31 (r 51.019 Å) ~Fig. 2!. The values
of the end members withx50 (YBa2Cu3O6.93) ~Ref. 5! and
x51 (LaBa2Cu3O6.95) ~Ref. 3! agree with our values. How
ever for the small substitutional limit (x&0.2) a deviation of
the unit cell volume from the linear behavior~Vegard’s law!

ve

FIG. 2. Dependence of the cell volume~a! anda, b, c/3 unit cell
values~b! of the ~Y–La!123 compounds on the La contentx. Solid
lines are fits of the data with a third order polynomial.
2-3
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is observed. The same deviation from the linear behavior
been observed for thec/3 and to a lesser extent for theb
lattice constant. It is interesting that thec-axis shows a slight
deviation from linearity towards the end member La123
@Fig. 2~b!#, probably reflecting the partial substitution of L
for the larger Ba ion in the 2t~1/2,1/2,z) site15 as discussed
below.

La replacing Y in the Y123 structure results in a tens
strain of the unit cell, which is 1.8% for thea, 1.2% for the
b, and 1.1% for thec axis. Orthorhombic strain, defined a
(b2a)/(b1a), is generally decreasing with La doping@Fig.
3~a!# with a jump to higher values atx50.5. The latter may
be related to the observed higher oxygen content of
samples withx>0.5.

In order to have an insight in the internal strains induc
by the La doping we have calculated different interatom
distances with oxygen atoms labeled as follows: O~1! apical,
O~2! plane along theb axis, O~3! plane along thea axis, and
O~4! and O~5! basal plane along theb and a axis respec-
tively. An increase ~decrease! is observed for Cu~2!–
Cu~2!~Cu~2!–Cu~1!! bond distance with La doping@Fig.
3~b!#. Most of the stress introduced by the larger La repl
ing the smaller Y atom in the 1h ~1/2,1/2,1/2! site of the unit
cell, seems to be accommodated by the Cu~2!–Cu~2! bond,
which is increasing by 8.3% while the Cu~2!–Cu~1! bond is
decreasing only by 1.6%.

Internal strains concerning the bonds with the apical o
gen are expected to be important in the La doped sys
since the site of the apical oxygen is sensitive to size effe
to the presence of excess oxygen on the basal plane, an
La/Ba disorder. The larger Cu~2!–O~1! bond distance is de
creasing with La doping while the smaller Cu~1!–O~1! bond
distance is almost constant with a tendency to slight incre
for the higher (x>0.8) La substitution values@Fig. 3~c!#.
The substitution of Y by the larger La atom induces an int
nal chemical pressure in the unit cell. Internal strains in Y1
lattice induced by a 2% compressive uniaxial strain along
a, b, andc axis have been theoretically calculated. Picke16

has found that a 2%c-axis compression decreases the sh
Cu~1!–O~1! bond by only 0.018 Å and the long Cu~2!–O~1!
bond by nearly seven times as much (0.124 Å) being
agreement with our results. The scattered values forx.0.6
indicate that the internal strains of the apical O~1! for those
samples at the high La substitution limit are additionally
fected by other factors than the size effect. These interato
distances are also sensitive to the occupancy of the sites~4!
and O~5! which may be induced by the La/Ba replaceme
and the scattered values are partially due to the variation
the oxygen doping.

According to the calculations of Pickett,16 the strain
driven displacements of atoms~internal strains!, which are
substantial in the Y123 structure, are those of the Cu~2! and
O~3! atoms while those of O~2! and Ba are comparativel
small. The Cu~2!–O~3! is increasing withx while little effect
is observed for the Cu~2!–O~2! distance@Fig. 3~d!#. The lat-
ter could be understood taking into account that the O~2!
atom is situated along the more interlinked@due to the O~4!
chains# b-axis and is in agreement with the above calcu
tions. However the increase of the Cu~2!–O~3! distance is
06450
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not linear with La dopingx. The La123 phase (x51) exhib-
its a high Cu~2!–O~3! bond value indicating that the La io
induces large tensile internal strains in the Cu~2!–O~3! bonds
in agreement with the previous results.8 Therefore, at 0.2
,x<0.8 the two bonds become similar due to the La1
phase formation as will be discussed bellow.

Following an initial small increase~decrease!, at x50.2
the Y/La–O~3! ~Ba–O~3!! distance is decreasing~increasing!
with La doping@Fig. 3~e!#. This effect is more pronounced a
high La substitution. Figure 3~f! shows the bond distanc
Ba–O~1! and the distance of Ba atom from the basal plane
a function of La dopingx. The Ba–O~1! bond is increasing
with x, in accordance with the modifications observed for t
a, b axes@Fig. 2~b!#. The Ba atom is slightly shifted, with a
jump atx50.8, towards the basal plane with increasing
doping. The observed change atx50.8 agrees with the cor
responding modifications of the apical oxygen O~1! @Fig.
3~c!#. The overall shift of the Ba atom (0.02 Å) is muc
smaller compared to the corresponding one of the Cu~2!
atom (0.07 Å). This indicates that the ionic size effect
more pronounced in the central Cu~2!–Cu~2! cube of the
triple-perovskite unit cell while changes in the Ba cube co
be induced by additional effects besides the size-effect.

Bond valence sum~BVS! at the Y/La and Ba site has bee
calculated according to Brown17 ~Fig. 4!. The individual
bond valences have been calculated using the relationSi
5exp@(R02Ri)/B#, whereR0 has a characteristic value for
given cation–anion pair,Ri is the interionic distance, andB
is a universal constant having the value 0.37 Å. The ato
bond valenceV is obtained by summing up the bond v
lences associated with a particular ion, given byV5(Si .
The value ofR0 for Ba21 –O22 was chosen to be 2.297~Ref.
18! and corresponding values for the R31 –O22 bonds were
taken from Ref. 17. In the strained structure of the Y123
BVS values at the rare earth and barium ions are indica
of internal strains. A bond valence sum for Y/La site grea
than the nominal13 is indicative for an ion that is too larg
for the central Cu~2!–O cage of the triple-perovskite struc
ture. The stress in this case can be partially relieved by
modification of the Cu~2!–O–Cu~2! bond angles. Larger val
ues for the strain and thus for BVS are expected when
larger La replaces the smaller Y. The observed increas
BVS is not linear with La dopingx. For x>0.5 BVS at the
La/Y site increases considerably above13 and saturates to a
high value forx>0.8 @Fig. 4~b!#.

At small La substitution (x&0.2) the BVS value of the Ba
site is slightly increasing from the initial value of 2.17, ind
cating that the La substitution induces more compress
stress at the Ba site@Fig. 4~a!#. For intermediate values
(0.2,x<0.7) a systematic decrease is observed indica
the partial release of compressional stress. At higher La c
centrations the BVS remains roughly equal to 2 and sma
than the corresponding in the Y123 cell in agreement w
the results obtained for the R123 compounds by Ram
et al.6 In the case of Y123 Brown18 has observed that the B
atom is too large for the Cu–O framework aty57 and too
small at y56, so that the valence sums at the Ba site
lower than the nominal12 valency for lower oxygen con
tents while a linear increase occurs with increasing oxyg
2-4
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FIG. 3. Dependence of the orthorhombic strain~a!, bond distances Cu~2!–Cu~2!, Cu~1!–Cu~2! ~b!, bond distances Cu~2–O~1!, Cu~1!–
O~1! ~c!, bond distances Cu~2!–O~2!, Cu~2!–O~3! ~d!, bond distances Ba–O~3!, Y–O~3! ~e!, bond distance Ba–O~1! and Ba atom distance
from the basal plane~f! of the ~Y–La!123 compounds on the La contentx.
pe
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the
content. The Ba atom in the optimally doped and overdo
Y123 structure is therefore in a state of compressional st
with a BVS value'2.2. Taking into account this linear de
pendence, the effect of oxygen content variation among
samples on the BVS values of Ba has been estimated.
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results showed that the features observed atx'0.2 andx
'0.5 in Fig. 4~a! become even more pronounced. This ind
cates that the observed changes in BVS at the Ba site ca
attributed to the La doping. The partial release of stress at
Ba site, resulting in a BVS value12 for the pure La123
2-5
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phase, could be understood as a partial replacement o
bigger Ba (r 51.52 Å for coordination 10! by the smaller La
(r 51.27 Å for coordination 10!. The observed modification
of Ba BVS value correlate with the formation of the La12
subphase as discussed below.

Typical Raman spectra for the two scattering polarizatio
are presented in Figs. 5~a! and 5~b! for selected La concen
trations. In the low energy region of thezz polarization the
phonon due to the Ba atoms appears as a double peak at
La concentrations (.80%). The average peak position
located between the energy of the Ba mode in pure optim
doped Y123 and another mode energy at 126 cm21 @Fig.
6~a!#. This additional peak was also detected in oxygen
ficient YBa2Cu3Ox samples19 and corresponds to a disord
induced mode. In Y123 the disorder is induced from the l
of the chain oxygen, while in the present case of fully ox
genated samples it can be activated by the La substitution
Ba. From Fig. 6~a! we observe that the additional mode a
pears mainly atx50.2, 0.6, 0.9, 1.0 and to a lesser degr
for x50.7. A similar behavior is observed in the dependen
of the Ba phonon width on the La concentration@Fig. 6~b!#.

Another weak mode appears at'160 cm21 close to the
phonon due to the Cu~2! atoms~at 150 cm21) of the CuO2
planes. A similar peak has been observed in pure Y123 w
decreasing amount of oxygen and it can be related with
disorder introduced with the oxygen deficiency. The pe

FIG. 4. Bond valence sum~BVS! values for the Ba~a! and the
Y/La atoms~b! as a function of La contentx for the ~Y–La!123
compounds.
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position of phonon due to Cu~2! starts increasing with La for
x.0.2 up tox50.8, while its energy is reduced for pur
La123 @Fig. 6~a!#. Its width shows the same behavior as t
width of the Ba phonon@Fig. 6~b!#.

In the high energy part of the same polarization spec
@Fig. 5~a!# the phonon due to the plane oxygen atoms O~2,3!
remains almost constant in energy@Fig. 6~a!#. The energy of
this phonon is very sensitive to the amount of oxygen19 and
corresponds to samples with optimum to overdopped oxy

FIG. 5. Typical room-temperature micro-Raman spectra in

y(zz) ȳ ~a! andy(xx) ȳ ~b! scattering polarizations for selected~Y–
La!123 concentrations.
2-6
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PHASE FORMATION AND LATTICE STRAIN IN . . . PHYSICAL REVIEW B68, 064502 ~2003!
concentration,19 in complete agreement with the measu
ment of the oxygen content in the samples. Its width rema
roughly contant except forx50.5 @Fig. 6~b!#. The phonon at
'503 cm21 due to the apical oxygen gradually shifts
higher energies with increasing amount of La@Fig. 6~a!#.
This must be due to the decreasing of the bond dista
Cu~2!–O~1!. A similar behavior has been observed in pu
Y123 with increasing amount of oxygen doping.19 The width

FIG. 6. ‘‘~Color online!’’ variation of the energy~a! and line-
width ~b! of the Ag symmetry Raman active phonons with the L
contentx in the ~Y–La!123 compounds.
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of the apex mode shows a pronounced increase by 50% c
pared to the pure Y123 forx50.2 and 0.5@Fig. 6~b!#.

In the other scattering polarization, the low energy mod
due to the Ba and the Cu~2! atoms are reduced in intensity
but remain asymmetric~Fano shape! due to their coupling
with the carriers. The out-of-phase vibrations of the O~2,3!
of B1g symmetry show the maximum modifications with th
rare earth substitution. While at low La content this phon
has the normal asymmetric Fano shape, with increasing
concentration another peak at'297 cm21 starts to develop
around 30% La@Fig. 5~b!#. This second peak gains intensi
with La and it becomes the dominant one around 60%–7
La. At the same time theB1g mode shifts to lower energie
and looses intensity with the La substitution, but it can
clearly discriminated even forx50.8 @Fig. 5~b!#. At x50.9
mainly the mode at 297 cm21 appears with a very smal
contribution at higher energies from another mode. F
100% La substitution only the mode at'297 cm21 remains,
which apparently is theB1g phonon of the La123 compound
This phonon is more symmetric than in the pure Y123@Fig.
5~b!#, which is an indication for the reduction of carriers
the CuO2 planes. This could be the reason of the reduc
transition temperature to 74 K.

B. Discussion

Theb, c/3 andVcell dependance onx indicates that there is
a deviation from the linear Vegard’s law expected when
solid solution is formed. The dependence of the Y123 latt
constants and volume on the oxygen nonstoichiometry va
in the optimum to overdoped region with the conditions
the synthesis.20 The c lattice constant andVcell decrease lin-
early with increasing oxygen content when Ba-carbonate
used as a precursor~Ref. 5 and CAR samples in Ref. 20!,
while a minimum is observed at the onset of overdoped
gion (y'6.93) for samples prepared by the expelling c
bonate method~BAO samples in Ref. 20!. Thec lattice con-
stant of the Y0.99La0.01Ba2Cu3O7.07 sample and our synthesi
conditions suggest that our samples should be compare
those of Ref. 5 and the CAR samples of Ref. 20. Taking i
account this linear dependence we can reduce the effec
oxygen content variation on the c lattice constant values
cording to the CAR samples data. In that case the featu
observed in Fig. 2 become even more pronounced. Cor
tions made even according to the BAO samples data, s
that the deviation from nonlinearity, although smoother, p
sists as well. The dependence of the plane Cu~2!–O bond
distances and BVS values, as discussed previously, upo
doppingx support this feature and indicate that the structu
modifications observed atx'0.2, x'0.5, andx'0.8 can be
attributed to La doping. The evolution of the phonon sha
@Fig. 5~b!# is quite convincing that at intermediate La co
centrations (0.2,x,0.8) there is a coexistence of tw
peaks. One with lower energy clearly corresponds to theB1g
mode of pure La123, because it remains constant in en
as in thex51 composition@Fig. 5~b!#. The other one forx
50 is the B1g phonon of Y123, which with increasing
amount of La is drifting to lower energies. It is reasonable
assume that it is a mode that originates from a mix
2-7
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Y–La123 (Y12xLaxBa2Cu3Oy) phase with varying amoun
of La. Therefore the data show a mixture of one- and tw
mode behavior. Figure 7 shows the peak position of theB1g
mode of the intermediate phase plotted vs the average i
radius together with the results of the pure R123 phases.
latter have been experimentally observed to follow a lin
dependence on the R ionic radius.21 The averageB1g mode
of the R10.5R20.5Ba2Cu3Ox phases show a simila
behavior.8,22 Our end point data Y–La123 coincide with th
previous measurements, but the rest of the data have a
dency to lie at higher energies than the pure R123 or
mixed compounds R10.5R20.5Ba2Cu3Ox . This behavior can-
not be due to a variation in oxygen concentration among
samples, since such a change in oxygen concentration w
not modify the energy of theB1g mode.19 The presence o
the lower energy mode, which corresponds to the La1
phase indicates that part of La is used in this pure phase
the mixed Y12xLaxBa2Cu3Oy phase must have less than t
nominal amount of La. This explains the deviation of t
mixed phase phonon energy from the corresponding valu
the pure R123 in Fig. 7. From the peak position of the int
mediate phase, one can calculate the average ionic radiu
value would correspond to if it followed the linear best fit
the R123 data. From these values one can then estimat
amount of pure La123 present in the samples~Fig. 8!. It is
clear that, under this assumption of linear dependence o
B1g phonon energy withx, above roughly 20% nominal La
concentration, the amount of this La123 phase saturates
increases again above 60%. In this figure we have also
cluded the changes of the interatomic distance Cu~2!–O~3!
@Fig. 3~d!# which correlate with the changes of the estima
amount of pure La123 phase.

One is therefore forced to assume a separation into
phases; one phase of pure La123 and the intermed
Y12xLaxBa2Cu3Oy . The variation of the transition tempera
ture with La content agrees well with this separation in
phases, since there are similar changes inTc ; at x'0.2 there

FIG. 7. ‘‘~Color online!’’ The dependence of the energy of th
B1g symmetry Raman active phonon on the ionic radius of~Y–
La!123 and related compounds. The straight line is the best linea
to the pure R123 compounds data~Ref. 21!. The curve is a third
order polynomial fit to the~Y–La!123 data.
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is a drop inTc , then a saturation up tox'0.6 and a drop
again with the further increase of La substitution@Fig. 1~b!#.
The variation ofTc looks like being an average between t
lower transition temperature of pure La123 and a cons
one of the intermediate phase, not being proportional to
amount of La. Atx'0.2 there is a stepwise increase of t
DTc as well@Fig. 1~b!#, which apparently reflects the deve
opment of the second phase. TheDTc remains large even fo
the end element La123@Fig. 1~b!#, but this is expected from
the reduced amount of the superconducting state in this c
pound~Table I!.

From the concentration dependence of all phonons s
ied, characteristic modifications have been observed in
width and energy mainly atx'0.2 andx'0.8, which may
reflect crystallographic changes@Figs. 2~b! and 3#.

A phase separation such as observed by Raman spec
copy, can be interpreted as compositional inhomogeneit
the La/Y site in the microcrystalls which manifests itself
microstrains in the crystallites. In order to study the micro
trains of the crystallites, line broadening analysis of the XR
Bragg reflexions has been used. Due to the line overlapp
and generally low broadening in the pattern of the Y1
structure it is very difficult to apply methods of line deco
volution. We have thus applied the more simple method
integral breadth to determine the upper limit of appar
strains.23 A silicon standard has been used to determine
instrument profile characteristicsU,V,W from Rietveld
analysis and the FWHM(2Q) of the instrumental profile us

fit

FIG. 8. The amount of pure La123 subphase in the sample
estimated from the peak position of theB1g symmetry Raman ac-
tive phonon for the intermediate phase in comparison with the
pendence of the Cu~2!–O~3! bond distance on the La contentx for
the ~Y–La!123 compounds. Solid~doted! line is a third order poly-
nomial fit to the La123@Cu~2!–O~3! distance# data.
2-8
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PHASE FORMATION AND LATTICE STRAIN IN . . . PHYSICAL REVIEW B68, 064502 ~2003!
ing the Caglioti relation.12 The sample broadening has be
obtained from the experimental assuming a Gauss-type
strumental broadening,

~FWHMsamp!
25~FWHMexp!

22~FWHMins!
2.

The corresponding integral breadthsbsamphave been cal-
culated for the 00l and h00 reflections using the progr
BREADTH.23 This program enables the calculation of t
mean crystallite size~L! and the upper limit of strain (e),
assuming a Gauss-Gauss, Cauchy-Gauss or Cauchy-Ca
type distributions for size and strain, respectively. Analy
of all samples showed that physically meaningfully resu
are obtained if one assumes Cauchy models for both size
strain, so that integral breadthbsamp(2Q) is given by the
following expression:

bsamp~2Q!5bsize~2Q!1bstr~2Q!5
l

L•cosQ
14e•tanQ,

wherel is the x-ray wavelength.
No significant contribution to the peak broadening h

been obtained from crystallite size. The upper limit of stra
along the @001# and @100# directions as a function of La
doping is presented in Fig. 9. Microstrains are very low
the small substitution limit and are increasing for 0.2,x
,0.8. For the latter values ofx, compositional inhomogene
ity of samples is high due to phase separation observed f
the Raman spectra and microstrains are expected to be
pronounced. Thus the large microstrain for 0.2,x,0.8 is an
indication of the coexistence of two phases, i.e., the inhom
geneous distribution of La at the Y site~phase separation!. A
decrease of microstrains is observed for the high substitu
limit ( x50.9,1.0). For those samples more homogene

FIG. 9. The upper limit of apparent straine ~%! along the@001#
and @100# directions as a function of the La contentx in the ~Y–
La!123 compounds.
06450
n-

hy-
s
s
nd

s

r

m
ore

-

n
s

La123 crystallites are expected to be formed according to
Raman data. Microstrains can probe the presence of ph
separated regions and/or crystal defects. In the La
sample, microstrains are higher compared with those of
Y123 crystals. This can be interpreted either by a hig
density of extended crystal defects or as a coexistence
orthorhombic Ba-rich and tetragonal La-rich phases, i.e.,
inhomogeneous distribution of La at the Ba site. The valu
of microstrains obtained from our analysis are in gene
comparable with values~0.05%–0.3%! reported in literature
for the Y123 system.24,25

One question has to be answered: what are the crit
concentrations for the formation of the subphases. The c
tallographic and the Raman data show three characteristi
concentrations, where structural changes are observed.
x'0.2, x'0.5, andx'0.8. The first value is the concentra
tion where there is an inflection of thec-axis dependence on
x @Fig. 2~b!#, the BVS of Ba and Y/La show a local extrem
~Fig. 4!, the transition temperature decreases@Fig. 1~b!#, the
dependence onx of the phonon energy due to the Cu~2! atom
starts increasing@Fig. 6~a!#, and the phonon widths show
sudden increases@Fig. 6~b!#. Besides, it is the concentratio
where the two plane Cu~2!–O bonds tend to become equa
and there seems to start the separation into two phase
judged from the Raman data~Fig. 5!. At x'0.5 the BVS of
Y/La starts increasing considerably above the value13 ~Fig.
4!, as the apparent strain does~Fig. 9!. Taking into account
the BVS dependance on ionic radius of the R1
compounds,6,7 we can see that forx'0.5 the average ionic
radius of Y–La123 corresponds to BVS'13. At this con-
centration therefore the average ionic radius of Y–La is s
that the central cage is critically unstrained supporting
formation of a mixed Y–La123 phase. Atx'0.5 the splitting
of the B1g mode in two peaks is obvious~Fig. 5! and Tc
begins to drop@Fig. 1~b!#. In the range 0.2,x,0.7 the
amount of La123 seems to remain constant~Fig. 8! and only
the intermediate phase increases. Atx'0.8 the apparent
strain drops~Fig. 9!, the BVS of Y/La saturates@Fig. 4~b!#,
the Cu~2!–O~3!bond distance increases abruptly@Fig. 3~d!#
and thec-axis dependence onx saturates@Fig. 2~b!# as does
the dependence of the Cu~2! phonon energy@Fig. 6~a!#. In
the Raman spectra~Fig. 5! the double peak structure is re
placed by the spectrum of pure La123, its amount increa
abruptly ~Fig. 8!, and the dependence of Cu~2! phonon is
modified.

Our results can be consistently understood if one assu
that the separation into phases is driven mainly by the st
due to the difference in the ion sizes and that La has repla
Ba in small amounts only in the pure La123 phase reduc
its transition temperature. In the samples with small La c
centrations, the carriers will be localized at random sites~of
the pure La123 phase! due to this La for Ba substitution
With the addition of La, more pure La123 cells will be cr
ated and at some critical concentration these will be eno
in number to arrange themselves and create a subphase
lower Tc . Apparently this happens around 20% concent
tion in La. This does not imply that all 20% of unit cells wit
La at the site of Y have localized carriers, since only in
portion of them this happens. Until this concentration t
2-9
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transition temperature is not modified, but forx>0.2 theTc
will be an average between theTc of the constant amount o
the pure La123 phase and the rest of the compo
with the high Tc . With the further increase of La th
existence of two phases is more apparent as the Ra
data show ~Fig. 5!. Above this concentration, probabl
the localized carriers of the pure La123 phase are eno
in number to play some role in the phase separation me
nism by creating clusters similar to those observed
Pr11xBa22xCu3O71d by Grevinet al.26 Until x'0.5–0.6 the
strain is minimized by the phase separation mechanism,
at higher concentrations even the intermediate phas
strained and the system prefers to create mainly the p
La123 phase. Atx'0.8the unit cells with mixed Y/La struc
ture are few enough to stop producing clusters~as the La123
clusters that occurs atx'0.2) and the system behave
mostly as pure La123, with decreasedTc because of the La
replacement of selected Ba sites. Therefore there is a fur
decrease of the transition temperature and the other ef
described above.

The variation of the amount of pure La123 with the nom
nal amount of La implies that the reduction in theTc is
associated with the development of the pure La123 ph
and not with the total amount of La. Furthermore, t
increase of La123 phase abovex'0.8 ~Fig. 8! correlates
with the considerable increase of the satellite pe
at 126 cm21 @Fig. 6~a!#, which we believe it is due to
a disorder at the Ba site. This justifies our assumption tha
substitutes for Ba in the pure La123 phase only a
this substitution is related with the reduction inTc . Our
results would very well explain the earlier observations
Ganapathi et al.9 on the superconductive properties
LaxY12xBa2Cu3O72d .

If the above assumptions turn out to be correct, th
would imply that the phase separation is induced by
strains developed by the different size of the Y and La ato
but also affected by the internal strains due charge redi
sis
,

, P

S.

ka

W

C

E.
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bution. Therefore, the mechanism could be different in the
substitution for Y, though the ion size of Pr is only slight
smaller than La. As observed,8 Pr0.5R0.5Ba2Cu3O72d com-
pounds have different behavior of the interatomic distan
compared to the La0.5R0.5Ba2Cu3O72d , indicating that the
internal strains are due to different mechanisms in the
systems.

C. Conclusions

We have studied the effect of La substitution for Y in th
YBa2Cu3O72d superconductors. Based on the XRD me
surements we find characteristic changes at nominal La
stitutions 20%, 50%, and 80%, which correlate with mod
cations in the Raman spectra and the transition tempera
From the behavior of theB1g mode and the XRD measure
ments we conclude that two phases are created with the
substitution, an intermediate one Y12xLaxBa2 Cu3Oy with
less than the nominal La concentration and another, wh
seems to correspond to a pure LaBa2Cu3Oy phase. The
amount of this pure phase correlates very well with structu
modifications and those observed in the transition temp
ture. Based on the Raman spectra and the XRD data,
propose that the reduction inTc is driven by the La substi-
tution for Ba that occurs in the pure La123 phase. T
amount of substitution for Ba seems to be the same in all
concentrations and only the relative percentage of the p
La123 is changing among the different compounds. The
fore, phase separation effects should be taken into acc
when interpreting superconductive properties in the solid
lution R12xRx8Ba2Cu3Oy systems.
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