PHYSICAL REVIEW B 68, 064502 (2003

Phase formation and lattice strain in superconducting compound Y_,La,Ba,CuzO, (0=x<1)
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We study the formation and evolution of phases in the La substituted'6,Ba,Cu;0, [(Y—La)123]
superconductors from XRD and Raman measurements. We find characteristic modifications in the interatomic
distances, bond valence suBVS) values and crystallite microstrains, which correlate with corresponding
features of the micro-Raman spectra at nominal La compositien3.2, 0.5, and 0.8. Based on the Raman
spectra we conclude that two phases appear, an intermediate of chemical formylla,Ba,Cu;O, with x
values less than nominal, and another phase of pure Lal23 with partial substitution of La for Ba and reduced
T.. The crystallographic changes and the reductiohafan be interpreted based on the formation of this pure
La123 subphase upon La doping.
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[. INTRODUCTION nal strains can result in phase separation of the mixed system
with average ionic radius 1.09 A, which corresponds to the
Rare-earth substituted YBCO systems have been extesompound (LgsY 1232 Therefore, the study of the solid
sively studied in order to understand the origin of the strongolution Y;_,La,Ba,Cus0y [(Y-La)123] (0sx=<1) seems
modification of their superconducting properties in the casd® be essential in order to examine the relation between La
of Pr substitution. The YBZCu;0, (Y123) high T, super- induced mterrya_l strains, phase separation, size of the ion and
conductor has an oxygen deficient strained tri-perovskit§uperconductivity. .
structure, the internal strains playing an important role in the The supercondyctlve _behawor of b ,Ba,Cu;0,
physical properties of the system. The replacement of Y b§0.05£xs0.75) solid solution gas been reported so far only
another rare earth R results in a linear shrinkage of the cryé—rl one paper by Ganapatht al" They have found that for

tallographic axes with increasing atomic number of R, due t8(<0'5 th? system behaves more like a pure Y123 supercon-
the size-effect and the lanthanide contraction behawior. ductor oxide while foxx>0.5 the system starts behaving like
i Lal23 system with high sensitivity of superconducting

are due to more complicated effects, besides the Size_ef_fe&roperties on the preparation conditions. However, a detailed

such as valence-induced carrier redistribution when the dodn’vesti_gation of lattice dis_tortk_)ns and phase separation ef-
ep'ects induced by La doping in the Y123 superconductor,

disordering and stoichiometry. These effects are more pro\f.vhiCh could give some better insight in the physical proper-
nounced for the light rare earths, especially Pr and La. Uniges of the solid solution and the end member La123, has not
een reported so far.

cell values for the Pr123 compound, which is not a bulk n thi K dv with XRD Ri Id vsis th
superconductor, and for La123, which haB.@etween 45K . n this work we study wit letveld analysis the
interatomic distances and bond valence sum variation with

and 93 K(Refs. 3 and %#deviate from the lanthanide linear . )
trend? Structural data reported in various papers for the-a doPingx (0.01=x<1) in the Y;_,L&Ba,Cu;0, . X-ray
Lal23 compound are scattered, in contrast to the Y123 sd'—ne broadening analysis has been also used to obtain crys-

perconductor, which has a well-established structure with ingalrl:te m|crostra_un_s e;lgsomlz_;\éed IW'.th Lg—Y inhomogeneities
teratomic bond distances and bond valence sum values stu2n@S€ separatiom this solid solution. Raman spectroscopy

ied thoroughly’~” The nominal La123 compound has been as been used to investigate the separation into phases and
shown to be én end member of the solid solution familythe possible substitution of La for Ba. Characteristic changes

; ; ; : .~ in the B;, Raman active phonon showed the formation of a
Lay +,Ba,_,Cus0,, with physical properties being sensitive " 1g :
to }[ﬁé prer;(aratio)h conditions. The scattered valueg.afb-  PY'® Lal23 subphase, the amount of which correlates very
served for the nominal La123 compound are maincly attrib-We” with structural modifications. The observed reduction in

uted to the disorder of La, Ba, and the chain oxygen atomsTC is associated with the development of the pure Lal23

as well as the uncontrolled oxygen stoichiométfySuch a  Phase and not with the total amount of La, implying the

disorder is expected to introduce additional internal straindmportant role of phase separation effects when Interpreting

(changes of the different interatomic distanciesthe lattice the superconducting properties of rare-earth substituted

of La123. YBCO.
In a previous paper we have shown that in the

(Lag sRo5)123 mixed compounds characteristic changes in

the interatomic distances are indicative of La induced inter- Polycrystalline ceramic samples, Y,La,Ba,Cu;0, have

nal strains in the unit cell. Moreover, relaxation of the inter-been prepared from high purit99.999% powders LaO;,
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TABLE I. Rietveld refinements of XRD data for,Y LaBa,Cu;O, . The space group Bmmnwith Ba(3,3.,2), La(3,3.3). Y(3.3.3),

Cu(1)(0,0,0, Cu2)(0,0z), O(1)(0,07), O(2)(0,3, z), O(3)(3,02), and A4)(0,3,0). Also shownT,, AT., oxygen contenty), and
shielding fraction(SP.

x=0.01 x=0.10 x=0.20 x=0.30 x=040 x=050 x=060 x=0.70 x=0.80 x=0.90 x=1.00

z(Ba) 0.18343) 0.18253) 0.18273) 0.18343) 0.18165) 0.18164) 0.18075) 0.17935) 0.18096) 0.18025) 0.17967)
z(Cu2) 0.35616) 0.35667) 0.35376) 0.35336) 0.3511) 0.35169) 0.3511) 0.3481) 0.3481) 0.3471) 0.3462)
z(01) 0.1623) 0.16X3) 0.1592) 0.1603) 0.1605) 0.1625 0.1595) 0.1585) 0.1637) 0.1615) 0.1647)
2(02) 0.3772) 0.3852) 0.3762) 0.3623) 0.3594) 0.3674) 0.3674) 0.3834) 0.3605) 0.3644) 0.3606)
2(03) 0.3832) 0.3692) 0.3812) 0.3842) 0.3823) 0.3803) 0.3883) 0.3773) 0.3944) 0.3863) 0.4164)
a(A) 3.82184) 3.82394) 3.83012) 3.83854) 3.85026) 3.843@6) 3.85613) 3.866G3) 3.86943) 3.88223) 3.89113)
b(A) 3.88754) 3.88665) 3.88743) 3.89275) 3.90347) 3.89927) 3.90955) 3.91685) 3.91675) 3.92694) 3.93308)
c(A) 11.6771) 11.6761) 11.6881) 11.7022) 11.7322) 11.7172) 11.7492) 11.7781) 11.7772) 11.80%1) 11.8083)
R(%) 6.28 6.15 5.43 6.15 7.39 7.32 7.19 6.13 7.23 7.02 8.83
Rup (%) 8.25 6.80 6.70 7.15 8.69 8.42 8.46 7.78 9.14 8.94 11.09
Rexp (%) 5.51 4.75 4.62 454 5.77 5.70 5.38 5.47 5.60 5.80 6.12
Reragg (%) 5.73 6.24 4.60 6.50 7.79 8.82 6.89 6.02 6.19 6.84 8.64
BaCuQ (%) 0.97 2.33 4.16 451 5.30 5.80 7.57 6.11 5.62 6.42 5.65
y 7.072) 6.972 6.902) 6.922) 6.922) 7.012) 6.992) 6.982) 7.002) 7.052 6.952)

T, 91 91 84 83 85 86 85 82 81 79 74
AT, 30 36 a4 43 52 45 50 50 51 52 52

X 0.004 0092  0.182 0282 038 0472 0617 0727 0.827 00938  0.883
SF%) 81 83 71 54 49 56 48 49 60 40 44

Y,0;, BaCQ, and CuO by the solid-state reaction tech-two-cycle goniometer in Bragg-Brentano para-focusing ge-
nique. In order to prevent contamination from £@nd ometry by step scanning mode. A step size of 0.03° and a
moisture, the initial LaO; powder was heat treated and then counting time of about 15 s/step have been used.

all starting materials have been mixed according to the nomi- Micro-Raman spectra have been measured at room tem-
nal composition, ground, pressed into pellets, and calcinate@erature with a Jobin-Yvon T64000 triple spectrometer
at 920 °C for 20 h in an oxygen atmosphere. The pellets havequipped with a liquid nitrogen cooled CCD and a micro-
been reground, repressed, and further thermally treated igcope (magnification X 100). The 488 nm and 514.5 nm
oxygen flow for 20 h(four timeg at 940, 960, 980, and lines of an AP laser and the 530.9 nm of a Kwere used at
990 °C, respectively. According to the XRD examination thelow power (<0.2 mW) focused on a 1-Zm spot size.
pellets consisted of a single crystalline phase and the comfAccumulation times were 1.5 dr8 h for thezz andxx(yy)
monly found BaCu@ phase. It is known that the chemistry Scattering geometries, respectively.

of the La—Ba—Cu—0 system is different from that of Y123
having a large number of ternary compound and solid solu-
tion series. Sintering in inert atmosphere is necessary for the
synthesis of single phase La123Therefore, sintering of the The XRD patterns of all samples have been analyzed with
samples has been performed in He atmosphere at 950 °C ftite Rietveld method using the prograneT,** assuming for
about 30 h. The samples have been then cooled down teach sample two phases, the m@+-La)123 and the impu-
500 °C in the furnace and annealed at that temperature for Ity phase BaCu@ The refinement has been carried GL20

h under flowing oxygen. The proce&sintering and anneal- Bragg reflections, 1670 pointausing for the (Y-La)123

ing) has been repeated until the amount of Bagw@s re- phase the starting crystal structure model of Y18pace
duced to a percentage lower than 8%. groupPmmm.® Each reflection peak has been assumed to be

11 samples have been prepared with the composition codescribed by a Pearson VII profile shape function with split
responding tox=0.01, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, FWHM and shape. Sample preferred orientation has been set
0.70, 0.80, 0.90, 1.00. The superconducting critical temperato the vector 00l using the March functidfFor the BaCu@
ture has been determined using a SQUID magnetometer iimpurity phase, the structural parameters reported in Ref. 13
the Zero Field CooledZFC) mode. Oxygen stoichiometry have been used without refinement, while the corresponding
has been obtained by a volumetric method, taking into acscale factor was refined and the content of the impurity phase
count the presence of the BaCufnpurity phase for each was estimated according Hill and How&tdor each sample
sample'® (Table ).

X-ray diffraction measurements at room temperature have Due to the difference in the scattering factors of Y and La
been carried out on a Siemens D5000 powder diffractometdhe site occupancy at the Y site by La could be refined in the
with Cu Ko radiation and a graphite secondary monochro{Y—-La)123 phase. Results shown in Figalindicate that
mator. The XRD patterns have been collected in a standarthe average amount of La in the Y site coincide with the

A. Results
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FIG. 1. (@) The site occupancy at the Y site by La from Rietveld xin LayY 1—XBaQCU30y
refinement vs the nominal stoichiometiyy) The transition tem- )
perature and the transition widthiT, as a function of La doping. FIG. 2. Dependence of the cell volurta anda, b, ¢/3 unit cell
The inset shows a typical ZFC magnetization vs temperature curvéalues(b) of the (Y—La)123 compounds on the La conteatSolid
for x=0.1 (H=50 Os. lines are fits of the data with a third order polynomial.

nominal composition for all samples except for Lal23 (

=1.0), which is La deficient. This means that the Lal23 Table 1 presents the structural parameters Of. the
phase has vacancy and/or antisiteldefects. From neutron Y 1-x-&B&Cl;0, compounds as determined from the final
diffraction dat3 it is known that La can occupy also the Ba Rietveld refinement. In Table | are also shown the oxygen
site, however this cannot be detected in our samples by ré&ontenty, theT, values, the corresponding diamagnetic tran-
fining the corresponding site occupancies due to the similagition widthsA T, (10%—-90% and the(%) shielding fraction
x-ray scattering factors for the two elements. An attempt toSF, estimated from the ZFC magnetic susceptibility data
refine a mixed Ba/La occupation factor resulted in unrealisticet Fig. 1b)]. All samples are optimally doped or overdoped
values. In a preliminary refinement we have also tried toly==6.9—7.07) with a slight tendency of increased amount
include in the refinement a third phase, the tetragonaPf oxygen with increasing La concentration. So, samples
La,,Ba_,Cus0;_5, following the results obtained by Wwith x=0.5 have on average higher oxygen content (
lzumi et al? for the nominal Lal23. For samples with ~=6.98-7.05) compared to the samples with 0:04<0.5.
<0.7 the refined corresponding scale factors indicated thathe transition temperaturd ) is decreasing from 92 Kfor

no such tetragonal phase was present. 680.7 we have X=0.01) to 74 K(for x=1). The decrease is not linear with
obtained improvedR-factors when including in the refine- La dopingx showing two plateaufFig. 1(b)], the first at 92
ment the tetragonal phase. However the obtained values fdf for x<0.2 and the second at approximately 85 K for 0.2
some interatomic distances and especially the fractional co=x<0.7. TheAT, increases considerably to an asymptotic
ordinatez for Ba of the main La—Y123 phase were unreal-value of 50 K forx=0.4[Fig. 1(b)]. This should reflect also
istic. This indicates that the improvement of the refinementhe coexistence of phases as discussed below.

assuming the presence of a “tetragonal” (LaBa;O;_ s The unit cell volume and parameters increase with La
phase could represent the contribution of an inhomogeneitgoping in agreement with the larger 1'a(r=1.16 A) re-

in those samples as pointed out also by Izemal® There-  placing the smaller ¥ (r=1.019 A) (Fig. 2). The values
fore any La/Ba disorder can be eventually indirectly mani-of the end members witk=0 (YB&Cu;Og 99 (Ref. § and
fested as a change of different bond lengths and bond vas=1 (LaBgCusOg o5 (Ref. 3 agree with our values. How-
lence sum values at the Ba site of the orthorhombic phase aer for the small substitutional limi& 0.2) a deviation of
discussed below. the unit cell volume from the linear behavifvegard’s law
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is observed. The same deviation from the linear behavior hasot linear with La doping. The Lal23 phasexE1) exhib-
been observed for the/3 and to a lesser extent for the its a high Cy2)—O(3) bond value indicating that the La ion
lattice constant. It is interesting that theaxis shows a slight induces large tensile internal strains in the2u+0O(3) bonds
deviation from linearity towards the end member La123 tooin agreement with the previous resultTherefore, at 0.2
[Fig. 2(b)], probably reflecting the partial substitution of La <X=<0.8 the two bonds become similar due to the Lal23
for the larger Ba ion in thet?1/2,1/27) site™ as discussed phase formation as will be discussed bellow.
below. Following an initial small increasédecreasg at x=0.2

La replacing Y in the Y123 structure results in a tensilethe Y/La—Q3) (Ba—(Q(3)) distance is decreasiriincreasing
strain of the unit cell, which is 1.8% for the 1.2% for the  with La doping[Fig. 3(e)]. This effect is more pronounced at
b, and 1.1% for the axis. Orthorhombic strain, defined as high La substitution. Figure (8 shows the bond distance
(b—a)/(b+a), is generally decreasing with La dopifigig. = Ba—Q(1) and the distance of Ba atom from the basal plane as
3(a)] with a jump to higher values at=0.5. The latter may @ function of La doping«. The Ba—@1) bond is increasing
be related to the observed higher oxygen content of thavith X, in accordance with the modifications observed for the
samples withx=0.5. a, b axes[Fig. 2(b)]. The Ba atom is slightly shifted, with a

In order to have an insight in the internal strains inducedump atx=0.8, towards the basal plane with increasing La
by the La doping we have calculated different interatomicdoping. The observed changexat 0.8 agrees with the cor-
distances with oxygen atoms labeled as followé&l)@pical, responding modifications of the apical oxygeri1D[Fig.
0(2) plane along thé axis, O3) plane along tha axis, and  3(c)]. The overall shift of the Ba atom (0.02 A) is much
O(4) and Q5) basal plane along thb and a axis respec- smaller compared to the corresponding one of thé2Cu
tively. An increase (decreasg is observed for C@)- atom (0.07 A). This indicates that the ionic size effect is
Cu(2)(Cu(2-Cu1)) bond distance with La dopingFig. =~ more pronounced in the central @-Cu?2) cube of the
3(b)]. Most of the stress introduced by the larger La replacdriple-perovskite unit cell while changes in the Ba cube could
ing the smaller Y atom in theH. (1/2,1/2,1/2 site of the unit  be induced by additional effects besides the size-effect.

cell, seems to be accommodated by th€2ZFuCu(2) bond, Bond valence sunfBVS) at the Y/La and Ba site has been
which is increasing by 8.3% while the @) —Cu(1) bond is  calculated according to Browh (Fig. 4). The individual
decreasing only by 1.6%. bond valences have been calculated using the relegjon

Internal strains concerning the bonds with the apical oxy—=ex{d(R,—R;)/B], whereR, has a characteristic value for a
gen are expected to be important in the La doped systemiven cation—anion pailR; is the interionic distance, arl
since the site of the apical oxygen is sensitive to size effectds a universal constant having the value 0.37 A. The atomic
to the presence of excess oxygen on the basal plane, and thend valenceV is obtained by summing up the bond va-
La/Ba disorder. The larger €)—0O(1) bond distance is de- lences associated with a particular ion, given\by¢ =S, .
creasing with La doping while the smaller @i~O(1) bond  The value ofR, for Ba?* —0O?~ was chosen to be 2.29Ref.
distance is almost constant with a tendency to slight increas&8) and corresponding values for thé ' R-O?~ bonds were
for the higher §=0.8) La substitution valuefFig. 3(c)]. taken from Ref. 17. In the strained structure of the Y123 the
The substitution of Y by the larger La atom induces an inter-BVS values at the rare earth and barium ions are indicative
nal chemical pressure in the unit cell. Internal strains in Y123f internal strains. A bond valence sum for Y/La site greater
lattice induced by a 2% compressive uniaxial strain along th¢han the nominal-3 is indicative for an ion that is too large
a, b, andc axis have been theoretically calculated. Pickett for the central C(2)—O cage of the triple-perovskite struc-
has found that a 2%-axis compression decreases the shorture. The stress in this case can be partially relieved by the
Cu(1)—0O(1) bond by only 0.018 A and the long @)-0O(1)  modification of the C(2)-O—Cuy2) bond angles. Larger val-
bond by nearly seven times as much (0.124 A) being irues for the strain and thus for BVS are expected when the
agreement with our results. The scattered valuexfef.6  larger La replaces the smaller Y. The observed increase in
indicate that the internal strains of the apicdllOfor those  BVS is not linear with La doping. Forx=0.5 BVS at the
samples at the high La substitution limit are additionally af-La/Y site increases considerably abo¥8 and saturates to a
fected by other factors than the size effect. These interatomibigh value forx=0.8 [Fig. 4(b)].
distances are also sensitive to the occupancy of the sids O At small La substitutionX=0.2) the BVS value of the Ba
and Q5) which may be induced by the La/Ba replacement,site is slightly increasing from the initial value of 2.17, indi-
and the scattered values are partially due to the variations afating that the La substitution induces more compressive
the oxygen doping. stress at the Ba sitgFig. 4(a)]. For intermediate values

According to the calculations of Pickéft,the strain (0.2<x=<0.7) a systematic decrease is observed indicating
driven displacements of atonisternal straing which are the partial release of compressional stress. At higher La con-
substantial in the Y123 structure, are those of thé2Cand  centrations the BVS remains roughly equal to 2 and smaller
O(3) atoms while those of @) and Ba are comparatively than the corresponding in the Y123 cell in agreement with
small. The C({2)—0O(3) is increasing withx while little effect  the results obtained for the R123 compounds by Ramesh
is observed for the Q@)-0(2) distancd Fig. 3(d)]. The lat- et al® In the case of Y123 Browfi has observed that the Ba
ter could be understood taking into account that tH@)O atom is too large for the Cu—-O framework yt7 and too
atom is situated along the more interlinkigtlie to the @) small aty=6, so that the valence sums at the Ba site are
chaing b-axis and is in agreement with the above calcula-lower than the nominak2 valency for lower oxygen con-
tions. However the increase of the @u-O(3) distance is tents while a linear increase occurs with increasing oxygen
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from the basal plan€) of the (Y—La)123 compounds on the La content

content. The Ba atom in the optimally doped and overdopedesults showed that the features observed=a0.2 andx

Y123 structure is therefore in a state of compressional stress 0.5 in Fig. 4a) become even more pronounced. This indi-
with a BVS value~2.2. Taking into account this linear de- cates that the observed changes in BVS at the Ba site can be
pendence, the effect of oxygen content variation among ouattributed to the La doping. The partial release of stress at the

samples on the BVS values of Ba has been estimated. THga site, resulting in a BVS value-2 for the pure Lal23

064502-5



A. GANTIS et al. PHYSICAL REVIEW B 68, 064502 (2003

2.5 ] T+ T 1T T T T T 7~ T 7 T 7~ 17 |_ Y]-xLa)cBa2cu30y apex; ’\521
2.4+ (a) - polarization y(zz)y
2.3 - cu2 inphase 430y
0] 1 E 1 Ba 0(2,3)\; ;
= 20 . ; I
/5] _E i v :
o) ; .
fo] 2.1 4 E < m//' 5 ;
£ ,o] 1 | -
'(,—) 2 I T T T O e 1 :
> | wa
a 191 g 5 \
| . . .
1.8 ] @ W/\v
D
vy v 2 WY
LI ) i I i LI LI I v I L | L | i ) i ) -
424 -
] ) - LA
4.0 4 .
o 9] E ] I !
B 36 8 U\J
% 3.4 4 - J\J\
— ] |
C 32_ E - T~ 17~ 1T 1~ 17 T 17171 71T 77T
.(/_) 4 100 150 200 250 300 350 400 450 500 550 600 650
3.0 - g e S . , -
=> E E ] (@) Raman shift (cm 1)
I [ ]
26 ] Y. LaBayCus0,
T T T T T T T T T polarization y(xx)y
00 01 02 03 04 05 06 07 08 09 1.0 x=1.00

i

: S el
xin La,Y_,BaoCugO,,
x=0.90
FIG. 4. Bond valence suBVS) values for the Bda) and the
Y/La atoms(b) as a function of La content for the (Y-La)123 050
compounds. W e

“\\,/\A,fv'\lv“l"‘\/v“'\/A
phase, could be understood as a partial replacement of the \w%
bigger Ba ¢ =1.52 A for coordination 10by the smaller La b %
(r=1.27 A for coordination 10 The observed modifications
of Ba BVS value correlate with the formation of the La123
subphase as discussed below.
Typical Raman spectra for the two scattering polarizations
are presented in Figs(& and 3b) for selected La concen- M
trations. In the low energy region of thez polarization the
phonon due to the Ba atoms appears as a double peak at high WLVWWW
La concentrations ¥80%). The average peak position is

located between the energy of the Ba mode in pure optimally 100 ' 200 ' 300
doped Y123 and another mode energy at 126 trfFig. , -1
6(a)]. This additional peak was also detected in oxygen de- b) Raman shift (cm )
f|C|ent YB3, CusOx sample? a_nd Corrgs_ponds to a disorder FIG. 5. Typical room-temperature micro-Raman spectra in the
induced mode. In Y123 the disorder is induced from the Iossy(zz)y(a) andy(xx)y (b) scattering polarizations for selectéd—

of the chain oxygen, while in the present case of fully oxy—l_a)123 concentrations.

genated samples it can be activated by the La substitution for
Ba. From Fig. 6a) we observe that the additional mode ap- position of phonon due to GP) starts increasing with La for
pears mainly ak=0.2, 0.6, 0.9, 1.0 and to a lesser degreex>0.2 up tox=0.8, while its energy is reduced for pure
for x=0.7. A similar behavior is observed in the dependencd.a123[Fig. 6(a)]. Its width shows the same behavior as the
of the Ba phonon width on the La concentratidfig. 6(b)].  width of the Ba phonoriFig. 6(b)].

Another weak mode appears atl60 cm ! close to the In the high energy part of the same polarization spectra
phonon due to the GR) atoms(at 150 cm'!) of the CuQ [Fig. 5(@] the phonon due to the plane oxygen atontg,0
planes. A similar peak has been observed in pure Y123 withemains almost constant in eneldsig. 6(@]. The energy of
decreasing amount of oxygen and it can be related with théhis phonon is very sensitive to the amount of oxyJemd
disorder introduced with the oxygen deficiency. The peakcorresponds to samples with optimum to overdopped oxygen

Intensity

—
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of the apex mode shows a pronounced increase by 50% com-
520 apex - pared to the pure Y123 for=0.2 and 0.Fig. 6b)].
- In the other scattering polarization, the low energy modes
510 due to the Ba and the @) atoms are reduced in intensity,
o™ but remain asymmetri¢Fano shapedue to their coupling
450 - in-phase i ::i;;lt(lcped with the carriers. The out-of-phase vibrations of th€ Q)
P - plane oxygens | Y-123 of B;4 symmetry show the maximum modifications with the
4304 t—ﬁ—ﬁTBW rare earth substitution. While at low La content this phonon
420 has the normal asymmetric Fano shape, with increasing La
—.; i concentration another peak at297 cm ! starts to develop
S isa Cu(2) mode s around 30% LdFig. 5b)]. This second peak gains intensity
g ] §7_/3/9/W$ with La and it becomes the dominant one around 60%—70%
& 1o & 453" - - La. At the same time th&;4 mode shifts to lower energies
<= 150 31 s el 5 and looses intensity with the La substitution, but it can be
§ 148 = Ojgaggyg-_fzs TPr123 clearly discriminated even for=0.8 [Fig. 5b)]. At x=0.9
A i — o LT{I:CBQ " mainly the mode at 297 cnt appears with a very small
= Eeszens contribution at higher energies from another mode. For
120 — \ § - § (3 | 100% La substitution only the mode a297 cm * remains,
e ] H 8—§—g o which apparently is th8,4 phonon of the La123 compound.
e e e e I m | This phonon is more symmetric than in the pure Y1ER).
0.00 0.20 0.40 0.60 0.80 1.00

5(b)], which is an indication for the reduction of carriers in
the CuQ planes. This could be the reason of the reduced
transition temperature to 74 K.

(a)

La content x

40

4 apex E % %

! g :

. y E Theb, ¢/3 andV . dependance oxindicates that there is
20J. a deviation from the linear Vegard’s law expected when a
0 in-phase solid solution is formed. The dependence of the Y123 lattice
4 ] Plane oxygens constants and volume on the oxygen nonstoichiometry varies

in the optimum to overdoped region with the conditions of

the synthesi€’ The ¢ lattice constant ani .. decrease lin-
early with increasing oxygen content when Ba-carbonate is

B. Discussion

4 "
30—K§E£E §§ }§

20 —

T; 2] Cu(2) mode used as a precursoﬁRef. 5 and CAR samples in Ref. R0

< P = while a minimum is observed at the onset of overdoped re-
s i $ 3% . ¢ = gion (y~6.93) for samples prepared by the expelling car-
2 5 o T o 0 L 2 1 bonate methodBAO samples in Ref. 20 Thec lattice con-

g T stant of the ¥ 9d-89 01BaCu30; o; Sample and our synthesis

S ——— conditions suggest that our samples should be compared to

those of Ref. 5 and the CAR samples of Ref. 20. Taking into
account this linear dependence we can reduce the effect of
oxygen content variation on the c lattice constant values ac-
cording to the CAR samples data. In that case the features
[ L L B I B observed in Fig. 2 become even more pronounced. Correc-
) "0 0% 040 060080100 tions made even according to the BAO samples data, show
L.a content . that the deviation from nonlinearity, although smoother, per-
sists as well. The dependence of the plané2G+O bond
distances and BVS values, as discussed previously, upon La
doppingx support this feature and indicate that the structural
modifications observed at=0.2, x~0.5, andx~0.8 can be
attributed to La doping. The evolution of the phonon shape
concentratiort? in complete agreement with the measure-[Fig. 5b)] is quite convincing that at intermediate La con-
ment of the oxygen content in the samples. Its width remaingentrations (0.2x<0.8) there is a coexistence of two
roughly contant except for=0.5[Fig. 6(b)]. The phonon at peaks. One with lower energy clearly corresponds tathe
~503 cm! due to the apical oxygen gradually shifts to mode of pure Lal23, because it remains constant in energy
higher energies with increasing amount of [Rig. 6@a].  as in thex=1 composition[Fig. 5b)]. The other one fox
This must be due to the decreasing of the bond distance-0 is the B,y phonon of Y123, which with increasing
Cu(2)-0O(1). A similar behavior has been observed in pureamount of La is drifting to lower energies. It is reasonable to
Y123 with increasing amount of oxygen dopitigThe width ~ assume that it is a mode that originates from a mixed

10—-.‘E;§§EE§E§

FIG. 6. “(Color online” variation of the energy(a) and line-
width (b) of the Ay symmetry Raman active phonons with the La
contentx in the (Y—La)123 compounds.
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0.95 1.00 1.05 1.10 1.15 22— 1100
1 | 1 I 1 I 1 |
360 360 .
~ 38Ea®s 88§ 2« 3 210
5 I : A Cu(2)-0(3) 10
. 2084 w %Llal23 a
S 340 — — 340 i i |eo
5]
£ 2.06 - i =
:;C: g - i 70 &
E 320 - 320 — 2047 I Q
£ e b J - 60 ,@
8 X Yylat23 interm. peak — ©
= | A LaggRegs12saver peak L £ 2.02 3 —
Q O Pro5R2g 57123 aver. peck o J 50 ®©
b Re-123 C Pust
S 300 - — LnearfiotR2123 L 300 QD 2.00 4 | 8.
o —— 3rd order polynomial fi ﬁ UL?JE gﬁ'_ B
= \ pojronl SR Odlgy 20 ge) 40
o S8y 88y 99 c ) [e)
T : - . o 1.984 | -
T T T T @A s 2 /- =
0.95 1.00 1.05 1.10 1.15 ] 30 S
Average ionic radius (Angstrom) 1.96 — A I g
“ H ” i _20 <
FIG. 7. “(Color onling” The dependence of the energy of the 1.944 5 .
B1g symmetry Raman active phonon on the ionic radiusYof 1 - 10
La)123 and related compounds. The straight line is the best linear fit ~ 1.924. |
to the pure R123 compounds ddfef. 21). The curve is a third 1 o
1.90

order polynomial fit to th€Y—La)123 data. L B L B B e I B B
00 01 02 03 04 05 06 07 08 09 1.0
Y-Lal23 (Y, «La.Ba,Cu;0y) phase with varying amount xin LaXY7'XBa20U3Oy
of La. Therefore the data show a mixture of one- and two- ]
mode behavior. Figure 7 shows the peak position ofEthe FIG. 8. The amount of pure Lal23 subphase in the sample, as
mode of the intermediate phase plotted vs the average ionfeSimated from the peak position of tBg, symmetry Raman ac-
radius together with the results of the pure R123 phases. THY® phonon for the intermediate phase in comparison with the de-
latter have been experimentally observed to follow a lineaPcrndence of the d8)-0(3) bond distance on the La contentor
L ; the (Y—La)123 compounds. SolitHoted line is a third order poly-

dependence on the R ionic radiisThe averagd g mode | g io the La123Cu(2)-0(3) distanca data
of the R}R2,:BaCwO, phases show a similar '
behavio®?? Our end point data Y—La123 coincide with the
previous measurements, but the rest of the data have a tel§-a drop inT¢, then a saturation up t®~0.6 and a drop
dency to lie at higher energies than the pure R123 or th@gain with the further increase of La substitut{éiig. 1(b)].
mixed compounds RER2, Ba,Cu;0,. This behavior can- The variation ofT. looks like being an average between the
not be due to a variation in oxygen concentration among théower transition temperature of pure Lal23 and a constant
samples, since such a change in oxygen concentration woutthe of the intermediate phase, not being proportional to the
not modify the energy of th&, mode®® The presence of amount of La. Atx~0.2 there is a stepwise increase of the
the lower energy mode, which corresponds to the Lal23\ T, as well[Fig. 1(b)], which apparently reflects the devel-
phase indicates that part of La is used in this pure phase arapment of the second phase. Th&, remains large even for
the mixed Y, _,La,Ba,Cu;0, phase must have less than the the end element Lal2¥ig. 1(b)], but this is expected from
nominal amount of La. This explains the deviation of thethe reduced amount of the superconducting state in this com-
mixed phase phonon energy from the corresponding value gfound(Table .
the pure R123 in Fig. 7. From the peak position of the inter- From the concentration dependence of all phonons stud-
mediate phase, one can calculate the average ionic radius théxl, characteristic modifications have been observed in the
value would correspond to if it followed the linear best fit to width and energy mainly at~0.2 andx~0.8, which may
the R123 data. From these values one can then estimate theflect crystallographic changéBigs. 2b) and 3.
amount of pure Lal23 present in the sampleg. 8. It is A phase separation such as observed by Raman spectros-
clear that, under this assumption of linear dependence of theopy, can be interpreted as compositional inhomogeneity at
B14 phonon energy withx, above roughly 20% nominal La the La/Y site in the microcrystalls which manifests itself as
concentration, the amount of this La123 phase saturates amdlicrostrains in the crystallites. In order to study the micros-
increases again above 60%. In this figure we have also irtrains of the crystallites, line broadening analysis of the XRD
cluded the changes of the interatomic distancé2Gw0O(3) Bragg reflexions has been used. Due to the line overlapping
[Fig. 3(d)] which correlate with the changes of the estimatedand generally low broadening in the pattern of the Y123
amount of pure Lal23 phase. structure it is very difficult to apply methods of line decon-

One is therefore forced to assume a separation into twwolution. We have thus applied the more simple method of
phases; one phase of pure Lal23 and the intermediaigtegral breadth to determine the upper limit of apparent
Y- LaBaCus0,. The variation of the transition tempera- strains?® A silicon standard has been used to determine the
ture with La content agrees well with this separation intoinstrument profile characteristict),V,W from Rietveld
phases, since there are similar changeB;inatx~0.2 there  analysis and the FWHM(@) of the instrumental profile us-
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0BT T T T T T T T Lal123 crystallites are expected to be formed according to the
1 ] Raman data. Microstrains can probe the presence of phase-
0'40'_ ] separated regions and/or crystal defects. In the Lal23
0.35 sample, microstrains are higher compared with those of the
] Y123 crystals. This can be interpreted either by a higher
. 0.301 density of extended crystal defects or as a coexistence of
&\o/ T orthorhombic Ba-rich and tetragonal La-rich phases, i.e., the
o %21 inhomogeneous distribution of La at the Ba site. The values
.% 0.20 - of microstrains obtained from our analysis are in general
= ] comparable with value®.05%—0.3% reported in literature
2 015 J for the Y123 system3*%®
o . One question has to be answered: what are the critical
g 0.10 4 A [100] 1 concentrations for the formation of the subphases. The crys-
o tallographic and the Raman data show three characteristic La
< 005+ 1 concentrations, where structural changes are observed. For
0.00 —m— ] x=~0.2,x~0.5, andx~0.8. The first value is the concentra-
[001] | tion where there is an inflection of treeaxis dependence on
0.05 x [Fig. 2(b)], the BVS of Ba and Y/La show a local extreme

1T 17T 17T 17 17T 7 71T 7v™V17 71T 7717 71
00 01 02 03 04 05 06 07 08 09 10 (Fig. 4), the transition temperature decreafeig. 1(b)], the

; dependence oxof the phonon energy due to the @uatom
xin LaXY1'XBa20u3Oy starts increasingFig. 6@)], and the phonon widths show
sudden increasd$ig. 6(b)]. Besides, it is the concentration
where the two plane GR)—O bonds tend to become equal,
and there seems to start the separation into two phases as
judged from the Raman dat&ig. 5). At x~0.5 the BVS of

ina th lioti relatiort2 Th I ina h Y/La starts increasing considerably above the vahB(Fig.
ing the Caglioti relatio e sample broadening has beenA:)' as the apparent strain do@sg. 9). Taking into account

obtained from the experimental assuming a Gauss-type in 9 .
strumental broadening, g P the BVS dependance on ionic radius of the R123

compound$;” we can see that fox~0.5 the average ionic
(FWHMqamp 2= (FWHMeyp)?— (FWHM, o) 2. radius of Y—-Lal23 corresponds to BVS+ 3. At this con-
centration therefore the average ionic radius of Y—La is such
The corresponding integral breadis,,have been cal- that th_e central cage is critically unstrained supporti_ng the
culated for the 00l and hOO reflections using the progranformation of a mixed Y-Lal123 phase. At=0.5 the splitting
BREADTH.?® This program enables the calculation of the Of the B;; mode in two peaks is obviougig. 5 and T,
mean crystallite sizéL) and the upper limit of straing), ~ begins to drop[Fig. 1(b)]. In the range 0.2x<0.7 the
assuming a Gauss-Gauss, Cauchy-Gauss or Cauchy-Caucl@ynount of Lal23 seems to remain consi@&ig. 8) and only
type distributions for size and strain, respectively. Analysisthe intermediate phase increases. ¥t 0.8 the apparent
of all samples showed that physically meaningfully resultsstrain drops(Fig. 9), the BVS of Y/La saturatefFig. 4(b)],
are obtained if one assumes Cauchy models for both size arlle CuU2)—O(3)bond distance increases abrupithig. 3(d)]
strain, so that integral breadifis,n{20) is given by the and thec-axis dependence ansaturategFig. 2(b)] as does
following expression: the dependence of the @) phonon energyFig. 6@]. In
the Raman spectréFig. 5 the double peak structure is re-
N placed by the spectrum of pure Lal23, its amount increases
Bsam§20) = Bsizd 20) + B 20) =~ -o +4e-tan®, abruptly (Fig. 8), and the dependence of @) phonon is
modified.
where\ is the x-ray wavelength. Our results can be consistently understood if one assumes
No significant contribution to the peak broadening hasthat the separation into phases is driven mainly by the strain
been obtained from crystallite size. The upper limit of straindue to the difference in the ion sizes and that La has replaced
along the[001] and [100] directions as a function of La Ba in small amounts only in the pure Lal23 phase reducing
doping is presented in Fig. 9. Microstrains are very low forits transition temperature. In the samples with small La con-
the small substitution limit and are increasing for €22  centrations, the carriers will be localized at random sités
<0.8. For the latter values of compositional inhomogene- the pure Lal23 phasalue to this La for Ba substitution.
ity of samples is high due to phase separation observed frowith the addition of La, more pure Lal23 cells will be cre-
the Raman spectra and microstrains are expected to be moaied and at some critical concentration these will be enough
pronounced. Thus the large microstrain for€9x<0.8 is an  in number to arrange themselves and create a subphase with
indication of the coexistence of two phases, i.e., the inhomolower T.. Apparently this happens around 20% concentra-
geneous distribution of La at the Y sifghase separatipnA  tion in La. This does not imply that all 20% of unit cells with
decrease of microstrains is observed for the high substitutioha at the site of Y have localized carriers, since only in a
limit (x=0.9,1.0). For those samples more homogeneouportion of them this happens. Until this concentration the

FIG. 9. The upper limit of apparent straén%) along the[001]
and[100] directions as a function of the La contenin the (Y-
La)123 compounds.
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transition temperature is not modified, but for 0.2 theT,  bution. Therefore, the mechanism could be different in the Pr
will be an average between tfg of the constant amount of substitution for Y, though the ion size of Pr is only slightly
the pure Lal23 phase and the rest of the compoundmaller than La. As observ&dPr, R, sBa,Cu;0;_ 5 com-
with the high T,. With the further increase of La the pounds have different behavior of the interatomic distances
existence of two phases is more apparent as the Ramampared to the LaR,sBaCu;O;_ 5, indicating that the
data show(Fig. 5. Above this concentration, probably internal strains are due to different mechanisms in the two
the localized carriers of the pure Lal23 phase are enougsystems.

in number to play some role in the phase separation mecha-

nism by creating clusters similar to those observed in C. Conclusions

Pr,.«Ba,_,Cu;0;. 5 by Grevinet al?® Until x~0.5-0.6 the
strain is minimized by the phase separation mechanism, b
at higher concentrations even the intermediate phase
strained and the system prefers to create mainly the pu
Lal23 phase. Ax~0.8the unit cells with mixed Y/La struc-
ture are few enough to stop producing clust@sthe Lal23
clusters that occurs ax~0.2) and the system behaves

mostly as pure Lal23, with decreasédbecause of the La substitution, an intermediate one, Y,LaBa, Cu;0, with

replacement of selected Ba sites. Therefore there is a furth%ss than the nominal La concentration and another. which
decrease of the transition temperature and the other effecg%ems to correspond to a pure LaBeO, phase 'i'he
y .

described above. . .
. . . amount of this pure phase correlates very well with structural

The variation of t_he amount of pure La12_3 W'.th the NOMI- odifications and those observed in the transition tempera-
nal ar_nount O.f La implies that the reduction in tfig is ture. Based on the Raman spectra and the XRD data, we
aszoma:ed .mﬂghthet ?elv elopme?t ?f Ehe lgurteh Lal23 p?ﬁsﬁropose that the reduction iR, is driven by the La substi-
and no Wf' L 1263 oha am(l;un (())8 éll:'. u8r ermolre, €tution for Ba that occurs in the pure Lal23 phase. This
InF:rr]eashe of La " pblase. aboxe-u. f( 'E' ) Corlrlg ales  amount of substitution for Ba seems to be the same in all La
wit 12:5 € _cl:onFs_| erabie mhc_:riase E I't e _sa_te ('jte peal(concentrations and only the relative percentage of the pure
at - cm " [Fig. 6(‘?‘)]’ which we believe it Is due 10 | 4753 jg changing among the different compounds. There-
a disorder at the Ba site. This justifies our assumption that Lg, . phase separation effects should be taken into account

,[S#bStitubtea f[pr Ba ir|1 tth; pfr:ethl‘alzd:; E{)_hasig Ogy aNGyhen interpreting superconductive properties in the solid so-
is substitution is related wi e reduction . Our | oo R, (R!Ba,Cl,0, systems.

results would very well explain the earlier observations of
Ganapathi et al® on the superconductive properties of
LaxYlfxBazcu30775-

If the above assumptions turn out to be correct, they Work was partially supported by the Special Research
would imply that the phase separation is induced by theAccount of University of Athens. Thanks are due to
strains developed by the different size of the Y and La atom®r. D. Niarchos (NCSR “Demokritos”) for the SQUID
but also affected by the internal strains due charge redistrimeasurements.

We have studied the effect of La substitution for Y in the
WB&ZCL@O7_5 superconductors. Based on the XRD mea-
Surements we find characteristic changes at nominal La sub-
'Stitutions 20%, 50%, and 80%, which correlate with modifi-
cations in the Raman spectra and the transition temperature.
From the behavior of th&;4 mode and the XRD measure-
ments we conclude that two phases are created with the La
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