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Secondary-phase orientation probed by EPR: Y2BaCuO5 in YBa2Cu3O72x
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Textured YBa2Cu3O72x samples have been studied by electronic paramagnetic resonance. EPR spectros-
copy allows us to analyze the Y2BaCuO5 second phase present as inclusions in the YBa2Cu3O6 textured
matrix. All samples were deoxygenated in order to limit the skin effect due to conductivity. This is applied to
samples textured according to different techniques. Preferential orientation of these particles according to the
123 matrix can be observed. For instance, if texturing under a magnetic field, the particular Y2BaCuO5
orientation is observed of theb211 axis ~b57.132 Å! parallel toc123 and to the magnetic field direction. By
appropriate calculations from initial spectra, the fraction of preferred orientation of these Y2BaCuO5 grains can
be quantified. This orientation comprises 1662 % of the Y2BaCuO5 weight for texturing under a magnetic
field, presently one of the highest values obtained. It involves the longest size of Y2BaCuO5 elongated grains
lying in YBa2Cu3O6 planes, facilitating the texturation process. Texturing on Y2O3 by the modified melt
textured growth method leads to a preferential orientation of Y2BaCuO5 grains too, but in another direction,
i.e., b211 perpendicular toc123. There is no Y2BaCuO5 preferential orientation if texturing with a thermal
gradient or on a monocrystalline MgO substrate. This type of analysis can be applied easily to other systems
~nanocomposites, dispersoids, etc.!, providing that the signal of the secondary phase can be clearly separated
from the signal of the primary one.@S0163-1829~97!06001-3#
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I. INTRODUCTION

High-Tc cuprates are EPR silent above and belowTc .
1

The presence of bidimensional antiferromagnetic fluctuati
has been proposed2,3 to explain this, but no definite conclu
sions are yet possible. The second phase could be the
tractively studied by this technique. CuO which is oft
present as an impurity in textured YBa2Cu3O72x ~123! gives
no visible EPR signal inX band, or very broadband.1 The
EPR signal of the BaCuO21x phase, also present in sma
quantity, strongly depends on oxygen stoichiometry.4 For
small x values it consists of a very broad line, while whe
oxidized the line shape is closer to that of Y2BaCuO5 ~211!.
However, due to its more marked rhombic character, i
definitely different from that of 211.5 Moreover, its smaller
intensity than that of 211 allows one to neglect its contrib
tion in 123 based compounds. Then EPR allows one to st
the 211 secondary phase trapped in the 123 textured ma6

This spectroscopy gives access to bulk information on
phase, contrary to TEM, often used to study 123/211 in
faces.

Various methods allow one to elaborate bulk high-Tc su-
perconducting materials.7,8 Melt texturing is one of the mos
promising for 123.9 Its peritectic decomposition into th
green phase 211 plus a liquid, followed by a slow coolin
allows directional growth of 123 domains. As a result
kinetic limitations, the peritectic recombination of 211 in
123 is not complete which causes 211 inclusions to rem
550163-1829/97/55~2!/1262~7!/$10.00
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trapped in the texture. The presence of 211 grains in the
matrix involves various defects which increase the flux p
ning. However, the exact pinning mechanisms are still a m
ter of debates. Because 211 is a witness of the perite
decomposition and recrystallization of 123, it is a key fac
for both crystallization process understanding and criti
current enhancement. Its chemical and physical characte
tion is therefore an essential step in the development of th
materials. Electron microprobe,10 SEM, and TEM are now
systematically used. Here we have exploited EPR as a wa
probe the orientation of 211 inclusions with respect to
matrix. It is a rare example of such a spectroscopy applie
a second-phase analysis.

The 211 phase is insulating and has an EPR signal du
the presence of magnetically independent Cu21 ions with 1/2
spin. The only determination of the principal axes of theg
tensor of the Cu21 ion in the 211 phase has been made
Kobayashiet al.,5 on single crystals. They have obtained t
values gx52.050, gy52.094, and gi5gz52.222, corre-
sponding to a local rhombic symmetry. Because of a v
low splitting betweengx andgy , the mean value is notedg' .
Moreover, the principal (X,Y,Z) g-tensor axes are respec
tively parallel to the crystallographic~a,c,b! axis where
a55.658 Å, b57.132 Å, andc512.181 Å. This result is
consistent with our x-ray pole figure on 211.11,12Thea crys-
tallographic axis lies parallel to the longest dimension of
elongated particles with a typical size of less than 20mm.

In previous papers, we have reported qualitative EPR
1262 © 1997 The American Physical Society



TABLE I. Synthesizing conditions, and EPR results: preferential orientation and weight fraction of
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sults on 211 inclusions partially oriented according to
123 matrix. Curiously, the orientation is proce
dependent.6,11,12 In particular, samples textured on the Y2O3
substrate without thermal gradient and by a modified M
~melt textured growth! method6 give a substantial orientatio
of 211 grains such that theb211 axis lies in (ab)123 planes.
This particular orientation was also evidenced by microstr
tural analysis of 123/211 interfaces.13 We have proved else
where that a magnetic field applied during the high tempe
ture part of the thermal process induces another
particular orientation, i.e.,b211parallel toc123, and parallel to
the magnetic field direction.11,12 This result has been con
firmed by x-ray pole figures on the secondary 211 phas12

One can then expect a noticeable magnetic susceptibility
isotropy of 211 phase, as in 123.14,15

The present paper reports a quantitative study of the f
tion of nonrandomly oriented 211 inclusions in 123 textur
materials. This method has been applied to samples text
with various processes, i.e., different substrates, with
without a thermal gradient, with or without application of
magnetic field. The orientation features and the fraction
211 oriented grains are discussed as a function of these
ferent experimental conditions. Our results allow a better
derstanding of the properties of residual 211, and of textu
tion mechanisms.

II. EXPERIMENT

A. Samples

Samples of various origins have been studied~Table I!.
SamplesA andB have been prepared by horizontal dire
e

-

a-
1

n-

c-

ed
r

f
if-
-
a-

tional cooling with an applied vertical magnetic field in ca
A. The method has been described elsewhere.12,16SampleC
has been prepared by horizontal directional cooling on
polycrystalline Y2BaCuO5 substrate.

17 SamplesD, E, andF
have been elaborated by two of us~N.P. and L.V.!. Sample
D has been vertically zone melted at 1030 °C with a tra
lation rate of 1 mm/h. The heater was a metal ring. Samp
E andF have been textured with a MTG modified metho
on different substrates.6 SampleG is a sintered ceramic com
posed of 123 with 10 wt. % added 211.

B. EPR

All spectra were obtained on a Bruker ER200D spectro
eter, working inX band~n'9.7 GHz!. They were recorded a
room temperature in air. For insulating samples, the dou
integrated EPR spectrum is proportional to the number
spins resonating in the cavity, provided the linewidths a
not too large. In conducting samples, this is not necessa
the case: due to dispersion of the microwave in the sam
~skin effect!, the hf magnetic field is not homogeneous in t
sample volume, leading to the well-known Dysonian li
shapes.18,19 One way of treating this problem is to consid
the experimental EPR spectrum composed not only from
derived absorption, i.e., imaginary partx9 of the magnetic
susceptibility, but including also the contribution of the d
rived dispersion, i.e., the real part of the susceptibilityx8.
Following Pakeet al.,20,21 this double contribution can be
sketched up for an ideal Lorentzian EPR line. Figure 1 d
plays the derived absorption and dispersion vs magnetic fi
in this case, corresponding to their contribution to the E
spectrum~a in Fig. 1 is an arbitrary parameter!. One sees
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that the dispersion part leads to an asymmetry of the sig
which precludes any integration of the absorption part a
thus any precise estimation of the number of spins.

Samples studied by EPR are single domains selecte
cleavage along (ab)123 planes in textured samples. The
must be of small size~about 13230.5 mm3! and deoxygen-
ated to reduce their conductivity, and thus to suppress
major part of the dispersion contribution to the EPR spec
The samples are heated at 800 °C during 5 h in argon flux,
and slowly cooled to RT in the same atmosphere. Oxy
stoichiometry is thus lowered to 6.0–6.1 according to th
mogravimetric analysis~TGA! measurements. The corre
sponding resistivity is in the range of 150 mV cm
~YBa2Cu3O6!, involving a skin depth inX band of approxi-
mately 200mm while it is only 20mm in YBa2Cu3O7.

The samples are fixed with vacuum grease on an altug
rod inside the EPR cavity. Their (ab) planes can be place
either horizontally or vertically, and they can be rotat
around the vertical axis. All orientations of the princip
planes vs magnetic field can then be chosen. Any prefere
orientation of the 211 phase would involve changes in
spectrum shape upon rotating the textured sample. On
contrary, in 211 powders and in samples with isotropic 2
orientation, the spectrum will be evidently angular indepe
dent.

C. Quantifying the ratio of nonrandomly oriented 211

To calculate the percentage of nonrandomly oriented
spins in a deoxygenated textured sample, two spectra
corded at two particular angle values are used: the s
trum which has the maximum intensity atgi and the mini-
mum intensity atg' , and the spectrum at 90° of the previo
one with minimum atgi and maximum atg' . In a first step,
these two particular spectra are integrated to obtain abs
tion signal vs magnetic field. In a first approximation, th
surface is proportional to the total Cu21 spin number of 211
phase, and then to the 211 phase amount. We normalize
surfaces to consider the same total spin number in both s
tra. This new value is denotedS. The difference between th
2 integrated spectra is made: this provides a graph havi
positive part equal to its negative counterpart. The co
sponding area, denoteds, is proportional to the oriented
Cu21 spin number of the 211 phase, then to the weightw of
oriented 211. So the percentage of oriented 211 is simp

FIG. 1. First derivative ofx8 and x9 versusx, wherex is a
dimensionless variable corresponding to the fieldH. Addition of
both these contributions reflects the EPR signal in conducting c
pounds.
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D. Testing the method

Hanic et al.22 have shown a difference in EPR spectru
shapes between powdered and bulk conductor samples
YBa2Cu3O6.91x wt. % Y2BaCuO5 ~1.7,x,68.8!. As a mat-
ter of fact, for such 123 stoichiometry, the skin depth is ve
reduced and the spectrum shape distortion by conductivit
strong. We have first checked that this is not the case for w
deoxygenated samples.

For this purpose, deoxygenated powder YBa2Cu3O6110
wt. % Y2BaCuO5 ~grain size<5 mm!, notedP1, and pure
Y2BaCuO5 powder notedP2 synthesized by a gel-derive
method described elsewhere,23 were prepared. Figure 2~a!
displays EPR powdersP1 and P2 spectra.P1 powder has
then been sintered at 800 °C in Ar~grain size<20 mm! to
form a ceramic sample~notedG! of identical size~13230.5
mm3! to that of textured samples. Figures 2~a! and 2~b! com-
pare both spectra~P1 andG! with pure 211 powder~P2!
spectrum. As expected, there is a very weak difference
tween them@Fig. 2~a!#. The difference betweenP2 andG is
less negligible@Fig. 2~b!#. The line of the sintered compoun
(G) exhibits a Dysonian character. Here the skin depth
about 200mm, so the microwave field does not penetra
uniformly the whole sample contrary to the powder.

It is useful to quantify the spectrum distortion due to co
ductivity from these reference samples. In the quantificat

-

FIG. 2. EPR spectra of~a! powders: deoxygenated 123110
wt. % 211~P1!, and pure 211~P2!; ~b! pure 211 powder~P2!, and
deoxygenated 123110 wt. % 211 ceramic (G).
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method of Sec. II C, the conductivity will lead to an error o
the normalization of the absorption curves since the inte
of the experimental spectrum is no more exactly the abs
tion spectrum. This can be estimated by calculating this
theP1 powder~123110 wt. % 211! and on the correspond
ing ceramicG. The difference between their integrated spe
tra gives an artifact value ofs attributed to the Dysonian
profile of the ceramic spectrum. This value ofs will consti-
tute the main source of the absolute error on the amoun
oriented Cu211

21 . It is significantly reduced on small and we
deoxygenated samples and reaches 2 in percent unit.
consequence,P is measured within an error uncertainty
62.

III. RESULTS AND DISCUSSION

The Cu21 signal in as-received textured ceramics diffe
significantly from that of well deoxygenated powders. As
example, Fig. 3 shows EPR signal dependence upon de
genation@~a!–~c!# for textured sampleB in which no angular
dependency can be evidenced. Figure 4 shows the co
sponding integrated spectra; it will be commented on la
Figure 3~a! is typical of a conducting sample with Dysonia
distortion: in particular a nonlinear base line can be no
together with a significantly reduced negative intensity c
tribution in the spectrum. This is qualitatively shown in Fi
1 by summing up Lorentzian dispersion and absorption fu
tions x8 and x9. Modeling the spectrum is presently ve

FIG. 3. EPR spectra dependence upon successive deoxy
ations for sampleB ~textured under the magnetic field and therm
gradient!. ~a! As received,~b! partial deoxygenation~O6.5!, and
~c! complete deoxygenation~O6!.
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difficult and out of the scope of this brief paper. The ful
deoxygenated ceramic, Fig. 3~c!, shows an EPR signal iden
tical to that of 211 powder@Fig. 2~a!#.

SampleA shows orientational features in its EPR spe
trum. Figure 5~a! displays the maximal intensity obtaine
when~H,c123!50, i.e., maximum atgi for the continuous line
and when~H,c123!590°, i.e., minimum atgi for the broken
line. Despite a Dysonian line shape in this as-receiv
sample, the nonrandom 211 spin orientation is clear in
sample. It is however necessary to deoxygenate it in orde
get the exact amount of oriented spins. Figure 5~b! shows
that skin effect will not be perceptible in this treated ceram
The absorption associated togi , then to theb211 direction, is
maximal when the field is alongc123. Hence the preferred
direction of b211 in sampleA is characterized byb211ic123.
We have not been able to detect any significant 211 orie
tion in the ~ab!123 plane, even by measuring inQ band~34
GHz!, proving that the elongated 211 grains probably ha
their longest dimension~a211! in the (ab)123 plane in a ‘‘fi-
berlike’’ texture already observed by an x-ray pole figure12

In order to get quantitative values of the oriented fracti
integration of the spectra is requested. Absorption for sam
B ~no 211 orientation! is reported in Fig. 4. The Dysonia
distortion has a clear signature in the as-received compo
~see curvea, continuous line!, while decreasing the conduc
tivity by high temperature annealing in a neutral atmosph
completely suppresses the shift of the base line~see curvec,
dotted line!. Note the small asymmetry of the absorption lin
ascribed to the rhombic nature of the Cu21 site in 211. Inte-
gration of EPR spectra for sampleA presenting orientation o
211 is reported in Figs. 5~c! and 5~d!. Figure 5~c! is for the
as-received compound. A difference between orientati
maximizinggi or g' features is clear~respectively continu-
ous and broken line!, but a strong base line shift as in samp
B is noticed. It is of the order of the magnitude of the a
sorption line and precludes any quantitative calculations
the oriented fraction. On the contrary, such a shift does
exist when the sample is deoxygenated@Fig. 5~d!#. Compar-
ing Figs. 4 and 5~d! shows in a qualitative way the differenc
between an isotropic distribution of 211 particles and a p
tially oriented one. Clearly the pronounced shoulder of F

en-
l

FIG. 4. Integrated spectra for sampleB. ~a! As received,~b!
partial deoxygenation~O6.5!, and~c! complete deoxygenation~O6!.
This figure shows the distortion effect due to Dysonian line sh
on a sample with isotropic 211 orientation.



1266 55N. PELLERIN et al.
FIG. 5. Two particular spectra for sampleA ~textured under the magnetic field! taken at angles maximizinggi andg' features: ~a! as
received and~b! deoxygenated. ~c! and ~d! display the corresponding integrated spectra and their difference:~c! as received and~d!
deoxygenated.
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5~d! ~continuous line! could not be ascribed only to ortho
hombicity. Furthermore, its modification by rotating alon
the vertical axis~dashed curve! points out a nonisotropic
distribution of grains. Quantitative data only can be obtain
by the relative difference as explained in Sec. II C. The ne
tive and positive part of the difference between both cur
~dotted line! are of the same area as expected since t
correspond to the same spins. Using the method descr
previously a weight amount ofP516% of oriented 211 is
found.

Based on this analysis several samples were studied.
ure 6 shows the derivated spectra for sampleF after deoxy-
genation. By comparing Fig. 6 to Fig. 5~b!, it is obvious that
a new preferential orientation is observed here, that isb211
axis in (ab)123 planes. This orientation amount is rather lo
in this sample as it concerns only 4% of 211 weight.
sampleC, this particular orientationb211 axis in (ab)123
planes is observed again but now at the limit of our detec
~; a few % 211!. One sees here how sensitive this meth
is. Finally, the top layer of an Y2O3 substrate issued from th
texturation experiment has been sampled for EPR invest
tion. It is covered by the 211 phase as a result of chem
reaction at high temperature between the peritectic liquid
Y2O3.

6 A noticeable preferential orientation of 211 is ev
denced. In some cases processed differently there is no m
fication at all of the spectrum shape with rotation. This is
case for samplesB, D, andE. All these results are summa
rized in Table I.

In brief, it is clear that 211 grains are not always isotr
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pically distributed in textured samples. When not, two orie
tations are evidenced:b211 is either parallel or perpendicu
lar to c123. Orientation type and amount are proce
dependent. In particular, substrate, thermal gradient,
magnetic field are important ingredients discussed now.

A. Texturing 211: unfavorable parameters

MgO single crystals are rather chemically inert with r
spect to YBa2Cu3O72x: the peritectic liquid has very sma
reactivity with MgO, and so this substrate is not involved

FIG. 6. Orientation dependence of EPR spectra for the sam
textured on Y2O3 ~sampleF!.
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the crystallization process.6,24,25Therefore it is not expected
to induce any orientation of 211 as observed.

The thermal gradient is used to control the direction a
progression rate of the solidification front.7,9,26 However,
several physical and/or chemical parameters impede pe
alignment of (ab) planes: they are frequently found at 4
or even 90° from the gradient direction. This occurs
samplesB,12 C,17 andD. Clearly, removal of latent heat i
an important factor in defining the local orientation of t
solidification front. Other factors could take place too. F
example, 211 grains which are entrapped in the solidifica
front influence the microstructure of melt-textured 123.26,27

Hence their orientation could compete with the gene
growth direction and could induce secondary nucleation,
other factor inducing deviation with respect to the impos
gradient. However, in the present case there is no orienta
of 211 trapped grains, this is in fact rather natural as a th
mal gradient itself has no energy to orient particles exc
perhaps through convective forces.

B. Texturing 211: favorable parameters

The magnetic field is an external parameter the effect
which have already been presented elsewhere.11,12 In sample
A, 211 orientation is due to application of a magnetic field
the high temperature part of the process. In optimized c
ditions ~field intensity, initial composition, thermal cycle
etc.! it should be possible to orient a very high fraction
211 grains as observed here.

It is rather surprising to find a noticeable fraction of 2
oriented grains when Y2O3 substrate is used: how coul
this substrate induce that? It has been shown that the per
tic liquid reacts with Y2O3 to form 211.6 Interestingly an
oriented layer of green phase is observed by SEM at the
part of the substrate,6 and the present EPR results are co
sistent with this assumption. One supposes that, in the
sence of an external parameter such as the thermal gra
or magnetic field, this 211 oriented area could act as seed
123 crystallization. Therefore, the preferential orientat
obtained for 211 inclusions in the 123 matrix on the Y2O3
substrate could be due to the preferred orientation of
issued from the reaction between the Y2O3 substrate and liq-
uid. Better processing for the seed formation should incre
this proportion.

The two possible 211 preferential orientatio
observed: b211ic123, andb211'c123, depending on the textu
ration process, are compatible with a location of the 2
longest dimension, i.e., corresponding toa211, lying in
(ab)123 planes; see Figs. 7~a! and 7~b!. In the presence of a
magnetic field, due to the orientation ofb211, oriented 211
particles necessarily have theira211 axis in (ab)123 planes
@Fig. 7~a!#. On the other hand, the longest grain size~ia211! in
samples textured on Y2O3 can lie in all orientations of the
plane. In the presence of the magnetic field, texturation
easier allowing a relatively high cooling rate of 3 °C/h
20 °C/h.15 Then a211 lying in (ab)123 platelets could be a
more favorable situation for 211 grains to be entrapped in
crystallization front generally perpendicular to (ab)123
planes. We expect the orientation relationshipb211ic123 to
allow a more stable growth front than whenb211'c123, where
several 211 grain positions are allowed with respect to
platelets.
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IV. CONCLUSION

A method for quantifying the ratio of 211 preferenti
orientation in textured YBCO materials has been establish
The uncertainties due to the conducting character of
samples were strongly reduced by systematic deoxygena
of the samples. The resulting accuracy can be estimate
62 in percent unit. Moreover, the extreme sensitivity of t
method allows one to detect qualitatively the onset of a
non-random orientation, even in a secondary phase. T
type of analysis can be easily applied in other systems~nano-
composites, dispersoids, etc.!, providing that the signal of the
secondary phase can be clearly separated from the sign
the primary one. High-Tc cuprates are obviously favorabl
materials for this type of analysis due to their EPR silenc

This method has been applied to 123 textured sam
with various experimental processes. It shows that a par
211 inclusion grains is not randomly oriented. The magne
field is particularly efficient and with 4 T, a preferential or
entationb211ic123 is obtained for 16 wt. % of 211 inclusions

FIG. 7. Disposition of 211 grains according to the 123 plate
when ~a! b211ic123 and ~b! b211'c123.
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The Y2O3 substrate is efficient too in a smaller extent. T
211 substrate could certainly be equivalent. These two s
strates allow the preferential orientationb211'c123. On the
contrary, the MgO substrate and a thermal gradient are i
ficient to orient 211 grains. This property of preferential o
entation of 211 grains could be useful in increasing the 1
textured growth, and the magnetic superconducting pro
ties of these textured samples.
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