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Secondary-phase orientation probed by EPR: ¥BaCuOs in YBa,Cu;0,_,
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Textured YBaCu;O;_, samples have been studied by electronic paramagnetic resonance. EPR spectros-
copy allows us to analyze the,BaCuQ, second phase present as inclusions in the ;0BgOg 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 particBa€CuG;
orientation is observed of the,,; axis (b=7.132 A) parallel toc,,3 and to the magnetic field direction. By
appropriate calculations from initial spectra, the fraction of preferred orientation of th&sCWG, grains can
be quantified. This orientation comprises®1®% of the Y,BaCuQG weight for texturing under a magnetic
field, presently one of the highest values obtained. It involves the longest sizgBafCdQ, elongated grains
lying in YBa,CusOg planes, facilitating the texturation process. Texturing oy©y by the modified melt
textured growth method leads to a preferential orientation 8aCuQG, grains too, but in another direction,
i.e., byqq perpendicular taci,3. There is no YBaCuQ, 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, gtproviding that the signal of the secondary phase can be clearly separated
from the signal of the primary on¢S0163-182@7)06001-3

[. INTRODUCTION trapped in the texture. The presence of 211 grains in the 123
matrix involves various defects which increase the flux pin-
High-T, cuprates are EPR silent above and below!  ning. However, the exact pinning mechanisms are still a mat-
The presence of bidimensional antiferromagnetic fluctuationser of debates. Because 211 is a witness of the peritectic
has been proposédito explain this, but no definite conclu- decomposition and recrystallization of 123, it is a key factor
sions are yet possible. The second phase could be then dbr both crystallization process understanding and critical
tractively studied by this technique. CuO which is oftencurrent enhancement. Its chemical and physical characteriza-
present as an impurity in textured Y®2u;0,_, (123) gives  tion is therefore an essential step in the development of these
no visible EPR signal irX band, or very broadbaridThe  materials. Electron microprod8 SEM, and TEM are now
EPR signal of the BaCuf), phase, also present in small systematically used. Here we have exploited EPR as a way to
quantity, strongly depends on oxygen stoichiométfijor ~ probe the orientation of 211 inclusions with respect to the
small x values it consists of a very broad line, while when matrix. It is a rare example of such a spectroscopy applied to
oxidized the line shape is closer to that ofBACUQ (211).  a second-phase analysis.
However, due to its more marked rhombic character, it is The 211 phase is insulating and has an EPR signal due to
definitely different from that of 21%.Moreover, its smaller the presence of magnetically independent Cons with 1/2
intensity than that of 211 allows one to neglect its contribu-spin. The only determination of the principal axes of the
tion in 123 based compounds. Then EPR allows one to studiensor of the C&" ion in the 211 phase has been made by
the 211 secondary phase trapped in the 123 textured niatrix<obayashiet al.® on single crystals. They have obtained the
This spectroscopy gives access to bulk information on 21¥alues g,=2.050, g,=2.094, andg,=g,=2.222, corre-
phase, contrary to TEM, often used to study 123/211 intersponding to a local rhombic symmetry. Because of a very
faces. low splitting betweery, andg, , the mean value is notegy .
Various methods allow one to elaborate bulk highsu-  Moreover, the principal X,Y,Z) g-tensor axes are respec-
perconducting materiafs® Melt texturing is one of the most tively parallel to the crystallographi¢a,c,b) axis where
promising for 123 Its peritectic decomposition into the a=5.658 A, b=7.132 A, andc=12.181 A. This result is
green phase 211 plus a liquid, followed by a slow cooling,consistent with our x-ray pole figure on 2342 Thea crys-
allows directional growth of 123 domains. As a result of tallographic axis lies parallel to the longest dimension of the
kinetic limitations, the peritectic recombination of 211 into elongated particles with a typical size of less thanuzf.
123 is not complete which causes 211 inclusions to remain In previous papers, we have reported qualitative EPR re-
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TABLE |. Synthesizing conditions, and EPR results: preferential orientation and weight fraction of
oriented 211.

EXTERNAL SUBSTRATE EPR
PARAMETERS AND CONFIGURATION MEASUREMENTS
Samples Initial H Thermal { Zone 211 Y203 MgO Preferred %211
composition | Field | gradient | melting | polycrystal | polycrystal single | Orientation | Oriented
- crystal +2%
. AT
A 123+20wt%211| 4T | 30°C/cm bani// ¢z 16
sol gel QTH
’ AT
B 123+20wt%211 0 30°C/cm 0
sol gel @
AT
=
C 123 Rhone- 0 20°C/em . b2]| 1 Ci23 1
Poulenc g
D 123 Hoechst 0 60°C/cm Q TAT 0
E 123 Hoechst 0 0 @ 0
F 123 Hoechst 0 0 Q bay L ey 4

sults on 211 inclusions partially oriented according to thetional cooling with an applied vertical magnetic field in case
123 matrix. Curiously, the orientation is processA. The method has been described elsewftet&SampleC
dependent:''12|n particular, samples textured on the®  has been prepared by horizontal directional cooling on a
substrate without thermal gradient and by a modified MTGpolycrystalline Y,BaCuG substraté” SamplesD, E, andF
(melt textured growthmethod give a substantial orientation have been elaborated by two of (4.P. and L.V). Sample

of 211 grains such that the,;; axis lies in @b),3 planes. D has been vertically zone melted at 1030 °C with a trans-
This particular orientation was also evidenced by microstruciation rate of 1 mm/h. The heater was a metal ring. Samples
tural analysis of 123/211 interfack$We have proved else- E andF have been textured with a MTG modified method
where that a magnetic field applied during the high temperaen different substratésSampleG is a sintered ceramic com-
ture part of the thermal process induces another 21posed of 123 with 10 wt. % added 211.

particular orientation, i.eh,; parallel toc;,3, and parallel to

the magnetic field directioh:*? This result has been con- B. EPR

firmed by x-ray pole figures on the secondary 211 pHase.

. . L All spectra were obtained on a Bruker ER200D spectrom-
One can then expect a noticeable magnetic susceptibility an- S N
isotropy of 211 phase, as in 13415 eter, working inX band(»~9.7 GH2. They were recorded at

The present paper reports a quantitative study of the frad0OM temperature in air. For insulating samples, the doubly

tion of nonrandomly oriented 211 inclusions in 123 textured'nt@lrate{j EPR spectrum is proportional to the number of

materials. This method has been applied to samples textured "> resonating in the cavity, provided the linewidths are

with various processes, i.e., different substrates, with O?OI too large. In conducting samples, this is not necessarily
without a thermal gradient, with or without application of a he case: due to dispersion of the microwave in the sample

magnetic field. The orientation features and the fraction O{Skm effec), the hf magnetic field is not homogeneous in the

211 oriented grains are discussed as a function of these di?_ample volume, leading to the well-known Dysonian line

8,19 ; ; ; ;
ferent experimental conditions. Our results allow a better un§hap6§' One way of treating this problem is to consider

derstanding of the properties of residual 211, and of texturat-he.eXpe”mema.I EPR sp_ectru_m composed not only frOT" the
tion mechanisms. derlved_ap_sorptlon, i.e., imaginary payt of th_e magnetic
susceptibility, but including also the contribution of the de-
rived dispersion, i.e., the real part of the susceptibijty
Il. EXPERIMENT Following Pakeet al,?*?! this double contribution can be
sketched up for an ideal Lorentzian EPR line. Figure 1 dis-
plays the derived absorption and dispersion vs magnetic field
Samples of various origins have been studi&eble ). in this case, corresponding to their contribution to the EPR
SamplesA and B have been prepared by horizontal direc- spectrum(a in Fig. 1 is an arbitrary paramejerOne sees

A. Samples
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P 123+ 211 (10 Wi%)

EPR Intensity

—dy/dx e dy /A dy/dx +ocdy/dx

FIG. 1. First derivative ofy’ and y’ versusx, wherex is a

dimensionless variable corresponding to the fielld Addition of 2()'00 ‘ 3()'00 ' 4OIOO 5()'00
both these contributions reflects the EPR signal in conducting com- (4, H (Gauss)
pounds.
------- P21l
2

that the dispersion part leads to an asymmetry of the signal
which precludes any integration of the absorption part and
thus any precise estimation of the number of spins.

Samples studied by EPR are single domains selected by
cleavage along &b),; planes in textured samples. They
must be of small sizéabout 1X2x0.5 mn¥) and deoxygen-
ated to reduce their conductivity, and thus to suppress the
major part of the dispersion contribution to the EPR spectra.
The samples are heated at 800 °C dgrthh in argon flux,
anq s!owly copled to RT in the same atmosphe_re. Oxygen 20'00 ' 3000 4000 ' 5000
st0|ch|olmetry is thus I.owered to 6.0-6.1 according to ther- H(Gauss)
mogravimetric analysiSTGA) measurements. The corre-
sponding resistivity is in the range of 150 (htm FIG. 2. EPR spectra ofa) powders: deoxygenated 1230
(YBa,Cuy0g), involving a skin depth inX band of approxi-  wt. % 211(Py), and pure 211P,); (b) pure 211 powde(P,), and
mately 200um while it is only 20um in YBa,Cu;0;. deoxygenated 12810 wt. % 211 ceramic@).

The samples are fixed with vacuum grease on an altuglass
rod inside the EPR cavity. Theiap) planes can be placed . . 1000 100W5;yoriented
either horizontally or vertically, and they can be rotated P=% Clj; oriented spins S T w :
around the vertical axis. All orientations of the principal 2Htota
planes vs magnetic field can then be chosen. Any preferential
orientation of the 211 phase would involve changes in the D. Testing the method

spectrum_shape upon rotating_ the textured_ sqmple. _On the Hanic et al22 have shown a difference in EPR spectrum
contrary, in 211 powders and in samples with isotropic 21lshanes between powdered and bulk conductor samples for
orientation, the spectrum will be evidently angular 'ndepe”YBaZCu306_9+x Wt. % Y,BaCuQ, (1.7<x<68.8. As a mat-
dent. ter of fact, for such 123 stoichiometry, the skin depth is very
reduced and the spectrum shape distortion by conductivity is
strong. We have first checked that this is not the case for well
deoxygenated samples.

To calculate the percentage of nonrandomly oriented 211 For this purpose, deoxygenated powder YBaOg+10
spins in a deoxygenated textured sample, two spectra ravt. % Y,BaCuQ (grain size<5 um), notedP,, and pure
corded at two particular angle values are used: the spec¢¢,BaCuQ powder notedP, synthesized by a gel-derived
trum which has the maximum intensity gf and the mini- method described elsewhéreywere prepared. Figure(®
mum intensity ag, , and the spectrum at 90° of the previous displays EPR powder®, and P, spectra.P, powder has
one with minimum ag, and maximum ag, . In a first step, then been sintered at 800 °C in Agrain size<20 um) to
these two particular spectra are integrated to obtain absorfierm a ceramic samplgotedG) of identical size(1x2Xx0.5
tion signal vs magnetic field. In a first approximation, their mm°) to that of textured samples. Figure@Rand 2b) com-
surface is proportional to the total €uspin number of 211 pare both spectr&P; and G) with pure 211 powde(P,)
phase, and then to the 211 phase amount. We normalize tispectrum. As expected, there is a very weak difference be-
surfaces to consider the same total spin number in both spetween then{Fig. 2@)]. The difference betweeR, andG is
tra. This new value is denotesl The difference between the less negligibldFig. 2(b)]. The line of the sintered compound
2 integrated spectra is made: this provides a graph having @) exhibits a Dysonian character. Here the skin depth is
positive part equal to its negative counterpart. The correabout 200um, so the microwave field does not penetrate
sponding area, denoted, is proportional to the oriented uniformly the whole sample contrary to the powder.

CU?" spin number of the 211 phase, then to the weighif It is useful to quantify the spectrum distortion due to con-
oriented 211. So the percentage of oriented 211 is simply ductivity from these reference samples. In the quantification

o —— G 13+211(10w%)

EPR Intensity

C. Quantifying the ratio of nonrandomly oriented 211
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2000 3000 4000 5000
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FIG. 4. Integrated spectra for sampe (a) As received,(b)
partial deoxygenatiofOg 5), and(c) complete deoxygenatiofOg).
This figure shows the distortion effect due to Dysonian line shape
on a sample with isotropic 211 orientation.

EPR Intensity

@ difficult and out of the scope of this brief paper. The fully
deoxygenated ceramic, Fig(c3, shows an EPR signal iden-
tical to that of 211 powdefFig. 2(a)].

SampleA shows orientational features in its EPR spec-
trum. Figure %a) displays the maximal intensity obtained
when(H,c,,5)=0, i.e., maximum ag, for the continuous line
2000 30|00 40'00 5000 and when(H,c,,9=90°, i.e., minimum ag, for the broken

H (Gauss) line. Despite a Dysonian line shape in this as-received
sample, the nonrandom 211 spin orientation is clear in this

FIG. 3. EPR spectra dependence upon successive deoxygegample. It is however necessary to deoxygenate it in order to
ation; for samplé3 (tex.tured under.the magnetic fi.eld and thermal get the exact amount of oriented spins. Figutb) Shows
gradienl.  (a) As received,(b) partial deoxygenatiotOss), and  that skin effect will not be perceptible in this treated ceramic.
(c) complete deoxygenatiofDs). The absorption associateddg, then to theb,,, direction, is
method of Sec. Il C, the conductivity will lead to an error on maXImal when the field is a.|0n9123' Her?"e the preferred

ﬁilrectlon ofb,q; in sampleA is characterized b¥,44IC13.

the normalization of the absorption curves since the integr. S .
of the experimental spectrum is no more exactly the absorSWe have not been able to detect any significant 211 orienta-

tion spectrum. This can be estimated by calculating this oo IN the (@b);o3 plane, even by measuring @ band (34
the P1 powder(123+10 wt. % 213 and on the correspond- GHz), proving that the elongated 211 grains probably have

ing ceramicG. The difference between their integrated spec-teir longest dimensiof@,,y) in the (@b)2; plane in a “fi-

tra gives an artifact value of attributed to the Dysonian berlike” texture already observed by an x-ray pole figtfre.
profile of the ceramic spectrum. This value®fvill consti- In order to get quantitative values of the oriented fraction
tute the main source of the absolute error on the amount dntegration of the spectra is requested. Absorption for sample
oriented Cgj;. It is significantly reduced on small and well B (no 211 orientatiohis reported in Fig. 4. The Dysonian
deoxygenated samples and reaches 2 in percent unit. Asdistortion has a clear signature in the as-received compound

consequenceP is measured within an error uncertainty of (see curvea, continuous ling while decreasing the conduc-
*2. tivity by high temperature annealing in a neutral atmosphere

completely suppresses the shift of the base (g&® curve,
dotted ling. Note the small asymmetry of the absorption line
ascribed to the rhombic nature of the*Csite in 211. Inte-
The C#" signal in as-received textured ceramics differsgration of EPR spectra for sampiepresenting orientation of
significantly from that of well deoxygenated powders. As an211 is reported in Figs.(6) and §d). Figure Jc) is for the
example, Fig. 3 shows EPR signal dependence upon deoxgs-received compound. A difference between orientations
genation[(a)—(c)] for textured sampl® in which no angular maximizingg, or g, features is cleafrespectively continu-
dependency can be evidenced. Figure 4 shows the correus and broken linebut a strong base line shift as in sample
sponding integrated spectra; it will be commented on laterB is noticed. It is of the order of the magnitude of the ab-
Figure 3a) is typical of a conducting sample with Dysonian sorption line and precludes any quantitative calculations of
distortion: in particular a nonlinear base line can be notedhe oriented fraction. On the contrary, such a shift does not
together with a significantly reduced negative intensity con-exist when the sample is deoxygenaf€&dy. 5d)]. Compar-
tribution in the spectrum. This is qualitatively shown in Fig. ing Figs. 4 and &) shows in a qualitative way the difference
1 by summing up Lorentzian dispersion and absorption funcbetween an isotropic distribution of 211 particles and a par-
tions ¥’ and y’. Modeling the spectrum is presently very tially oriented one. Clearly the pronounced shoulder of Fig.

Ill. RESULTS AND DISCUSSION
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FIG. 5. Two particular spectra for sample(textured under the magnetic fi¢lthken at angles maximizing andg, features: (a) as
received andb) deoxygenated. (c) and (d) display the corresponding integrated spectra and their differer(cg:as received andd)

deoxygenated.

5(d) (continuous ling could not be ascribed only to orthor- pically distributed in textured samples. When not, two orien-
hombicity. Furthermore, its modification by rotating along tations are evidenced:b,,; is either parallel or perpendicu-
the vertical axis(dashed curjepoints out a nonisotropic lar to c;,3. Orientation type and amount are process
distribution of grains. Quantitative data only can be obtainedlependent. In particular, substrate, thermal gradient, and
by the relative difference as explained in Sec. Il C. The negamagnetic field are important ingredients discussed now.

tive and positive part of the difference between both curves

(dotted ling are of the same area as expected since they

correspond to the same spins. Using the method described A. Texturing 211:  unfavorable parameters
previously a weight amount gP=16% of oriented 211 is MgO single crystals are rather chemically inert with re-
found. spect to YBaCu;O,_,: the peritectic liquid has very small

Based on this analysis several samples were studied. Figeactivity with MgO, and so this substrate is not involved in
ure 6 shows the derivated spectra for santplafter deoxy-
genation. By comparing Fig. 6 to Fig(l9, it is obvious that
a new preferential orientation is observed here, thdi,is
axis in (ab) 4,3 planes. This orientation amount is rather low
in this sample as it concerns only 4% of 211 weight. In
sample C, this particular orientatiorb,;; axis in (@b),;
planes is observed again but now at the limit of our detection
(~ a few % 21). One sees here how sensitive this method
is. Finally, the top layer of an YO; substrate issued from the
texturation experiment has been sampled for EPR investiga-
tion. It is covered by the 211 phase as a result of chemical
reaction at high temperature between the peritectic liquid and

EPR Intensity

Y,0;.° A noticeable preferential orientation of 211 is evi- sample b ,

denced. In some cases processed differently there is no modi- 2500 3000 3500 4000

fication at all of the spectrum shape with rotation. This is the H (Gauss)

case for sampleB, D, andE. All these results are summa-

rized in Table I. FIG. 6. Orientation dependence of EPR spectra for the sample

In brief, it is clear that 211 grains are not always isotro-textured on %05 (sampleF).



55 SECONDARY-PHASE ORIENTATION PROBED BY EPR: ... 1267

the crystallization proces*2® Therefore it is not expected

to induce any orientation of 211 as observed. +

The thermal gradient is used to control the direction and T123
progression rate of the solidification froht?® However,
several physical and/or chemical parameters impede perfect (a) -
alignment of @b) planes: they are frequently found at 45° . bayy

or even 90° from the gradient direction. This occurs for
samplesB,'? C,}” andD. Clearly, removal of latent heat is
an important factor in defining the local orientation of the
solidification front. Other factors could take place too. For
example, 211 grains which are entrapped in the solidification
front influence the microstructure of melt-textured £28’
Hence their orientation could compete with the general
growth direction and could induce secondary nucleation, an-
other factor inducing deviation with respect to the imposed
gradient. However, in the present case there is no orientation
of 211 trapped grains, this is in fact rather natural as a ther- Sy
mal gradient itself has no energy to orient particles except

(b)

perhaps through convective forces.

B. Texturing 211: favorable parameters

The magnetic field is an external parameter the effects of
which have already been presented elsewheteln sample
A, 211 orientation is due to application of a magnetic field in
the high temperature part of the process. In optimized con-
ditions (field intensity, initial composition, thermal cycle,
etc) it should be possible to orient a very high fraction of
211 grains as observed here.

It is rather surprising to find a noticeable fraction of 211
oriented grains when YO, substrate is used: how could
this substrate induce that? It has been shown that the peritec-
tic liquid reacts with %05 to form 211° Interestingly an
oriented layer of green phase is observed by SEM at the top
part of the substrat®and the present EPR results are con-
sistent with this assumption. One supposes that, in the ab-
sence of an external parameter such as the thermal gradient
or magnetic field, this 211 oriented area could act as seed for
123 crystallization. Therefore, the preferential orientation
obtained for 211 inclusions in the 123 matrix on thgO¥ FIG. 7. Disposition of 211 grains according to the 123 platelet
;ubstrate could be dye to the preferred orientation qf 21%hen (8) byy4iC103 and (b) Dyy4l Crog.
issued from the reaction between thgO¢ substrate and lig-
uid. Better processing for the seed formation should increase
this proportion.

The two possible 211 preferential orientations A method for quantifying the ratio of 211 preferential
observed: b,;llci23, andb,4l ¢ 53, depending on the textu- orientation in textured YBCO materials has been established.
ration process, are compatible with a location of the 211The uncertainties due to the conducting character of the
longest dimension, i.e., corresponding #&,4, lying in  samples were strongly reduced by systematic deoxygenation
(ab) 1,3 planes; see Figs.(& and 1b). In the presence of a of the samples. The resulting accuracy can be estimated to
magnetic field, due to the orientation b$,;, oriented 211 *2 in percent unit. Moreover, the extreme sensitivity of the
particles necessarily have theig;; axis in (@b),,3 planes method allows one to detect qualitatively the onset of any
[Fig. 7(@]. On the other hand, the longest grain di#8,4) in non-random orientation, even in a secondary phase. This
samples textured on 05 can lie in all orientations of the type of analysis can be easily applied in other systémaso-
plane. In the presence of the magnetic field, texturation i€omposites, dispersoids, gtqroviding that the signal of the
easier allowing a relatively high cooling rate of 3 °C/h to secondary phase can be clearly separated from the signal of
20 °C/h!® Then ayy; lying in (ab);,; platelets could be a the primary one. Higl¥, cuprates are obviously favorable
more favorable situation for 211 grains to be entrapped in thenaterials for this type of analysis due to their EPR silence.
crystallization front generally perpendicular toal)qss This method has been applied to 123 textured samples
planes. We expect the orientation relationship,lic;,; to  with various experimental processes. It shows that a part of
allow a more stable growth front than whbg, 41 ¢,,3, where 211 inclusion grains is not randomly oriented. The magnetic
several 211 grain positions are allowed with respect to 123ield is particularly efficient and with 4 T, a preferential ori-
platelets. entationb,4lIc;,3 is obtained for 16 wt. % of 211 inclusions.

IV. CONCLUSION
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