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Thermal expansion of superconducting BjSr,CaCu,Og
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Temperature dependences of thermal strains of superconductj®g,BaCu,Og were measured by using
the two-dimensional reciprocal-lattice method of x-ray diffraction in the temperature range between 15 and 300
K. Accuracies of measuring the lattice strains attaineck1.® °. Very small anomalies of the lattice constants
and lattice volume took place @t of the transition point. They were caused by definite discontinuities of the
thermal-expansion coefficients. Using previously reported values of specific heat and isotropic compressibility
a nearly temperature-independent equivalentn@isen parametey; was derived as 0.890.11. From the
extrapolation of the lattice volume of the high-temperature phase into the superconducting temperature region,
additive lattice strains were found to appear spontaneously in the superconducting phase. From this fact it was
concluded that a structural phase transition of the second order took place with the onset of superconductivity.
[S0163-18207)03614-X

[. INTRODUCTION Zhigadlo! However, definite anomalies were not clearly
found in the vicinity of T, in these investigations.

In order to elucidate the origin of the superconductivity of  Thus looking at previous works, it seemed to us that de-
the high-temperature superconduct@bsbreviated HTSC)s  cisive conclusions could not be drawn on the relation of
it is indispensable to reveal temperature dependences of thattice strains to the appearance of superconductivity. On the
lattice constants of any one of the typical HTSC'’s. Manyother hand, our recent optical stidyy using the high accu-
workers have studied this problem. Their results have agree@cy universal polarimeter on BSCCO revealed that the su-
only in a point that changes of the lattice constants accomperconducting phaseS(phas¢ appeared through the struc-
panied by the onset of superconductivity were extremelytural phase transition from the high-temperature phase (
small. However, it seems that decisive information on dephasé. Thus we felt it necessary to acquire accurate evi-
tailed behaviors of lattice constants has not been obtainedence of thermal expansion of the lattice of BSCCO in a
yet. wide temperature range includifig . This paper reports our

Previous measurements of the thermal expansion of-ray study of this problem.

HTSC's have been focused mainly on YR2u;0,_ ;5
(YBCO). According to x-ray studieS? accurate results
could not be obtained when powder and twinned crystal
specimens were used. Among reports of YBCO, those of In order to attain high accuracy for measuring thermal
You et al? and Meingaset al® seem to be specifically in- lattice strains, the two-dimensional reciprocal-lattice
teresting. Youet al? used the ¢-26) coupled radial scan- method was adopted by using x ray. This method has been
ning method or{200), (020), and(006) reflections of YBCO. successfully applied to thermal-expansion measurements of
They found that the lattice constants, b, andc, showed various ferroelectrict’ For the present case, the method was
unexpectedly large slope discontinuities n@éarof the tran-  considerably improved by reducing divergences of the inci-
sition point, and strong fluctuations over the wider temperadent x-ray beam to 7:810 * deg and 4.4 10 * deg along

ture range. However, to our surprise, and «;,, thermal-  the horizontal and vertical directions, respectively, and by
expansion coefficients o andb, became negative in the elongating the distance between the specimen and an x-ray
very low-temperature region. They suggest the possibility ofounter to 2080 mm. As a result, the standard deviation of
the structural phase transition taking placeTat Meingast reading the reflection positions reached>310 °, and ac-

et al® studied the capacitive dilatometry on YBCO, and cordingly the precisior of measurements of strains became
found slight jumps ofx, anda}, at T,. They ascribed them 1.6X 10 8 by using reflections with the reflecting angleof

to the interaction with superconductivity, and ruled out the71.0 deg.

occurrence of an additional structural transition. Thus these The specimens were prepared from the same crystal as
investigations disclosed that anomalies of thermal exparwas used for our optical studypne with dimensions of
sions of the lattice really occurred @, but fully convinc-  0.7x0.5x0.016 mn? alonga, b, andc axes, respectively,

ing interpretations were not provided. and another with 0.81.0x0.024 mn?. The former was

Exhaustive studies of thermal expansion have not beensed fora-axis rotation, and the latter fdp-axis rotation
done on B}Sr,CaCu,Og (BSCCO by using untwinned spectrometries. In order to examine the texture of the speci-
specimens. X-ray powder diffractometry was adopted by Yemens, Weissenberg photographs of the two specimens were
Ning Wanget al,* Mouallem-Bahouet al.®> and Gololobov  taken prior to the spectrometer study. It was strictly guaran-
etal;® and single-crystal diffractometry was studied by teed that the specimens did not contain any twinning regions.

II. X-RAY MEASUREMENTS OF LATTICE STRAINS
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FIG. 1. Temperature dependences of the lattice constan®, b (b), andc (c), where the scale of the ordinate @ is taken as one
order of magnitude larger than those(af and (b).

The lattice constants were also determined preliminarilytemperature dependence of the lattice volurseabc is de-
from the two photographs was determined by averaging picted by a bold line in Fig. 2. Temperature dependences of
c values obtained fror0,0,34, (0,0,36, and(0,0,38 reflec- the thermal-expansion coefficients along the three axes
tions of both films.a was determined by averaging those are indicated in Figs. @, 3(b), and 3c); e.g.,
values obtained from 15hQl) reflections distributed in the a,=(9.4+-1.2)x10°® K™, a,=(1.02-0.11)x10°°
higher angle region (>100°) of theb-axis photograph, K%, and a.=(1.64+0.16)x10"°> K ! at 300 K. They
andb from 5 (Okl) reflections in the higher angle region of manifested analogously distinct discontinuitiesTat The

the a-axis film. The results were as followa=5.41+-0.01 temperature dependence of the volume thermal-expansion
A, b=5.42+0.01 A, c=30.96-0.02 A at 300 K. They co- coefficient a, is expressed by a bold line in Fig. 4, e.g.,

incided well with previous reports. (3.60+0.39)x 10 ° K 1 at 300 K.
The specimens for the spectrometer experiments were
placed in the conduction-type cryostat. Temperatures of the 908

g

specimens were kept constant within the accuracy of
+0.05 K in the experimental temperature range between 15
and 300 K. The x-ray source was a rotating anode generator 907
(RIGAKU RU200), and CuKa radiation of 150 mA emis-
sion current was used. The reflections used for the spectrom-
etry were(0,6,0 (#=58.5 deg issued from thea-axis rota-

tion specimen, and0,0,3§ (6=71.0 deg and (6,0,20
(#=81.5 deg from theb-axis rotation specimen.

First, we closely examined whether these reflections ro-
tated around the center of the reciprocal lattice with the
change of temperature. They did not rotate at all over the
whole temperature range, confirming that axial anglesnd
B were exactlyr/2. It was not possible to prepare a speci-
men for thec-axis rotation, since the crystal was much too 903
readily cleaved along théD01) plane. Therefore we could
not check the change of the axial angldy using the same
method. However, as we found by previous optical Work 902
that the optical indicatrix did not rotate at all around the -
axis when temperature varied, the invarianceyef /2 in X *
the present temperature range was already known. 9010"'55'()' 1(')01;0 2(')02;0300

The temperature dependencesapb, andc are shown in Temperature (K)

Figs. Xa), 1(b), and 1c); where the scale of the ordinate of
(c) is taken as one order of magnitude larger than thoge)of FIG. 2. Temperature dependences of obsertadd ling) and
and(b). They similarly decreased with decrease of temperaealculated(dashed ling lattice volumev. Deflection of both lines
ture, and manifested very small anomalie§ abf 90 K. The  from T, is shown in the inset on the enlarged scale.
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FIG. 3. Temperature dependences of thermal-expansion coefficignta), «,, (b), and«, (c).

Ill. PHASE TRANSITION from Table I, the precision of the present work was approxi-
. . mately one order of magnitude better than those of other
lt. was found that the Iatt|cg constants and lattice VOIumeworkers. Besides, our measurements were more accurate
exh|b|t§d very ?”.‘a” a”"ma"es e .b!“'t each therr.n'al- han other ones in having carefully ensured the absence of
expansion coefficient manifested definite discontinuities atotations of the reflections caused by lowering of the sym-
this point. However, it seemed that there were no investiga- etry. Thus it would be well to consider that the present
tions reporting the same result. Therefore we felt it necessar ork éould reveal thermal expansion of the lattice more ac-
first to examine our results and previous results in terms ofurately than other workers did
experimental accuracies, before we tried to draw conclu- Returning to BSCCO, Zhigad?dound that large scatter-
SIOIgfécisions of some relevant works for measuring lattic Ings ofc vz_ilues occurred bo_th at 75_1..10 K and 220-245 K.
constants are shown in Table I. Hoenal 22 studied powder eI'hey ascribed them to lattice |n_sFab|I|ty, but excluded the
; S e : . .occurrence of a phase transition around 75-110 K.
spemmerr]]s of YBQO' -frhﬁ'r preck|3|<f3ns Werl‘i given 'In the'rMouaIIem-Bahou'et al® found that no anomalies af, and
e AL g appeared a1, bt o, became negathe olow 50 K. ey
: discussed both coefficients thermodynamically. As we ob-

. . . . 3 _
Elrjel:;:tlgg)rflrgg;[h;:jollratboaTSetirX ?gel\i/:elr;giert aZI.hiW:ﬁl:)lslgg iﬁ(la tained different results, it will be worthwhile to analyze our
Paper. g desults on a thermodynamical viewpoint.

two-dimensional representation method for studying BSCC A volume thermal-expansion coefficient, is related to
by x ray. However, the measurements were only confined t(a1 ivalent Coei P i thin th ihar-
c, and the precision was evaluated from error bars. € equivalent LeISen parameteyr within the quasinar
Mouallem-Bahoutet al® studied powder diffractometry on monic approximation.

BSCCO, the precision being shown in their paper. Judging v
o

’}IT:;! (1)

4.0 400 x1C,

whereC, is the specific heat at constant volumé,is the

dences ofx, andC, are almost parallel abovE;. It means
that Eq.(1) holds in theH phase of BSCCO with constant
xT and yr. The temperature change ¢f was calculated as
shown by open circles in Fig. 5 by using a constant value of
xT given above. Thus it has been confirmed thatis inde-
FIG. 4. Temperature dependences of volume thermal-expansiopendent of temperature abovig. In other words, theH
coefficienta,, (bold line) and specific heat, (open circles phase of BSCCO is a perfect Gmisen solid with

.30 300 & molar volume, andy is the isotropic compressibility. Ga-

[ 4 < varrietal®measuregir=(16.7+3.1)x 10 *? Pa ! at 300

S 3 E K by using neutron diffraction. The temperature dependence

< 2.0 F*® = of C, was measured by Gavrichet al1* from 300 down to

S 3 o 10 K. Their results are represented by open circles and com-
1.0 100 pared withe, in Fig. 4. It is clear that temperature depen-

0
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TABLE I. Precisions of various lattice strain measurements applied to HTSC's.

Crystal Experimental method Precision Authors
YBCO X-ray diffraction £,=6%x10"° Horn et al. (Ref. 12
YBCO X-ray diffraction e,=7x106 You et al. (Ref. 2
YBCO Capacitive dilatometer £,=3%x10"% Meingastet al. (Ref. 3
BSCCO X-ray diffraction £.,=1.0x10"° Zhigadlo (Ref. 7)
BSCCO X-ray diffraction £,=3.6x10°° Mouallem-Bahoutt al. (Ref. 5
BSCCO X-ray diffraction £,=1.6x1078 Present work
yr=0.89+0.11. This value nearly equals 0.2, derived IV. CONCLUSION
; 13 )
2{;3\;??2% il' at 300 K, and 1.08 by Mouallem-Bahout We studied thermal expansion of the lattice constants and

the lattice volumey of BSCCO by using x ray in the tem-
perature range between 15 and 300 K. Lattice constants and
the lattice volumev manifested analogously very small
anomalies aff;. It was found that these anomalies were
caused by conspicuous discontinuities of each thermal-
expansion coefficient.

Thermal expansion of BSCCO was discussed from a ther-
modynamical viewpoint. By using isotropic compressibility

approximately constant but began to decrease from about 0L and specific heatC, in the high-temperature phase,

K and converged to nearly constant values as given by Col- SCCO was__found to be a perfect @aisen solid with an
locott et al1® Thus we could tak®p in theH phase as 450 equivalent Grueisen parameteyy=0.89+0.11.v of the

K. We calculatedy values of theH phase by using these H phase was extrapolated into the superconducting region by

X7, Y1, and Op in all the temperature range. They are
shown in Fig. 2 by a dashed line. It coincides perfectly with
the observed line aboveT.. However, it is significant that

it began to deflect from the observedline below T, as
shown clearly in the inset. This fact shows that additional
lattice strains take place spontaneously in $hphase. This
characteristic phenomenon can be more clearly demonstrated
in Fig. 6@ by representing the additive lattice volumes
Avs=|vg—vy| with respect to the temperature, wharg

As we knewa,, x7, and y; of the H phase, it became
possible to extrapolate of the H phase belowl . provided
C, in the extendedd phase could be acquired. For this aim
we determined Debye temperatuf@g as a function of tem-
peratures from th&, vs T relation given by Gavricheet
al.!* They are shown by a bold line in Fig. 5, where data of
the S phase measured by Collocett al1® are also depicted
by open triangles. It was seen tHat, in the H phase were
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and vy are lattice volumes of th& and H phases below 0.0
T.. The temperature dependence of the thermal coefficient 01
of Avg, is depicted in Fig. ), where the same coefficiént Craa L 1+ I
of a gyration tensor componegts is also indicated for the 02 50 1060 150 00
sake of comparison. Both coefficients are quite similar. This Temperature (K)
fact indicates that the structural phase transition of the sec-
ond order takes place with the onset of superconductivity at
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—1/Avg(dAvs/dT) (b). Thermal coefficient of a gyration tensor
FIG. 5. Temperature dependences of K@&igen parametey componentss, — 1/g33(dgs3/dT), is also shown irb) for the sake
(open circley and Debye temperaturés, (bold line). of comparison.
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using x, vr. and ®p of this phase. The extrapolated  Wwith the onset of the superconductivity Bt.

deflected significantly from observedbelow T, showing

that additional lattice strains appeared spontaneously in the ACKNOWLEDGMENT

superconducting phase. Thus it was concluded that a struc-

tural phase transition of the second order took place togeth% We express our gratitude to Dr. Y. Enomoto for supplying

e specimens used in the present experiment.
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