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A description of the anisotropy of elastic and nonlinear acoustic properties of dense (95% of theoreti-

cal), highly textured, sinter-forged, ceramic Bi~Sr2CaCu208+~ (Bi-2:2:1:2)high-T, superconductors is

provided from measurements of the velocities of longitudinal and shear ultrasonic waves as functions of
temperature and hydrostatic pressure. A high proportion of the grains are aligned preferentially with

the c axis along the forging direction in this material, while it is essentially isotropic in the plane normal

to the forging axis. A complete set of the elastic stiffness tensor components has been determined as a
function of temperature from 10 to 290 K, treating this material as if it had cylindrical symmetry. The
results are used to compute the orientation dependences of the Young's modulus and Poisson's ratio
which are compared with those estimated for single crystal Bi-2:2:1:2.The main finding is a marked an-

isotropy of the elastic stiffness moduli and their dependences on pressure. The elastic and nonlinear

acoustic properties of the textured and single-crystal Bi-2:2:1:2comply with the behavior expected for a

layerlike material with rather weak interlayer binding forces: C» )C33 the linear compressibility and

thermal expansion along to the c axis, i.e., normal to the layers, being substantially larger than in the ab

plane. The hydrostatic pressure derivative (BC33/BP)p —p(=21.3) of the elastic stiffness tensor com-

ponent, which corresponds to a longitudinal wave propagated along the c axis, is larger than that

(BC»/BP)p=o(=15. 1), for such a wave propagated in the ab plane. The anisotropies of the linear

compression and the acoustic mode Griineisen parameters are also typical of a layerlike material.

I. INTRODUCTION

The high-T, cuprate superconductors are layerlike ma-
terials which can be expected to show highly anisotropic
elastic and nonlinear acoustic properties. Due to their
chemical nature and the configuration of their phase dia-
grams, these materials are usually made by a sintering
process as polycrystalline ceramics. As it is extremely
diScult to make large, defect-free single crystals, it is
likely that polycrystalline materials will be the basis of
many commercial applications in the foreseeable future.
Hence, there is a need for a comprehensive experimental
description of the materials properties of granular high-
T, superconductors, including the extent to which their
elastic and nonlinear acoustic properties can be aniso-
tropic.

One of the high-T, superconductors which has aroused
interest, particularly for potential applications, is the Bi-
2:2:1:2 phase of bismuth cuprates, which has the ideal
composition Bi2Sr2CaCu208+y and a T, of about 90 K. '
Bi-2:2:1:2 has an orthorhombic crystal structure with
c(=30.8445 A) much larger than the lattice parameters
a(=5.4091 A) and b(=5.4209 A) which are almost
equal. Compounds in the series Bi2Sr2Ca„,Cu„04+2„,
including the Bi-2:2:1:2 phase with n =2, have layer
structures containing adjacent pairs of BiO planes that al-
ternate along the c axis with perovskitelike multilayers.
In Bi-2:2:1:2the perovskitelike multilayer comprises two
copper-oxygen sheets in the form of corner-sharing Cu05
pyramids separated on the base sides by calcium ions.
The Bi202 layers consist of two parallel, planar BiO
sheets. The bismuth ion coordination is six: four 0 in

the BiO plane, one 0 on the adjacent BiO layer and one
0 on the adjacent apex of a Cu05 pyramid. These Bi06
octahedra are strongly distorted, having the typical oxy-

gen coordination for Bi + with three short Bi-0 bonds
and three much longer Bi-0 bonds in the direction of the
lone pair electrons. These lone pairs are positioned in the
interstice between the pairs of BiO layers leading to a
large (about 3 A) interlayer spacing. Crystallites of these
compounds cleave readily between these layers: inter-
layer binding forces appear to be weak. If this is so, the
velocity of a longitudinal ultrasonic wave propagated
along the c-axis direction should be much slower than
that in the normal direction and this is found.

The present objective has been to study the elastic an-

isotropy of dense (95% of theoretical density), highly tex-
tured, ceramic specimens of Bi-2:2:1:2. To do this, ul-

trasonic wave velocity measurements have been made in

a number of propagation directions as a function of tern-

perature between 10 and 290 K. The results have been
used to determine the elastic stiffness components and the
elastic anisotropy of this material (treating it as being cy-
lindrically symmetric), including details of technological-
ly important parameters such as the bulk and Young's
rnoduli and Poisson s ratio. In addition, the effects of hy-
drostatic pressure on the ultrasonic mode velocities have
been measured at room temperature. The pressure
derivatives (BC'�/BP)t, o of elastic stiffnesses have been

used to calculate the linear and volume compressions and
the long-wavelength acoustic mode Gruneisen parame-
ters. Since the elastic moduli of ceramics, and especially
their pressure dependences, are sensitive to their porous
nature, one must be careful in deciding whether the ob-
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served pressure effects are intrinsic or due to the micro-
structure (particularly porosity, microcracks, and grain
boundaries) of these granular materials. To appraise the
influence of the microstructure, the results obtained for
the dense, textured Bi-2:2:1:2are compared with the data
available from ultrasonic ' and Brillouin scattering stud-
ies of monocrystalline Bi-2:2:1:2.

II. EXPERIMENTAL PROCEDURES

The samples were made at Argonne National I.abora-
tory by the sinter-forging method described previously.
The specimen structure was characterized by x-ray-
diffractometry analysis. " Strong (001) plane reflections
were observed from the top face of a sample. When the x
rays were incident on the two side faces, these particular
reflection peaks were almost absent and different
reflections, such as that from the (200} plane, become
prominent. These results established the textured nature
of the samples: a high proportion of the grains are
aligned preferentially with the c axis perpendicular to the
top face of the specimens, that is along the forging direc-
tion. In addition the reflection peaks from the two side
faces were very similar in both position and intensity,
showing that the sample is essentially isotropic in the
plane parallel to the top and bottom faces. The sample
density, determined by Archimedes' principle using
acetone as the flotation liquid, was 6210 kg m which is
about 95%%uh of the x-ray density.

The samples were cut in the form of rectangular paral-
lelepipeds and polished lightly to give flat and parallel
faces to about 10 rad. One pair of sample faces was
perpendicular to the forging direction, which was virtual-
ly the c axis of the individual grains. To generate and
detect ultrasonic pulses, X- or Y-cut (for longitudinal and
shear waves, respectively) quartz 10-MHz transducers
were bonded to the specimen using Nonaq stopcock
grease for temperature studies and Dow resin for pres-
sure studies. The effects of temperature and pressure on
ultrasonic wave transit time were measured using a
pulse-echo overlap system, ' capable of detecting changes
in ultrasonic transit time to 1 part in 10 . A transducer
correction' was applied to the measured transit time
and, in turn, to the ultrasonic wave velocities. The hy-
drostatic pressure dependence up to 0.15 GPa of the
sound velocity was measured at room temperature (290
K) in a piston and cylinder apparatus using silicone oil as
the pressure-transmitting medium. Pressure was mea-
sured with a precalibrated manganin resistance gauge.
Pressure-induced changes in the sample dimensions were
accounted for by using the "natural velocity (W}" tech-
nique. '

where C66 is equal to (C» —C,3)/2. It is important to

note that the Clz here do not refer to the elastic stigness
tensor components of the orthorhombic crysta! itself For .a
direction, specified by the direction cosines n&, n2, and

n3, three bulk waves can be propagated with velocities
( V} and polarizations (uk } determined by the Christoffel
equations

(Lk —pV sk)uk=0 (i,k=1,2, 3) . (2)

The Christoffel coefficients for this symmetry are given

by

and

L)i =n &C&&+n2C66+n3C~,2 2 2

Lzz =n &C66+ n 2C&& +n 3C~,2 2 2

LJ3 n2n3(C]3+C44),

L33 =n iC~+n 4C44+n 3C
2 2 2

L,3 =n, n2(C, 3+C66),

(3)

(4)

L ]3 n, n (3C]3 +C 44) ~ (8)

The velocities of eight ultrasonic modes have been
measured as a function of temperature and pressure in
the textured Bi-2:2:1:2.The mode configurations and the
ultrasonic wave velocities measured at room temperature
and atmospheric pressure are presented in Table I. Only
five of the eight velocities are needed to determine all the
elastic stiffnesses specified in the cylindrical model. The
following relationships, obtained by solution of the

TABLE I. Mode configurations and velocities of 10-MHz ul-

trasonic waves propagated in textured Bi-2:2:1:2at 290 K. The
Miller indices correspond to a structure of cylindrical symme-

try.

Mode Direction of
propagation

Direction of
polarization

Velocity (ms ')
(+10)

components of the corresponding elastic stiffness tensor
which can be represented in matrix form in Voigt nota-
tion by

C)i Ci~ C)3 0 0 0

C12 C11 Ci3 0 0 0

C13 C)3 C33 0 0 0

0 0 0 C44 0 0

0 0 0 0 C~ 0

0 0 0 0 0 C66

III. THE ELASTIC STIFl NESS TENSOR
OF TEXTURED Bi-2:2:1:2

To model the anisotropy of the elastic and nonlinear
acoustic properties of this polycrystalline material
comprised of orthorhombic platelike crystallites arranged
largely with the c axis along one direction, but oriented at
random in the ab plane, it is treated as if it had cylindri-
cal symmetry. In this case there are five independent

[001]
[001]
[100]
[100]
[100]

[0 2
—1/2 2

—1/2]

[0 2
—1/2 2

—1/2]

[02 ~/~2 /]

[001]
In the (001) plane

[100]
[010]
[001]

[0,0.95,0.30]
[0,0.31,—0.95]

[100]

2670
1750
4370
2460
1740
3430
2155
2150
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Christoffel equations, between the ultrasonic velocities
(for the modes listed in Table I) and elastic stiffness ten-
sor components, can be used to obtain ClJ..

pV) =C33,

pV2=C

pV3 =C»,
pV4=C66,

pV5 =C~,

p V6 =
—,'(C„+C33 )+—,

' C~

+4[(C))—C33) +4(C,3+C44) ]'

P 7 4 11+ 33 }+2C44

—
—,'[(C„—C3 ) +4(C)3+C44) ]'

p Vs =
2 ( C44+ C66 ) .

(10)

(12)

(13)

(14)

(15)

(16)

TABLE II. (Top) the elastic stiffness C» (in GPa) and com-
pliance S» (in 10 ' Pa ') tensor components in the cylindrical
representation of textured Bi-2:2:1:2at 290 and 20 K. (Bottom)
Elastic stiffness tensor components (in GPa) of single-crystal
Bi-2:2:1:2at 260 K (Ref. 6) and room temperature (Ref. 7).

T (K)

290
20

118.5
124

43.1

43.7

C13

7.3
7.5

C33

44.2
45.2

19.0
20.2

37.7
40.2

290
20

9.77
9.24

SIZ

—3.50
—3.19

S13

—1.03
—1.00

S

23.0
22.5

52.7
49.5

26.5
24.9

Reference C» C» C/3 C22 C33 C44 C66

130
125

72
79 56

110
76 16

51

The mode velocities V„V2, V3, V4, and V6 have been
used to calculate the five elastic stiffness tensor com-
ponents. Complete sets of the elastic stiffness tensor com-
ponents CIJ and elastic compliances SIJ obtained at 290
and 20 K are given in Table II (top}. The other three
modes were used previously" to test the validity of the
assumption of a structure of cylindrical symmetry. For a
cylindrical structure, it would be expected that

pV5=pV2=19 GPa,

pVs —(Cw+C66)= ~(pVz+pV4)=28. 5 GPa .

The corresponding measured values are 19 and 29 GPa in
very good agreement with those expected from a material
of cylindrical symmetry. The velocities V7 and Vs of the
shear and quasishear waves propagated in the direction
of 45' to the c axis are very similar (Table I). A calcula-
tion based on cylindrical structure requires that these two
velocities are the same when ultrasonic modes are pro-
pagated in a direction of 42' to the c axis. These results
evidence that the cylindrical assumption is reasonable.

It is dificult to grow a sufficiently large, defect-free
single-crystal of Bi-2:2:1:2for accurate ultrasonic wave
velocity rneasurernents; the short-pulse transit times as-
sociated with small dimensions hinder precision measure-
ment of elastic stiffness tensor components. Single-
crystal samples are usually in the form of thin platelets;
for instance, the single-crystal Bi-2:2:1:2sample used for
ultrasonic measurements by Wu et al. ' was an irregular
platelet with maximum dimensions 5 X4X 1.5 rnm in the
a, b, and c directions. Hence, complete sets of the elastic
stiffness tensor components for this orthorhombic materi-
al are not yet available, although partial sets are [Table II
(bottom)]. Anisotropic elastic properties were found in

the ab plane: the velocities of longitudinal modes pro-
pagated along the a axis and b axis were reported' as
4320 and 4097 m s ', respectively, leading to the
difference observed between C» and C22. Due to the
small size along the c-axis direction of the platelet, C33
has not been measured for single-crystal Bi-2:2:1:2by ul-

trasonic techniques. ' However, Brillouin scattering
measurements, have established a large difference be-
tween the sound velocities in the ab plane and along the c
axis: C» & C33 Comparison between the data given in

Table II shows that the elastic stiffnesses C» and C44 are
similar for both the textured ceramic and monocrystal-
line Bi-2:2:1:2. However, the other moduli, especially

C&3, are substantially smaller for the textured ceramic
than for the crystalline material.

The in-plane longitudinal velocity (=4370 m s ) mea-
sured for textured Bi-2:2:1:2(see Table I) is in excellent
agreement with that obtained for single-crystal (platelet)
samples obtained using ultrasonic pulse-echo ' and Bril-
louin light scattering techniques. The high longitudinal
velocity value observed in the ab plane, compared with
that in the c axis, for textured Bi-2:2:1:2(Table I}and the
cognisance that C33 (C&& (Table II) establishes that the
elastic stiffness within the ab layers is large compared
with the binding forces between layers.

The velocity (=2670 ms ') of the longitudinal ul-

trasonic waves propagated along the c-axis direction of
textured Bi-2:2:1:2is much slower than that (=3413+212
m s ') measured along the c axis of single-crystal
(platelet} Bi-2:2:1:2samples using Brillouin light scatter-
ing, whereas the transverse velocities measured for both
textured and single-crystal Bi-2:2:1:2 samples are in
reasonable agreement. This implies that the observed
difference between the velocities of longitudinal sound
waves propagated along the c-axis directions of textured
and single-crystal Bi-2:2:1:2samples is not due solely to
porosity and microcracking but may result in part from
reduction in velocity of the longitudinal sound waves pro-
pagated along the "c-axis" direction in a loosely stacked
material comprised of weakly adhering platelike grains.

In general, the elastic stiffnesses of the high-
temperature superconducting cuprate ceramics, especial-

ly for the bismuth-based materials, are small. Measure-
ments made on sintered Bi-2:2:1:2ceramics by several
different research groups (for a review see Ref. 15) have
shown that the ultrasonic wave velocities are slow with a
longitudinal velocity of about 2900+400 ms ' and a
transverse velocity of 2000+300 m s' —substantially less



49 ANISOTROPY OF THE ELASTIC AND NONLINEAR ACOUSTIC. . . 9865

than might be expected from average values of the
single-crystal velocity data. A useful parameter for a
comparison is the bulk modulus B' .In the absence of a
complete set of elastic stiffness tensor components, it is
not possible to calculate a definitive bulk modulus for
monocrystalline Bi-2:2:1:2. However, using the elastic
stiffness moduli [Table II (bottom)] determined by Bril-
louin scattering experiments and assuming a structure of
cylindrical symmetry leads to a estimated value of 70
GPa for the bulk modulus of single-crystal Bi-2:2:1:2.
Yoneda et al. ' obtained a value of 61 GPa for the bulk
modulus of Bi-2:2:1:2 from very high-pressure x-ray-
diffraction measurements of lattice parameters in a dia-
mond cell. These values are much larger than that (31.9
GPa) obtained for the textured material (Table III). The
reduced stiffness of the textured ceramic is probably due
to the microstructural effects including porosity and
granularity. ' Mechanical properties studies performed
recently by Goretta et al. ' on dense, highly textured Bi-
2:2:1:2, prepared by a similar route, indicate that the
strength of highly textured bulk Bi-Sr-Ca-Cu-0 super-
conductors is relatively low.

The bulk modulus of Bi-2:2:1:2is much smaller than
those of YBa2Cu307 „and La& 85Sro &5Cu04. One reason
for this could be the strongly enhanced compressibility of
the Bi202 double layer in the c direction.

Longitudinal

[100]
6000~ (a)

Fast shear

IV. ANISOTROPY OF THE ELASTIC BEHAVIOR
OF TEXTURED Bi-22:1:2

To compare the elastic anisotropy of textured ceramic
and monocrystalline samples of Bi-2:2:1:2,cross sections
of the three wave velocity surfaces have been computed
as the eigenvalues of Christoffel equations. Results ob-
tained at room temperature for propagation directions in

the (010) plane are plotted in Fig. 1. The Miller indices
refer to the cylindrical approximation and not to the
crystallographic axial reference frame of an orthorhom-
bic single crystal. These velocity surface cross sections
depict clearly the anisotropy in the ac plane. In general,
the elastic behaviors of both single-crystal and textured
Bi-2:2:1:2conform with that expected for a layerlike ma-
terial: the longitudinal elastic stiffness within the layers
being substantially larger than that normal to the layers.
The velocity of a longitudinal elastic wave transmitted
within the layers is much greater than that of a wave
transmitted along the direction of weak binding, namely,

T (K) pP» p, pS gS V3 [ V12 V13

TABLE III. The linear compressibilities P,b and P, and the
volume compressibility Pos (in units of 10 "Pa '), the bulk
modulus B (in units of GPa), and Poisson's ratio v;, of textured
Bi-2:2:1:2ceramic from 290 to 20 K.

0
0
Ol

6000 4000

:2000—'

t
I- --- --- 0+--- ---

I

20 e 0 ZP00
I I

1 I
I

s

200

Slow shear

-") [001]
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290
280
270
260
250
240
230
220
210
200
190
180
170
160
150
140
130
120
110
100
90
80
70
60
50

30
20

0.525
0.524
0.523
0.523
0.522
0.522
0.523
0.522
0.520
0.521
0.521
0.516
0.514
0.513
0.512
0.510
0.509
0.509
0.508
0.507
0.506
0.506
0.506
0.506
0.506
0.506
0.505
0.505

2.089
2.086
2.085
2.085
2.083
2.081
2.081
2.079
2.073
2.074
2.075
2.067
2.061
2.062
2.057
2.056
2.053
2.053
2.052
2.049
2.048
2.047
2.048
2.047
2.047
2.047
2.045
2.045

3.139 31.86 0.045 0.358 0.106
3.134 31.91 0.045 0.356 0.106
3.132 31.93 0.045 0.357 0.105
3.130 31.95 0.044 0.357 0.104
3.127 31.98 0.044 0.357 0.103
3.125 32.00 0.043 0.356 0.102
3.126 31.99 0.042 0.355 0.101
3.123 32.03 0.042 0.354 0.100
3.113 32.12 0.043 0.352 0.102
3.116 32,10 0.042 0.352 0.100
3.117 32.09 0.041 0.351 0.099
3.099 32.27 0.043 0.350 0.103
3.089 32.38 0.044 0.349 0.106
3.089 32.38 0.044 0.349 0.105
3.080 32.46 0.045 0.348 0.108
3.076 32.51 0.045 0.347 0.108
3.071 32.56 0.045 0.347 0.109
3.071 32.57 0.045 0.347 0.109
3.068 32.59 0.045 0.346 0.109
3.062 32.66 0.046 0.346 0.111
3.060 32.68 0.046 0.346 0.111
3.058 32.70 0.046 0.345 0.111
3.061 32.67 0.045 0.346 0.109
3.059 32.69 0.045 0.345 0.109
3.059 32.69 0.045 0.345 0.109
3.059 32.69 0.044 0.345 0.108
3.056 32.72 0.045 0.345 0.108
3.055 32.73 0.045 0.345 0.108
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FIG. 1. (010) plane cross sections of the wave velocity surface
at 290 K for (a) textured ceramic and (b) monocrystalline Bi-
2:2:1:2. The solid, dotted, and dashed lines correspond to the
longitudinal, fast shear, and slow shear modes, respectively.
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+13(1—l3 )(2$,3+S~ } . (17)

Cross sections of Young's modulus surface in the (100)
plane are plotted for the textured and monocrystalline
Bi-2:2:1:2in Fig. 2. Along the c axis (1,=/z =0, 13 =1)
and the a axis (I

&

= 1, 12 = I3 =0) Young's modulus
reduces to 1/S33 and 1/S», respectively; since S33 is

the c axis [Fig. 1(a)]. Hence, C» is much bigger than C33
[Table II (top)]. It is probable that the strong interatomic
binding forces within the CuO layers are responsible for
the ab-plane rigidity and therefore control the wave prop-
agation within this plane so that these waves have veloci-
ties which are essentially independent of direction, i.e.,
C» is nearly equal to C22 [see Table II (bottom)].

A measure of the property that, under hydrostatic
pressure, the layers close up substantially while the
change in the interatomic distances in a layer is much
smaller, is given by the linear compressibility P. The
linear compressibilities along the c direction P, (=2$&3
+S33) and in the ab plane P,&(=$»+$,2+S») have
been calculated as a function of temperature (Table III)
using the elastic compliances measured for textured Bi-
2:2:1:2:P, is about four times larger than P,b. This ma-
terial has a markedly anisotropic response to hydrostatic
pressure, contracting about four times more in the c
direction than in directions in the ab plane. Thus, the
effect of hydrostatic pressure is to decrease the c spacing
more than that in the ab plane. From very high-pressure
x-ray-diffraction measurements of lattice parameters in a
diamond anvil cell Yoneda et al. ' found such anisotropy
for powdered Bi-2:2:1:2: the linear compressibility along
the c axis direction was two times larger than that along
the a axis. However, although the linear compressibility
in the ab plane determined for textured Bi-2:2:1:2is in
reasonable agreement with that (=0.43 X 10 "Pa ') ob-
tained by Yoneda et al. ,

' the linear compressibility
along the c axis of textured Bi-2:2:1:2is much larger than
that (=0.83 X 10 " Pa ') found in Ref. 16. This
difference can partially be attributed to the weak
adhesion between the platelike grains in the textured ma-
terial. Neutron-diffraction studies' have shown that Bi-
2:2:1:2 has a strongly anisotropic thermal expansion:
a33(=21.7 X10 K ') along the c axis is larger than
a»(=14 5 X10 K ') and a2z(=14 8X10 K ').
These linear compressibility and thermal expansion re-
sults are in accord with the fact that in anisotropic ma-
terials the lattice vibrations are more easily excited in the
softer direction. As the temperature is raised the
lower-energy vibrations in the more weakly bound direc-
tion are excited first so that a» is larger than a».

Knowledge of the set of elastic stiffness tensor com-
ponents enables determination of the material response to
any applied stress system. A particularly useful visualiza-
tion of the elastic anisotropy can be gained from Young's
modulus surface, which depicts the ratio of the longitudi-
nal stress to longitudinal strain as a function of orienta-
tion. For a stress applied in a given direction (with direc-
tion cosines l„ 12, and l3}, Young's modulus (E}for this
cylindrica1 representation is given by

1/E =(1)+l2)Sii+13$33+lfl2(2$, ~+$66)

larger than S» [Table II (top)], Young's modulus along
the c axis is proportionally smaller than that in the ab
plane [Figs. 2(a) and 2(b)]: the strain produced by a given
stress is greater along the c axis than along the a axis.
For a stress applied in the (001) plane (l3=0}, Eq. (17)
reduces to

1/E =$&i —2[(S)i—$12)——,'S66](1 ilq ) . (18)

In the cylindrical representation the cross section of
Young's modulus surface in the (001) plane is a circle.

The value of 101 GPa determined for Young's modulus
in the ab plane of textured Bi-2:2:1:2at room tempera-
ture can be compared with that calculated from the
single-crystal elastic moduli given in Table II (bottom)
and that (about 70 GPa} estimated ' for the in-plane
Young's modulus of Bi-2:2:1:2single crystal from vibrat-
ing reed measurements at kHz frequencies. Young's
moduli of both textured and single-crystal Bi-2:2:1:2sam-
ples are much larger than that (about 25 GPa) found for
sintered Bi-2:2:1:2ceramics using ultrasonic techniques.
They are also much larger than that for the in-plane
Young's modulus obtained from static stress versus strain
curves for single-crystal Bi-2:2:1:2whiskers: 2025 GPa at
270 K,23 27 GPa at room temperature (an average over
53 samples). It has been suggested that the presence of
grain boundaries lowers substantially the elastic
modulus.

Poisson's ratio v; is given by the ratio of the lateral

(ejj) to longitudinal (e;;) strain resulting from a longitu-
dinal stress:

I
vij iijj /Siiii (20)

where the prime notation corresponds to t:ansformation
to a new axial set x', y', z'. If the stress is applied along
x', then Poisson's ratio v, 2 is —S'»22/S'»», where the
values of S»» and S»22 can be obtained using the trans-
formation

Sij kI aim aj n kp alq Smnpq (21}

The direction cosines a;. can be found by the method of
Eulerian angles. ' The required expressions for the
transformed elastic compliance constants S» and S',2 are

Si, =(a „+a,2 )S„+2a„a,2$,2
4 4 2 2

+2a»(1 —a i3 }S»+a,3$33

+a,3(1—a, 3 )$44+a»a &2$66
2 2 2 2 (22)

~lj JJ ii
—

~jjll il / lill il

gjii / iiii rijj / iiii

SIJ /SII

(I,J=1,2, 3, IAJ) . (19)

In normal engineering usage of isotropic materials a posi-
tive longitudinal strain is always accompanied by a nega-
tive lateral strain, the negative sign in the definition en-
sures that Poisson's ratio is positive. For an anisotropic
material, Poisson's ratio depends upon the direction of
the applied stress, hence
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and

S12 =(a11021+a 12022)S11+(a21a12+a11a22)S12
2 2 2 2 2 2 2 2

+[0',3(0»+0»)+0»(0&1+022)]S13
2 2+ 230 13S33+013023(012022+011021)S44

+a2)a22a))a, 2S66 . (23)

(Table III). A value of 0.164 has been estimated for the
mean Poisson's ratio of textured Bi-2:2:1:2at room tem-
perature.

V. THE TEMPERATURE AND PRESSURE
DEPENDENCES OF THE ELASTIC STII a NESSES

OF TEXTURED Bi-2:2:1:2

Poisson's ratio has been calculated in planes perpendic-
ular to a number of selected applied stress directions.
The results obtained at 290 K for the textured ceramic
and single-crystal Bi-2:2:1:2are compared in Fig. 3. In
the (001) plane Poisson's ratio is isotropic: the lateral
strain incurred by application of a longitudinal stress
along the [001] direction is the same in all directions in
this plane (this is a consequence of the identity
S13 S23 S13 in the cylindrical representation). The
other curves in Fig. 3 show how Poisson's ratio varies in
planes normal to the direction of applied stress.
Poisson's ratio is almost independent of temperature

The temperature dependences of elastic stiffness tensor
components of the textured Bi-2:2:1:2in the cylindrical
representation are shown in Fig. 4. The data for each
component fall on a smooth curve and are continuous.
Neither the temperature dependences of the velocity for
all the modes nor the elastic stiffness tensor components
show the anomalous steplike changes and hysteresis ob-
served by several groups in sintered bismuth-based cu-
prates (see Ref. 22). In recent measurements on mono-
crystalline samples, phonon softening for the in-plane
shear mode of Bi-2:2:1:2has been reported. ' For the tex-
tured ceramic there are no indications of phonon soften-
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ing. The temperature dependence of Young's and bulk
moduli (Fig. 5) also show smooth behavior. No
anomalies were observed in the temperature dependences
pf the in-plane Ypung's mpdulus ' ' and put-pf-plane
shear modulus of Bi-2:2:1:2single crystal in the low-
frequency vibrating reed measurement.

However, it is interesting to note that after the speci-
men had been recut to obtain the off-axis modes at 45'
(Table I), the temperature dependences of these particular
modes exhibited measurable anomalies at about 200 K,
together with thermal hysteresis, an indication that they
may well be associated with microstructural defects
(which might be introduced by the stress applied during
cuting and repolishing) and are not an intrinsic property
of Bi-2:2:1:2.Recently, from static stress-strain measure-
ments, Tritt et al. found anomalous elastic properties in
single-crystal whiskers of the Bi-2:2:1:2 material: the
magnitude of Young's modulus decreased by a factor of
3—4 between 270 and 330 K and a marked hysteresis was
observed in the stress-strain curves at temperatures above
about 275 K. This large decrease in Young's modulus
along with the presence of'hysteresis were ascribed to the
existence of a stress-induced phase transition. The anom-
alous temperature dependence of Young's modulus was
absent in the vibrating reed measurements made by the
same group on the single-crystal whiskers of Bi-2:2:1:2.
This finding seems to imply that the anomalies observed
in the temperature dependence of elastic moduli of these
layered materials depend on the magnitude of the applied
or residual stress.

The phonon distribution of a material such as Bi-
2:2:l:2, which contains a large number (60) of atoms per
unit cell, includes a large number of optic branches. The
elastic stiffness measurements enable only the acoustic
phonon density of states to be modeled by a Debye
distribution —the excluded optic modes can then be
treated separately. The method of integrating over the
velocity space has been used to obtain the Debye temper-
ature SD from the elastic stiffness moduli:
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where n corresponds to the number of atoms per unit
volume. The velocities V, Vk, and VI have been calcu-
lated as the eigenvalues of the Christoffel equations for
each direction. The integration has been performed over
the whole velocity space over equal solid angles subtend-
ing 1.218 X 10 sr. The calculated Debye temperature
SD at 20 K for Bi-2:2:1:2is 275+6 K. From specific-heat
measurements on polycrystalline specimens of Bi-2:2:1:2
Collocott and Driver obtained a value of 253+7 K for
the limiting Debye temperature SD. They also reported
that at temperatures above 6 K, Bi2Sr2CaCu208 shows an
extremely rapid departure from simple T (Debye)
behavior due to dispersion from acoustic mode and the
excitation of low-lying optic modes.

The effects of hydrostatic pressure on the velocities of
longitudinal and shear 10-MHz ultrasonic waves pro-
pagated in the dense, textured Bi-2:2:1:2specimens were
measured at room temperature. For each mode, the mea-
surements were reproducible and hysteresis was minimal
under pressure cycling; the ultrasonic velocities increased
linearly with pressure, much more steeply for the longitu-
dinal than the shear modes (Fig. 6). The pressure deriva-
tives (BC'/BP)p —p of the elastic stiff'nesses were ob-
tained from the ultrasonic wave velocity measurements
under pressure using the equation

2 2 '
(pV )'p —p=ppVp +g 2NkN~Sg~;;

p P=0
(25}

where po and Vo are the density and the mode velocity at
atmospheric pressure, g [= 1/B =2(S

& &
+S&z +S

&& )

+(2S)3+S33)]is the isothermal volume compressibility,

f is the pulse echo overlap frequency at atmospheric
pressure, f' is its pressure derivative, and Nk and N are
the direction cosines of the wave propagation direction.
The results for (dClz/dP)p p obtained at 290 K are sum-
marized in Table IV. The hydrostatic pressure derivative
(ac33/BP) p p of the elastic stiff'ness tensor component

C33 which corresponds to a longitudinal wave propagat-
ed along the c axis, is larger than that (BC» /BP )p —p for
such a wave propagated in the ab plane. This is con-
sistent with weaker interlayer binding forces compared to
the intralayer forces within the ab plane itself; since the
effect of pressure causes the layers to close up substantial-
ly while decreasing the in-plane distances to a much
lesser extent (P, )P,~), (BC33/BP)p —p is larger than
(BC&]/dP )p —p. It is interesting to note that
(dB /BP)~ p(=13.9) of textured Bi-2:2:1:2is markedly
smaller than that (about 21) of ceramic Bi(Pb)-2:2:1:2
prepared by the usual sintering process. ' Olsen et al.
obtained a value of 6.0+0.3 for BiSrCaCu20„ from very
high-pressure x-ray-diffraction measurements of lattice
parameters in diamond anvil cell.

In the absence of single-crystal data for the efFects of
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pressure on the elastic stiffness tensor, it is not possible at
present to separate the intrinsic from defect contributions
to the (dCIz/dP)~ p for the textured ceramic. Pressure
studies of porous ceramics have pitfalls and it is neces-
sary to retain an awareness of the shortcomings of any in-
terpretations. To proceed with a qualitative assessment
of the anisotropy of pressure effects on the elastic proper-
ties of the textured Bi-2:2:1:2ceramic, we will follow the
stratagem of considering that the effects of defects are
small, which although not strictly true, does provide a
straightforward approach for determination of the
compression and long-wavelength acoustic mode
Gruneisen parameters.

VI. THE VOLUME AND LINEAR COMPRESSIONS
AND THE ACOUSTIC MODE GRUNEISEN

PARAMETERS OF TEXTURED Bi-2:2:1:2

Knowledge of the compression V(P)/Vp [the ratio of
the volume V(P} at an arbitrary pressure to that Vp at at-
mospheric pressure] is useful in theoretical studies of the
physical properties of a solid under pressure. The volume
compression of highly textured Bi-2:2:1:2at 290 K has
been calculated up to 20 GPa (Fig. 7) by using the Mur-
naghan equation of state in the logarithmic form

Vo

V(P)

g lT

ln I'+1
BO 8O

(26)

FIG. 6. Hydrostatic pressure dependences of the velocities of
10-MHz ultrasonic waves propagated in textured Bi-2:2:1:2at
290 K. The modes are labeled as in Table I. For clarity, only

the straight lines obtained from the least-squares fits to the ex-

perimental data points are shown.

TABLE IV. The hydrostatic pressure derivatives (BC'/BP )p —o of the elastic stiFness tensor components of textured Bi-2:2:1:2at
290 K in the zero-pressure limit.

(aC„yaP), , (ac„rM'), =, (ac„raP),=,

15.4

(BC33 /BP) p =0

21.3

(aC„yaP), =,

3.4

(ac66yaP)P =0 (aa raP), ,



499870 G. A. SAUNDERS et al.

0.$5

Q, =s,
ac

T,P=O

BCi2+
T, P=O

and

BC)3
+S3

T,p=o
' (33)

O.I
0 10

e V(P)/Vp and linear a(P)/ap and
'

ns of textured Bi-2:2:1:2at
h d nddott dl 0-ressure. The solid, das e, anlated to high pre

respond to a (P)/ap, c(P)/cp an

ao

T T ( B T) 2y /( B T )2
(g[+Bpy&/Bp )p p p

1 p ]

g T
0

(27)

ion, along the c axis isand the stretch (or compression a g

~T T —(Bp) y3/(Bp )
C (413 +Bpy3 /B p )P3 p 3

Jp
Tco 0

(28)

Here

a;= —s; (i=1,3),
Xi =(Si'i+St'z)Qi+S&'~Q3

(29)

and

re 8 and 8' are the isothermal bu lk modulus and

po o g p
ate the lattice parameter c

d dsin the ultrasonic a a mhigh pressure by using
that the pressureressure and assuming t amospheric pre

1
'

constant at a givenderivative of the bh bulk moduius is a c
'

1 has two principleA c lindrical matena as

1 h i (lbldb
h o io ) 1o tha subscript 3). The stretch or compre

or b axis is

BC BC3313
+$3

Bp Tp 0
3 Bp Tp 0

ression in the ab plane has been extrapo-4
' . . Th d'~b tiig q.

at 290 K have been used in

og ~ fhh
'

e BC Idp)I, o (Ta ep riv
e S Table II (top)], this met ocompliance 33 a

for the linear compmpression along the ction is not suttab e
along the c axisherefore, the linear compression a

has been extrapolated up to

Q3 =2s,

c(P) V(P)
co Vo

2
a(P)

ao
(3&)

tro of the linear compression
''

n is clear
d t 'th o k't-'g "'g c p-T su erconductors w'

the Bi-2:2:12 compoun is
. 35}. Th 1

4
' ' h' h t thla ers in this direction, w ic
1 - air bond from the Bip

op 4'

ly sma 11 C ) as a result the Bi compoun s c
between the BiO layers.

d u on thermal motion
d b a harmo icity, th

f a solid that depend upon
much inliuence y anof the aton1s are m

'th respect to atomiceratornic forces wi
'b th hIt is usual to descri edisplacements. i
parameters, whicterms of Gruneisen paproperties in erm

d dence of the latticeq e or strain epen en
cies. For elastic wavesq

at the elastic continuum mo e
n ramet rs Foric mode Gruneisen

~ ~

e ( V} changes m uce

h' "b""'"'1 ' 'f
ressure, Brug ger

meter (q} for t e vi ra
'

P
wave vector q, frequency q,co( ), an po
(=1,2, 3):

y, =2S i3Q i +S33Q3,

with

T Ts)—s =S +S,2+S,3

T T
s3 —2S &3 +S33,

(30)

(31)

(32}

Bco~ (q)
av

(36)V
co(q} z ~ 0

~ ~

the general relations 'p
p g'cal re resentation e g

ustic n1ode Gruneisenin'
1 d hdnch of index p is re a e

d-ord 1 stic constantspressure er'd ivatives of the second-or er e
b 38



49 ANISOTROPY OF THE ELASTIC AND NONLINEAR ACOUSTIC. . . 9871

—BT

y (N) = [1+2')[(S11+S13+S13)( U1+ Uz)+(2S13+S33 }U3 ]—B11(N1U1+N2U3 )
2co

—2B12N1N3 U1 U2 —2B13(N1N3 U1 U3+N2N3 U2 U3 )—B33N3U3

—B44[(N, U3+N3U, ) +(N2U3+N3U2} ]—B6s(N, U2+N3U1 } ] . (37)

C1Z

aP P=O
—B,3=1+(s3—2s, )C,2,

C» —B13=1—s3C
P=O

BC33
B33

—1 + ( 2s, —3s3 )C33
P=O

BC44
Bm= —1 —s3C

P=O

(38)

C66

dP P —o

—Bss= —1+(s3—2s, )C&s .

The acoustic mode Griineisen parameters, calculated
using Eq. (37}, for the textured Bi-2:2:I:2at 290 K are
given in Fig. 8 as a function of wave propagation direc-
tion. The mode Gruneisen parameters are constant in
the ab plane while in the ac or bc plane they vary with ul-
trasonic wave propagation direction as a result of the an-
isotropy of the material. In the ab plane the value of lon-

e-

t'l00}

W~~ewvO pf:~ ~ I lw ~

[100)

FIG. 8. The directional dependence of the long-wavelength
acoustic mode Gruneisen parameters (longitudinal yl and shear
yq& and yq2) of textured Bi-2:2:1:2at 290 K.

Here N; and U; (i =1,2,3} are the direction cosines of
the wave propagation and the particle displacement
directions, respectively. The thermodynamic coeScients
B&„are related with the hydrostatic pressure derivatives
(dC~~ IdP )p oby—

BC»
gp 11

—B '= —1+(s —2s )C3 1 11~
P=O

I

gitudinal mode Griineisen parameter (yL ) is smaller than
that y, 2 for the shear mode which is polarized along the c
axis: the vibrational anharmonicity of the longitudinal
acoustic phonons is less pronounced than that of mode
S2 shear phonons. In the be plane the longitudinal mode
Gruneisen parameter increases to reach its maximum
value of 7.9 as the wave propagation direction ap-
proaches the c axis. The value of the shear mode
Gruneisen parameter y„(the polarization direction of
this mode is in the ab plane) is always smaller than that
of the longitudinal mode and also shows a small max-
imum when the wave propagation direction is along the c
axis. In the bc or ac plane the anharmonicity of the shear
mode S2, which is polarized in the bc or ac plane,
reduces as the wave propagation gets closer to the c axis.
The rapid increase of the value of yL in these two planes
indicates that the vibrational anharmonicity is greatly
enhanced for the longitudinal mode propagated along the
c axis. Like the elastic properties, the nonlinear acoustic
behavior of textured Bi-2:2:1:2is in accord with that ex-
pected of a layerlike material with rather weak interlayer
bonding. The mean acoustic mode Gruneisen parameter
y" (=2.5) has been calculated by summing over the
whole space 0 all of the long-wavelength acoustic mode
Gruneisen parameters with the same weight for each
mode. This is in good agreement with the low-
temperature thermal Griineisen parameter yo" (=2.3}de-
duced for Bi-2:2:1:2, which should be related most
directly to y" because low-frequency ultrasonic waves
have very low energy.

VII. CONCLUSIONS

The velocities of several ultrasonic modes propagated
in dense, highly textured Bi-2:2:1:2 ceramic have been
measured as functions of temperature between 10 and 290
K and hydrostatic pressure up to 0.15 GPa at 290 K.
The data have been used to determine, assuming a struc-
ture of cylindrical symmetry, the temperature depen-
dences of the five elastic stiffness tensor components CIJ
and of the technologically important quantities, bulk and
Young's moduli, and Poisson's ratio. The hydrostatic
pressure derivatives (dClzldP)P o have been obtained
from the variation of sound velocity with pressure. The
anisotropy of the elastic and nonlinear acoustic proper-
ties has been examined by calculating (i) the cross sec-
tions of the three-wave velocity surface and Young's
modulus surface and (ii} the linear compressibility and
acoustic mode Gruneisen parameters. The physical
significance of the results can be summarized as follows.

(i} For textured Bi-2:2:1:2 the elastic stiffness C»,
which corresponds to longitudinal wave propagation in
the ab plane, is much larger than C33 associated with
such a wave propagated along the c axis; this feature is



9872 G. A. SAUNDERS et al. 49

that found in Brillouin scattering studies of monocrystal-
line Bi-2:2:1:2. The anisotropy of the stiffness tensor
components, which correspond to longitudinal wave
propagation along and normal to the forging direction in
textured material, is similar in kind to that in single crys-
tals. This behavior is consistent with weaker interlayer
binding forces. The elastic stiffnesses C» and C44 of tex-
tured ceramic are similar to those of monocrystalline Bi-
2:2:1:2,while the other CIJ are markedly smaller (Table
II), plausibly due to the effects of porosity, microcracks,
and microstructural defects in the ceramic.

(ii) The bulk modulus of textured Bi-2:2:1:2at room
temperature and ambient pressure is smaller than that
found from very high-pressure x-ray-diffraction measure-
ments of lattice parameters of powdered Bi-2:2:1:2in dia-
mond anvil cell. This again may be a result of the defec-
tive nature of ceramic material.

(iii) The in-plane Young's modulus of both textured
and single-crystal Bi-2:2:1:2 is substantially larger than
that determined for single-crystal Bi-2:2:1:2 whiskers
from static stress-strain measurements. Static tensile
tests induce high strains of the order of 1% into materials
which probably lead to the small magnitudes of Young's
modulus observed for whiskers using this technique.

(iv) Cross sections of the wave velocity surface and
Young's modulus surface depict clearly the anisotropy of
elastic properties of textured and single-crystal Bi-2:2:1:2.
While Young's moduli of textured and monocrystalline
Bi-2:2:1:2are similar in the ab plane, the stiffness of the

textured material is smaller along the forging direction
than that of the crystalline Bi-2:2:1:2;the effect of defects
in textured ceramic are more pronounced in the more
weakly bound direction normal to the layer planes.

(v) All Clz, including the bulk and Young's moduli,
show a smooth behavior with temperature.

(vi) The pressure derivative (BC» ldP)~ 0 of the longi-
tudinal elastic stiffness along the c axis is much larger
than that (BC»/dP)z 0 in the ab plane, as would be ex-

pected in a layerlike material with weak interlayer bind-

ing forces.
(vii) The linear compression of textured Bi-2:2:1:2also

shows a marked anisotropy: it is larger along the c axis
than in the ab plane.

(viii) There is enhanced anharmonicity for the longitu-
dinal elastic wave propagated along the c axis.
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