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A novel resonant ultrasound technique is used to measure all elastic constants and their temperature
dependence in single-crystal La; gsSro 14CuQOs. The in-plane shear modulus ce¢ drops by nearly half upon
cooling to 227 K, an effect attributed to order-parameter fluctuations (of 2D Gaussian character) near
the tetragonal-orthorhombic phase boundary. Implications for current models of the structural phase
transition are discussed, as well as the effect of domains in the low-temperature orthorhombic state.
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The rich assortment of phases found in La;— M,-
CuOj includes superconducting, magnetic, and structur-
ally distorted materials. The relation between magnetic
and superconducting phases is a critical issue that con-
tinues to attract attention.' A relation between the
tetragonal-orthorhombic (TO) structural phase transi-
tion (SPT) and high-T. superconductivity seemed less
compelling until the recent work by Axe et al.? showed
that a rearrangement of the structural distortion can des-
troy superconductivity. Here we report a surprisingly
large elastic anomaly at the same SPT.

Studies on polycrystals** indicate that all the elastic
moduli and their temperature dependences are important
for modeling both the superconducting transition at T,
and the SPT at Tro in La;CuO,. Bhattacharya et al.*
found a break in slope of the shear-wave speed at 7, in
sintered powders of La; gsSrg;sCuQO4. Complicating the
issue was the observation of similar behavior® at the
same temperature in nonsuperconducting single-crystal
La,CuQ, and features in the thermal expansion of non-
superconducting polycrystal.® At higher temperatures,
both shear and longitudinal velocities of the sintered su-
perconductor exhibited an extremely large softening’
(~15% near 200 K), in contrast to the weak tempera-
ture dependence of the insulator. This unusual softening
could not be attributed unambiguously to the develop-
ment of the tetragonal-orthorhombic SPT.® This Letter
resolves some of these issues by reporting high-resolution
measurements of all ¢;; in a single-crystal sample of
La, g6Sro14CuO4. The measurements cover the tempera-
ture range 220-300 K, including T1o (about 220 K in
our sample). The most interesting feature observed is
the monotonic and strong decrease of ces. At 227 K, ces
has less than 60% of its room-temperature value, while
the other ¢;,’s show only small changes (c4q4 increases less
than 0.8% over the same temperature range). We will

show that the unusual elastic behavior can be understood
from a Landau theory of the SPT.

The sample was prepared from a Cu-O flux using a
traveling solvent floating-zone technique.® The crystal
was aligned along the principal axes of the tetragonal
cell and polished so the faces were parallel to within 1°,
leaving a finished sample with dimensions 2.890%2.816
%2.405 mm? all +0.01 mm, the shortest dimension cor-
responding to the tetragonal ¢ axis. The density was
measured to be 6.882 g/cm3, consistent with the nominal
strontium concentration. Although we do not study the
superconducting transition here, our crystal had full
shielding diamagnetism at 4 K and B=10 G and an on-
set temperature for superconductivity of 36 K in a field
of 20 G, with a Meissner fraction of 6% for the ¢ axis
parallel to the field. Magnetization hysteresis loops eval-
uated at 5 K yielded critical currents of 10° A/cm?.
These measurements'® indicate bulk superconductivity
and good sample homogeneity.

The crystal was mounted into the resonant-ultrasound
cell as shown in the inset of Fig. 1. Diametrically oppo-
site corners contact two transducers that serve as driver
and receiver. The transducer contact force is 10* dyn.
The transducers have a lowest resonant frequency above
5 MHz, well above the range of frequencies we used,
thereby ensuring that all resonances observed are associ-
ated with the sample.

An example of the output appears in Fig. 1. The am-
plitudes of resonances are influenced by mounting and
corner imperfections. Therefore, only resonance fre-
quencies f; are used. The f;, density, and dimensions of
the sample overdetermine the shear moduli c44,c66, €na-
bling us to check for consistency. However, the four
moduli ¢yy,¢22,¢12,¢23 are underdetermined by one con-
straint, which we take from the bulk-modulus data of
Ledbetter er al.® In previous work on La;CuQy, where
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FIG. 1. Resonant response spectrum of the La; g¢Sro 14CuQOa
sample at 297 K. The two modes with behavior dominated by
ces are marked by arrows. Inset: The experimental con-
figuration.

we did determine all nine moduli,® the bulk modulus
agreed well with Ref. 6. Our data do show that the four
moduli ¢y1,¢22,¢12,¢23 display only minimal temperature
dependence, and a huge increase in the quantity of data
taken would be required to provide the last constraint
ourselves.

The data were analyzed using a method developed by
Demarest'' and Ohno.'?> Our modified procedure relies
on minimizing the free-surface Lagrangian to obtain
eigenfrequencies and eigenmodes in terms of ¢;;. An op-
timization using simulated annealing'? fits ¢;, to mea-
sured f;’s, with an accuracy determined partly by dimen-
sional errors. Results at ambient temperature are sum-
marized in Table I. Because the crystal is tetragonal'*
(space group DJ}), there are six independent elastic con-
stants, as opposed to the nine that are necessary to de-
scribe the elastic properties of orthorhombic La,CuQ4
(space group D3}). Compared to the latter, we and oth-
ers®!3 observe that Sr-doped materials are stiffer (after
proper rotation of axes), contrary to the usual trend for
charge carriers to soften elastic waves by screening. For
reasons that will become clear later, we attribute the
stiffening to the suppressed onset of the low-temperature
orthorhombic phase in the doped material.

Several resonances exhibit a large softening with de-
creasing temperature below 300 K. Two of these, noted
by the arrows in Fig. 1, drop to 60% of their 300-K

values before a loss of signal causes them to be unobserv-
able below 227 K. Analysis of these modes showed them
to be dominated by the in-plane shear modulus c¢; the
temperature dependence of ces (essentially the same as
for the mode at the upper arrow) is plotted in Fig. 2(a),
and the associated increase in loss, plotted as the recipro-
cal of the quality factor @ of the mode at the upper ar-
row, is shown in Fig. 2(b). In Figs. 3(a) and 3(b) we
show similar plots for the out-of-plane shear modulus
c44, a modulus that does not couple to the order parame-
ter of the SPT. The insets in Figs. 2(a) and 3(a) show
the deformations at resonance of the dominant eigen-
mode.

The tetragonal-orthorhombic SPT !¢ at Tt is de-
scribed by a two-component order parameter (g,,92),
where (g1,q2) are the amplitudes of rotation of copper-
oxygen octahedra around the [110] and [110] axes, re-
spectively. Higher-than-quadratic terms in (g,92)
break 2D rotational symmetry in favor of the degenerate
solutions (g,0) (domains of type A4) or (0,q) (domains
of type B). Heavily twinned mixtures of 4 and B are
normally found below Tto. Coupling to strains ¢;
occurs through terms of the type g %e. After choosing a
preferred direction for (g,,92) and a single strain com-
ponent, the Landau free energy has the form
F—Fo=71a(T—=T10)q’+ ¢ fg*+ rcac’+&q%e. (1)
The presence of a nonzero strain coupling coefficient &
has four consequences at the level of mean-field theory.
(1) The quartic coefficient B is renormalized to Beg
=B—2&%cq; (2) a spontaneous strain é=—¢&,(T1o
— T)/Bewcel develops below Tto; (3) the transition tem-
perature TTto is sensitive to externally applied strain:
0T 10/0e=2¢&/a; (4) below Tto, the elastic modulus c
is renormalized,

cey, T>Tro,
Ceff

=lea—26%8, T<Tro. @)

This predicted step discontinuity in ¢ is similar in origin
(but opposite in sign) to the discontinuity AC, =T1oa?/
2B.q of the specific heat C.. When a complete treatment
of elastic strains is made based on the Landau theory,
the mean-field shift of the elastic-modulus tensor at the
phase boundary is Ac;; = —2&;£;/B. Because & =&, ¢
and ¢, have the same shift and ¢;; — ¢, is unaffected, as
well as c44 (because £4=Es=0). These relations may be

TABLE I. Elastic constants for single-crystal La;CuO4 and La; Sro14CuOs4 at 297 K in
10'? dyn/cm?. Absolute accuracies for the latter are dependent on Ref. 6 for cii,¢33,c23,¢12,
while for ca4,ce6 the accuracy is determined purely by our work and is ®0.2%. Note that a ro-
tation of axes is required for proper comparison of the tetragonal and orthorhombic moduli in

the Cu-O plane.

ci €22 €33 Ca4 Css Co6 c3 c2 ¢ B* B
La,CuQ4 1.72 1.71 2.00 0.656 0.658 0.968 0.73 090 073 1.13 1.15
(La-Sr),CuO4 2.48 2.05 0.674 0.583 0.48 0.65 1.17

2Bulk modulus for a single crystal, Ref. 5.

YBulk modulus for sintered powder, Ref. 6.
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FIG. 2. ce6 and reciprocal quality factor (1/Q) vs tempera-
ture associated with the 640-kHz line marked in Fig. 1. Inset:
The deformation for the 640-kHz eigenmode.
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FIG. 3. c4s and reciprocal quality factor (1/Q) vs tempera-
ture associated with the 591-kHz line of Fig. 1. Inset: The de-
formation for the 591-kHz eigenmode.

useful for semiquantitative estimates, but experiments show that mean-field behavior is strongly modified by fluctua-

tions.

The leading effect of order-parameter fluctuations can be estimated by the usual Ginzburg-Gaussian approximation '’

(below T'1o, a is replaced by 2a)
ﬂkBT

F—Fo=1}cqe?— %kgT%ln

where the tensor I is the coefficient of the gradient term
in the Landau expansion, ;—Faﬁvaqqu. The expression
a|Tto—T|+T,sQ.0Qs has the interpretation Iwd,
where I is the moment of inertia and wg is the harmonic
frequency for the octahedron rotation, with Q measured
from the (z/a)(110) or X point of the Brillouin zone.
Inelastic neutron scattering'® has determined the tem-
perature dependence of this frequency. The elastic
modulus in the Gaussian approximation is

== ¢’
cer=ca=2ksT 2 | T—Tro| +Tup0.05)%
The sum over Q depends on the dimensionality of I'. For
example, if the dispersion is negligible in the ¢ direction,
then the corresponding eigenvalue of I' vanishes; there
are thus two nonzero eigenvalues y and the order-

parameter fluctuations are two dimensional,

(4)

(5)

where d is a characteristic lattice spacing. If there are
three nonzero eigenvalues, the result is

Ceff — Cel = _kBT§2d3/4ﬂ'73/zal/2| T_TTOll/Z-

Ce—Cet=—kpTE>d*2nya| T—Tro| ,

(6)

These formulas are completely parallel but opposite in
sign to the Gaussian formulas for the specific heat. '’

The Gaussian exponents ¥, 1 do not survive arbitrari-
ly close to Tto. Instead, the predicted critical exponent
B for a two-component order parameter in three dimen-
sions is B == 0.37.! We do not yet have enough informa-
tion to estimate the critical range; therefore we attempt-

2460

a|T—Tro| +TapQaQp—2E€ |’

(3)

ed to fit our data by
(-'66(T) =Cg(,—A(T—TT()) —/i, (7)

where ¢ is the background elastic constant and
B=0.37,0.5, and 1.0.

Our best fit (3=1) corresponding to 2D Gaussian
fluctuations also required the least number of free pa-
rameters: i.e., ¢ is taken to be independent of tempera-
ture. The fit appears in Fig. 4 for the higher of the reso-
nances highlighted by the arrows in Fig. 1. We were,
however, able to obtain reasonable fits with $=0.37 (3D
x-y model'’) and =0.5 (3D Gaussian). The fits with
B=0.37 and B=0.5 required an additional free parame-
ter: ¢ must be temperature dependent. By itself, that
is not unreasonable, but the required dependences for ex-
ponents other than unity were very large, stiffening near-
ly 3% on cooling from 300 to 227 K for both cases, un-
like the trend for c44, an elastic constant uncoupled to
the order parameter.

As shown in Fig. 2, the drop in ce¢ is accompanied by
a large drop in the quality factor Q of associated reso-
nances. Even though our fits yield a transition tempera-
ture of ~223 K, we were unable to measure the reso-
nances that determine cg¢ below 227 K because of the
loss of signal. This increase in loss is typical of relaxa-
tion effects, and therefore we do not expect the large
softening of ce¢ to show up in neutron-scattering stud-
ies'® because such studies probe at frequencies higher
than the probable relaxation rates. We refrain from a
relaxational analysis, because it is clear from Fig. 3(b)
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FIG. 4. 6¢c66(297)/8c66(T) vs temperature, where 8ceo(T) is
defined as c& —ces(T). c& is the background elastic constant
that we have chosen to give the best fit with a straight line
(solid curve).

that above 235 K, other mechanisms dominate the
acoustic loss, and we were unable to get close enough to
the Tto to measure the transition-induced loss peak.

The low-temperature phase also exhibits high ul-
trasound attenuation, with Q’s similar to those observed
in La,CuQy4 below T, and nearly 2 orders of magni-
tude lower than at 300 K. We believe that this is attri-
butable to the formation of domain walls (twin boun-
daries) between the two types of domains (each domain
has two possible ‘“phases”) allowed by the two-
component order parameter. Strong acoustic coupling to
domains produces losses associated with the motion of
the walls. We believe that the motion of these domain
walls is the dominant mechanism for ultrasonic losses in
the orthorhombic state and leads to the greater intrinsic
attenuation in La,CuQ, at ambient temperatures.

Recent measurements in polycrystalline bars of
La,—,Sr,CuOy4 for x=0.05, 0.10, 0.15, and 0.25 by Lee,
Lew, and Nowick?® also display large (40%) softenings
of Young’s modulus E (which is mostly shear) between
Tt1o and T1o+100 K. Lee, Lew, and Nowick were un-
able to attribute the softening to any particular elastic
modulus of course, but they guess correctly that cgg is re-
sponsible. Although they produce no absolute numbers,
they are able to track E below Tt into the orthorhom-
bic phase. They find that E does not restiffen below Tto
as would be expected based on a Landau theory. Based
on this, they argue against coupling of strain to the order
parameter of the TO transition, but propose instead that
stress-induced domain-wall motion is responsible for the
softening. However, their model cannot be correct above
Tt1o where no domain walls exist, but most of the soften-
ing occurs. Nevertheless, the Landau picture of fluctuat-
ing order parameter above Tt1o merges naturally with
the concept of moving domain walls below T1o because
a domain wall is a phase slip in the order parameter, and
thus domain-wall motion is a phase fluctuation. Thus
the model of Lee, Lew, and Nowick? below Trto and
our model above T1o combine to produce a complete

picture of the elastic behavior.

Our measurements of all elastic constants for the
tetragonal phase of La, gsSrp;5sCuQy4 provide new infor-
mation about the SPT, and doping. Doped material is
stiffer than its undoped counterpart La,CuQs, and has
lower ultrasonic attenuation in the tetragonal phase than
in the orthorhombic phase, a conclusion presumably val-
id for the undoped material as well. We attribute
differences in moduli primarily to the formation of the
orthorhombic phase. Structural studies are planned to
confirm the two-dimensional nature of the SPT, and ex-
plore the elastic moduli near the superconducting transi-
tion.
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