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ULTRASONIC INVESTIGATIONS OF STRUCTURAL
PHASE TRANSITIONS?)

G.SORGE?), U. STRAUBE?), Halle/Saale

The aim of the paper presented is a description of the present status of investigations
of structural phase transitions using ultrasound methods, including some remarks
concerning modern trends of elastic investigations of such phase transitions.

YIbTPA3BYKOBBIE UCCIHEROBAHNS CTPYKTYPHLIX ®A30OBBLIX NEPEXOOB

B paGore npusopurcs 0030p COBPEMEHHOTO COCTOSHUS HCCREROBAHMI CTPYKTYPHBIX
$a3oBrIX nepexofos npH nomouw YeTPa3ByKOBbIX MeTofoB. [IpHBOASTCH KOMMEH-
TAPHH K COBPEMEHHDLIM HANPABACHHAM MCCAELOBAHME B O61ACTY YKa3aHHbIX (Ha3oBbIX
nepexojos.

L INTRODUCTION

The investigation of the physical behaviour of solids under extreme conditions is
one of the modern trends of solid state physics. By such investigations we generally
mean measurements at highest pressure, at the strongest applied electric and
magnetic field, lowest temperatures, samples of highest achievable purities, aimed
at internal disturbances and measurements after irradiation. On the other hand, the
unusual behaviour of substances with phase transitions near their transition points
is being studied: Lowest external influences or internal disturbances or defects
already cause considerable changes in their physical behaviour. We will only deal
with structural distortive phase transitions in this paper. The displacements of the
lattice elements at structural distortive phase transitions are small — in comparison
with interatomar distances. In such a case a sufficient description of physical
properties or their changes with the help of Landau’s theory of phase transitions is
possible excluding the closest range to the transition itself (temperature deviation
less than 0.1 K).

') Contribution presented at the 9th Conference of Ultrasonic Methods in Zilina, August 2325,

1985.
’) Sektion Physik der Martin-Luther-Universitiit Halle-Wittenberg, Friedemann-Bach-Platz 6,
4020 HALLE/SAALE, DDR.
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Experiments dealing with elastic properties are widely used in the investigation
& phase transitions. Such experiments consist of the direct measurement of the
linear m_.a nonlinear elastic stiffnesses Giv Cix TESP., compliances s;, s, Su. the
ultrasonic attenuation a;; and the mechanical quality Q; in dependence m: GM:W:S_

Table |
Experimental methods for investigations of elastic coefficients and attenuation

—— frequency range elastic |
[Hz] coefficient 088
torsion pendulum [ L 10 Hz Cy quality [1]
resonance-antiresonance 10 KHz. ... 1 MHz Sii quality [2]
::Emo_:n.m IMHz.. .. | GHz Ci attenuation
:vﬁnaw:_ow . I GHz...20 GHz’ Cii attenuation
Brillouin scattering 100 MHz . .. 10 GHz* Ci attenuation [3]

* depends on scattering geometry

With .Hrmmo methods a frequency range of 10™—10" Hz is available. The
ultrasonic and hypersonic methods have the largest frequency range among these
methods and have the greatest variability.

The whole tensor of elastic coefficients may be determined on principle by these
methods. A direct comparison of the s; coefficients determined by resonance
measurements with c; coefficients is often complicated because of the lack of
$;-tensor components which are often not all definable.

IL STATEMENTS ON ULTRASONIC MEASUREMENTS CONCERNING
THE PROBLEM OF PHASE TRANSITIONS

What statements can be made from ultrasonic experiments with respect to the
problem of phase transitions ? The knowledge of the temperature pressure and
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The acoustic soft modes in ferroelastics can be measured directly in the following
way. By determining the soft mode the reaction of the order parameter to external
influences (like mechanical stresses or elastic fields) is examined. Ultrasonic
methods give information on the bulk properties of a substance contrary to
methods determining local properties like EPR, NMR. One aim of the present
research is to connect macroscopic results and conceptions with microscopic ones
[4].

Ultrasonic experiments in this field in the last few years point in three main
directions:

L. Information from the deffect structure of solids is being obtained through its
response to elastic influences. Known models (the Snoek model [5], grain
boundaries as a reason of elastic scattering [6], the Granato-Liicke models [7]) are
combined with phenomena arising during the transition, espeeially the existence of
elastic as well as electric domains.

II. For technical reasons data are being obtained on the nonlinear elastic
behaviour also in the neighbourhood of the phase transition.

III. Researches are looking for information on the critical behaviour near phase
transitions. Review articles present already the expected and indeed observed
temperature behaviour of linear elastic coefficients [8,9]1 Schwabl gave a review

talk-about the present status of the theory [10].

L ON THE DEFINITION OF ELASTIC MATERIAL QUANTITIES

If a definite property describing material quantity depends on the strength of the
influencing quantity itself, we deal with nonlinear behaviour. Defining for example
T; — the mechanical strain — as the reacting quantity, we get

m.. = h.,«.ﬁ + M@.kﬁﬂk + M..-.E‘H.wﬂ)kﬁ +....

Neglecting all coefficients sy and s, the material is treated as linear. If some
coefficients s; or sy are nonzero, the ratio of the reacting quantity to the
influencing quantity depends like

oS

m =8 + Nh.,?ﬂ;» + WMQEN._‘AH

1

on the influencing quantity itself. This material has nonlinear properties of third
and higher orders. s; and c; are linear elastic coefficients (compliances and stiffness
coefficients), and the other coefficients are nonlinear of third, fourth and higher
orders. If the mechanical stress is low, the use of linear material quantities is
sufficient:

_OF 8L, _ &G _  3S.
73538, a3s° 9T:3T, 3T,
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Here the relations M.HmQ\mﬁ: T, =3F/3S; are used. G denotes the free elastic
enthalpy, F the free energy.

For the third order coefficients, for example, there result the mo__oémsm relations

=l OF 1 3T, 13
" 2053535, 723835, ~ 2 38,
and
S = — 1 @.«Q 1 @N.Wm ‘W mha,

29T,3T8T, 2 3TaT, =3 3T,

%:. H»M Sia Ty and H.\. = M CiurSur .
o k.1
. ﬂ.rm connection of the tensor description and the mainly used matric descriptions
Is given by the following abbreviation

fj—>m=iifi=jand fom=9—i—jifi#]

In many cases nonlinear elastic coefficients are also strongly influenced by phase
transitions.

There exists a great variety of ultrasonic methods for the determination of elastic

quantities. A survey is given by H. F. Pollard [11]. Both cw and pulse techniques

Bulk waves impulse methods with a reflecting end with echoseries (sing-around
[13], the McSkimin-method [14], impulse overlap [15], modulation method for
Bommcz.w:_n:n of nonlinearities [16], use of ultrasonic harmonic generation) are
most cs.am:\ used. The samples must be plane and parallel within 1/10 of the
ultrasonic wavelength. Quartz or lithium niobate cuts are cemented to the crystal or
ZnO-films are Sputtered as transducers. ,
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At hypersonic frequencies the ultrasonic wave is generated and received directly
through wave guiding systems [17]. Nonpiezoelectric materials have to be coupled
acoustically to generator and receiver crystals. With ultrasonic spectroscopy
techniques a simultaneous measurement of the dispersion of sound velocity and
attenuation can be performed. The results agree well with those obtained by
measurements at discrete frequencies [18).

A new branch for the acoustical research of phase transitions are perhaps surface
waves. Contrary to interdigital transducers [19] which can only be applied to
piezoelectric materials, edge bounded transducers may be used for all types of
crystals. (Results on surface wave propagation in crystals near their ferroelectric
phase transition are given in [20]).

Furthermore there exist opto-acoustical methods making the most of the
diffraction of light in ultrasonic waves in solids. Especially the method designed by
Strukov et al. Allows to measure sound velocity and attenuation almost at one
point in the crystal (laser system) [21). An advantage is also the independence of
the results from the used acoustical contact cement,

———Phoenon-echo methods of piezoelectric crystals and powders may be also classed

among ultrasonic techniques [22]. Elastic and piezoelectric nonlinearities of the
solid state samples play the main role in the occurrence of this effect. The useful
application of this effect for the improvement of attenuation measurements even in
nonpiezoelectric crystals is shown in [23].

There exists a relative new modulation method [16] besides static methods for
the evaluation of third order elastic coefficients. If the force influencing the sound
velocity (transit time) is an electric field the nonlinear elastic coefficient is
measured. If mechanical stresses are acting, the third order elastic coefficient will
be obtained. By providing low attenuation relative sound variations of 1077 can be
detected [24].

V.ON THE TEMPERATURE DEPENDENCE OF LINEAR
ELASTIC COEFFICIENTS

The description of the physical behaviour of elastic coefficients, their depend-
ence on temperature, pressure and electric field is based on the Landau theory and
renormalization group calculations. The state of a crystal is characterized by
thermodynamic potentials in phenomenological thermodynamics. The choice of
the type of the thermodynamic potential has to be carried out accounting by the
experiment for the given independent quantities. Only electric and mechanic
quantities of state must be used in the potential for our purpose. We have chosen
two potentials, the free elastic enthalpy density G(T,, Q,, &, P.) and the free
energy density F(S,, Q,, ¥, P,), where S, is the mechanical stress, Q; the order
parameter component, ¢ the temperature and P; a component of polarization, and
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:mm_noﬁsmmsnmomsaomroq o:onmwoo::mccaosm.ﬂ_oaom:na Uoﬂo::m_m:o:_a
aoo_m.qo mcorﬂoanoaﬁca amuo:ao:&ommm“ jumps, bends, peaks and so on [8 9]
O:mm_,o:a-&—:o:wmo:& systems have been lately in the centre of 588%. ,;m
quast-one-dimensional character of fluctuation dispersion leads to new effects in
the behaviour of ultrasonic velocity and attenuation [25].

If one component of a linear combination of components of the strain tensor is
the order parameter, we deal with proper ferroelastics. Ultrasonic investigations of

the corresponding sound velocity play the same role in ferroelastics as the

related types.
But anomalies of a new type can occur due to a bilinear coupling with the phason

branche during the transition in commensurate incommensurate dip inelastic

coefficients (and a peak in a).
Scott ﬁwd published a survey of acoustic phonon dispersion at ic phase

dispersion. The LA modes have a shorter relaxation time (BaMnF, : 10-'° s) than

the Ta modes (10-° s). Different relaxation times are found for different systems.
Some aspects of these problems are not yet clear.

VLNONLINEAR ELASTIC COEFFICIENTS

mwa homogeneous mechanical uniaxial stress state. This method also contributes
big minimal sample dimensions [28].

The nonlinear elastic coefficients experimentally found are mixed isothermal-
adiabatic quantities and only a complicated computation allows to convert the
<w_:mm to pure isothermal, TeSp. pure adiabatic values. But in most cases the
difference is less than the measuring accuracy.

,;.n.noavnnmﬂﬁo dependency of all the elements of the third order elastic
8@39.@5 tensor ¢, may be calculated on principle [29]. But the experimental
Qoan.a._:mao: of these coefficients is difficuit because the effect of nonlinear elastic
coefficients appears only in a combined form and as many measurements of
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coefficients as the number of existing coefficients in the corresponding point group
are needed. An overestimated system of equations normally is preferred for
accuracy reasons.

Therefore, only measurements of third order elastic coefficients at some fixed
temperatures are known so far [30]. Dealing with resonance measurements the
problem is not as complicated because of the possible linear treatment of sample
vibrations [2]. On the other hand not all nonlinear compliances are measurable.

Elastic nonlinearities may be also measured using the generation of harmonics of
ultrasound (electrically [31], with capacitive receiver [32]).

VIL. SOME REMARKS CONCERNING ATTENUATION

Phase transitions are always connected with anomalies of the attenuation
coefficients but in crystalline solids only in distinct accoustic wave propagation
directions determined by crystal symmetry and order parameter.

For the description of the temperature dependence of attenuation coefficients in
phase transition of second order several models have been created, e.g. the model
of Landau and Chalatnikov [33]. They assume that the rise of attenuation may
be attributed to an increase in relaxation time of the order parameter. In other
words the deformation created by the sound wave changes the equilibrium state of
the order parameter, e.g. P, the polarization of proper ferroelectrics. In the
absence of linear coupling between order parameter and deformation the Landau-
Chalatnikov theory supplies no anomaly. This is the case, e.g., of crystals with
a centrosymmetric paraphase. For these crystala Levanyuk developed a theory
accounting for the interaction of sound waves with thermal fluctuations of the order
parameter [34]. It is based particularly on the assumption of a quadratic depend-
ence of deformation on the order parameter.

A model of Nattermann based on the Larkin-Khelnitzki theory for static critical
behaviour used a coupling of the kind Q*S; or Q?T; in the potential and gets
logarithmic laws for anomalous attenuation [35].

Considerations of the critical behaviour of the sound velocity and attenuation
play a more and more important role [10, 35]. Recently models for explaning the
attenuation anomalies in incommensurate and diffuse phase transitions have been
in the centre of interest {27, 36]. Ultrasound measurements of materials which
show a diffuse phase transition as a function of temperature and of the electric
field, as well as other properties (for example the remanent polarization) are in
progress. The first models based on interacting microdomains offer an explanation
[37]).

However, there are further contributions to the damping temperature depend-
ence that must be accounted for. Perhaps imperfections or defects also lead to
phase transition independent damping effects, disregarding domain effects (espe-
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ViIL CONCLUSIONS
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pendences of elastic coefficients and attenuation, because jt should be possible to
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