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Shear elasticity of RbCN and related mixed crystals
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RbCN and the RbCN-rich solid solutions with KCN, RbBr, and KBr show a cubic-to-monoclinic structural
phase transition. The real and imaginary parts of the macroscopic shear compliance—obtained with a torque-
shear setup—have been measured across the transition on six such samples. For RbCN the ferroelastic hys-
teresis curve has been determined and the shape-memory effect has been demonstrated.
[S0163-18297)07330-X

I. INTRODUCTION also monoclinic. This assumption is supported by the phase
diagrams derived from optical transmission experiménis,
The characterization of ferromagnets and ferroelectrics byrasonic measuremen?d**2of c,, in the cubic phase on
measurements of the appropriate susceptibility and of hysteseries of (KCN) _,(RbCN), and (RbBr) _,(RbCN), mixed
esis curves, respectively, is well established in solid-staterystals and x-ray diffractidff on (RbCN)(KCN); .
science. Analogous measurements on ferroelastic phases areThe cubic-monoclinic transition leaves the dipolar head-
rarel in particular in nonmetallic, brittle samples. This is tail degree of freedom of the CN ions disordefedihereas
mainly because special nonstandard equipment is necessdrgad-tail ordering is achieved in a second phase transition in
for this purpose. We have recently developed a shear-torquée orthorhombic lowF state of KCN and NaCNImmmto
apparatus and applied it successfully to the study of the she&mnm, there is no subsequent phase transition in the mono-
elasticity of mixed alkali cyanides like (KBf).(KCN), in clinic case. Instead, a freezing process is observed both in
context with the orientational glass state occurring in suchdielectri¢* and heat capacity measureméntn RbCN. The
systemg In the present article we will report measurementsrelaxations obey an Arrhenius law for the temperature depen-
on RbCN and related mixed crystals which all undergo adence and a Kohlrausch-Williams-Watts law for the time de-
ferroelastic-type phase transition. pendence. Since obviously the frozen-in state of RbCN lacks
NaCN, KCN, and RbCN crystallize in the pseudocubiclong-range dipolar order, the idea of a dipolar glé&ss the
NaCl-type structure which is stabilized by rapid reorienta-background of a crystalline center-of-mass lattice and of an
tions of the linear CN ions. Due to a bilinear coupling of the ordered quadrupolar systgras been propagated.
CN orientations and thd ,q Iatticeﬁ strains, afirst-orde)
phase transition occurs on coolingThe low-T phase of
NaCN and KCN is orthorhombitmmm The low-T phase Il EXPERIMENT
of RbCN is monoclinicCc and actually not of the proper For the experiment a single-crystalline column witio0
ferroelastic typé;® it is rather due to the coupling of the cleavage faces with typical dimension ofX2x7) mn? is
shear mode at the zone center to a component of combineglued to the cold plate of the cryostat. On the free end the
orientational and displacive character at thepoint. This  crystal carries a small permanent magnet and a mirror, Fig.
leads to a canted pattern of CN orientations in addition to thd.. Torquef is applied by means of a magnetic field. The
spontaneous deformation of the lattiferroelastic species resulting twist anglee (and a possible bendipgof the
m3mF2/m). Nevertheless, the transition is still preceded bysample is probed by means of a light pencil reflected from
the strong softenirfgof the elastic shear constani, which  the mirror and falling onto a two-dimensional detector. Vari-
follows the same type of temperature dependence as that ofis modes of operation are possibléi) subresonant drive
the proper ferroelastics NaCN and KCN. The tensor of sponwith small-amplitude ac forces at fixed frequencigk
taneous deformation has been determined by diffraétfon. =f, cos(2rv)]. The frequencies have been varied over a
Most important are the off-diagonal shear components. Theange from 1 Hz to a few hundred Hz. Here the ratiaxdb
uniaxial E4-type deformation and volume change are of secH is proportional to the macroscopic elastic shear compli-
ondary importance, only. The spontaneous deformation caance, ignoring minor corrections which are expected for elas-
be visualized as changes of the three cell an@gsabout tic bodies with noncircular or slightly nonuniform cross sec-
3.6°, 3.6° and 1.3° This leads to 12 domain states. The tions. In a cubic single-crystalline column with an axis of
orientational relation of these ferroelastic domains with retorque alond100], the macroscopic compliance is given by
spect to the cubic parent lattice has been determined fahe componens,,= 1/c,, (in Voigt's notation). The phase
(KBr)qo(KCN)q.s Which is isomorphous to RbCN, and ex- delay between force and twist angle gives the loss afigle.
plained in terms of strain matchifd. We will assume that The same type of information is obtained from measure-
the low-T state of the mixed crystals of the present study isments of the fundamental torsional resonance which is for
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our samples in the order of a few kHz: see Fig. 2 for reso-

nance curves taken ofRbCN)y g5(RbBI)g o5 at a series of FIG. 3. Temperature dependence of the shear compliance and
different temperatures. Here the inverse squared resonante corresponding loss, as obtained from the torsional resonance, of
frequencyw, 2 is proportional tos,,. The loss is obtained all samples investigated.

from the width of the resonance or more easily from the ) . o

amplitude at resonana®,. Thus the measurements of types demonstrating ferroelastic switching in a clear-cut way. Fur-
(i) and(ii) give access to the real and imaginary parts of thether_more, our samples hav_e bU|It-|_n considerable preexisting
elastic compliance, even in regions of large elastic los$trains, as can be seen by inspection of the samples between
where ultrasonic echoes and Brillouin signals are usuallyzrossed polarizers. It is not known how these strain fields
lost. On the other hand, the present method cannot compeg®mpare and arrange with those induced by the external
with these latter methods as far as the determination of agorque. _ _

solute values is concerned. In fact, we did not try to convert The  single-crystalline ~ samples ~ of  RbCN,
the compliance data to an absolute scéiie. The equipment (RDCN)(RbBr); _,,x=0.95 and 0.7, (RbCNJKCN); _y,

can also be used with dc torques of appreciable strengtiith x=0.9 and 0.8, an€RbCN), o(KBr), ; have been grown
This allows measurement of the macroscopic shear respon§@m the melt in the crystal growth laboratory of the Univer-
under various temperature-torque histories. We have peﬁity of Utah. The concentrations are the nominal concentra-
formed a few measurements of this type on RbCN. One hations of the melt. See Fossum and co-work&rs for the

to keep in mind, however, that the strains and stresses of deviation of these figures from the concentrations determined
twisted body are necessarily inhomogeneous. They vanish iy atomic absorption spectroscopy. During the preparation
the center of the sample along the neutral fiber and increaddf the samples and during the measurements, we noticed that
with distance from the neutral fiber, attaining a maximumthe samples show different degrees of brittleness. Whereas
value in the outer parts of the sample. For this reason there BPCN and its solid solutions with RbBr survived several
no way to drive the sample into a ferroelastic monodomairf0oling cycles and the application of large torque, the others
state by application of an external torque. Hence one canndgpeatedly broke on cooling and show discontinuities in the

expect that a measurement of the ferroelastic hysteresis fa4(T) curves, presumably due to the release of internal
stresses, possibly via the generation of cracks.

(RRCN)  (RbBI) Ill. RESULTS AND DISCUSSION
(0.95) (0.05}

Figure 3 shows compliance and loss results as function of
temperature on all samples investigated, as obtained with the
resonance method on cooling. Clearly, there are features
which are common to all samples.

amplitude

A. Transition temperatures

The compliance data show a maximum at a temperature
T. independent of the measuring frequency. Hence we iden-
tify this temperature with the transition temperattigeof the
cubic-monoclinic phase transition. The values are given in

FIG. 2. Torsional resonance curves 8bCN)g o(RbBIg o5 Table I; they compare favorably with the figures reported in
measured at different temperatures. the literature, obtained from optical transmission and ultra-
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TABLE I. Cubic-monoclinic transition temperatur@s, the Curie-Weiss parametefrg and 6 of the shear compliance of the paraelastic
phase, and the Arrhenius parametegs andV of the secondary loss of the monoclinic phase.

Curie-Weiss Arrhenius
T (K) To (K) 0 (K) 75" (H2) V (meV)
RbCN 132.40.8 108.2:0.1 -97.3+3 8x 10 114+3
(RbCN)g ¢ RBBNg o5 124.5+0.3 103.2:0.2 —138+3 2Xx10° 128+3
1.5x10° 32.3+0.6
— -+
(RbCN)q ARbBn)g 5 77.3+0.2 75.3:0.6 111+20 (169 (375:+40)
4x10' 109+13
-+ — 77+
(RbCN)g (KCN)g 1 121+0.5 104.2-0.3 77+7 (2x 101 (163+13)
8x 10 107+15
— ~+
(RbCN)g (KCN)g » 109.4+0.4 96.5-0.2 297+20 (2% 10M) (150+18)
(RbCN)g (KBI)g 1 93.5+0.5 88.9-0.1 27+3 1.6x10%° 71+2

sonic dat@2For RbCN, heat capacity measureméhtgve  occurring surprisingly for th&, value of RbCN. This sug-
a value of 132.3 K, which is identical within 0.1 K with the gests that in the paraelastic phase both techniques measure
value (132.4:0.8) K of our measurement. the same quantity, namely, the low-frequency—long-
wavelength limit of the intrinsic elastic shear response func-
tion c,4 ands,,, respectively. The divergence of the compli-
ance is the more complete and the phase transition is the
In the paraelastic cubic phase the shear compliance ireloser to second order the smaller the difference between the
creases with decreasirig This is a softening of the elastic actual(first-ordep transition temperatur&, and the extrapo-
shear constart,,. The elastic loss is negligible in the cubic lated temperaturd,. In this respec{RbCN), ARbBI) 5 is
phase. TheT dependence of the shear compliance followsoutstanding. Here the difference betweBnand T is 2 K,
the so-called Curie-Weiss law,(T—6)/(T—Tg). This  only, and thes,, increases by almost a factor of 30 between
law, well established in many alkali cyanides, is based on th@70 K andT.. Presumably the series (RbCNRbBr),_, is
linear coupling of the lattice strains and the orientationssimilar to (KCN)(KBr),_, in the sense that upon dilution
where the latter obey a Curie-Weiss type orientational susthe character of the phase transition changes towards second
ceptibility, with the Weiss temperatuge T, is the extrapo-  order, perhaps also with an intermediate rhombohedral phase
lated temperature whems, would diverge, thus giving rise and a coexistence between ordered and glassy regions in the
to a second-order proper ferroelastic phase transition. Thigw-T state, before eventually the transition is suppressed
parameterd, and ¢ are included in Table I. Fit curves are completely in favor of the orientational glass stténdica-
shown in Fig. 4. A direct comparison with the ultrasonic datations for such effects exist in optical transmission
of Fossum and co-workefs'? is possible for RbCN, measurementsalready on a sample with a somewhat higher
(RbCN)g ARDbBI)g 3 and(RbCN)y o KCN)o ; Where these au- CN concentration, namelyRbCN), 74 RbBI)g 24
thors reportT, and 6 values of 121 and-143, 71 and Michel!” has argued that in the mixed crystals the random
—123, and 103 and- 168 K, respectively. Altogether there occupation of the lattice sites by ions of different size gives
is an acceptable agreemdtite most conspicuous difference rise to random local stress fields and derived a pertinent
modification of the Curie-Weiss law. The condensation of

B. Paraelastic behavior

the lattice strains in these random fields eventually leads to
A RbCN the suppression of long-range ordering of the CN quadru-
J; Eggmigggkj@f poles and to the formation of the orientational glass state.
o ¢ RBCN:KCN,_gg | Such effects should nevertheless also be present in the
o i_\’ EE%N}E%L\‘FQB paraelastic phase of mixed crystals which—like the present
ke, =08 ones—still undergo a conventional phase transition. Our ex-
a perimental data do not give evidence for random field ef-
% - fects:sy(T) of the paraelastic phase is well described by fits
© to the Curie Weiss law, in agreement with the conclusions of
g Fossum and co-workers for ordering sampfe¥.
QL -
[Z C. Ordered regime
Needless to say that measurements in the ordered regime
were only possible because the samples did not shatter upon
0

crossingT.. Obviously, they find a way to keep the trans-
formation strains small by an appropriate matching of the
cubic lattice to the monoclinic multidomain state.

FIG. 4. Fits of the Curie-Weiss law to the shear compliance Below T, s4, decreases and elastic loss appears. We will
s44 Of the paraelastic cubic phase. refer to this loss which sets in below, as “primary loss”

100 150 200
temperature (K)
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this approximation. In any case, the dipolar freezing leads to
— & RBCN . -
a weak anomaly in th& dependence of the monoclinic cell
— — + (RbCN)ges(RbBr)g o5 5 ie. in th ¢ h d tor It |
10 | ~ ~ % (RBCN)g o(RBBF)q.s angle; i.e., in the spontaneous shear order parameter. It is
. R O (RbCN)go(KCN)q therefore not surprising that strong effects can be seen in the
N S — % (RBCN)g(KCN)g, corrgspondlng compliance. _ .
~ -~ & (RbCN)go(KBr)q4 It is not clear whether the highi-component of the split
> loss peak of the (RbCNJKCN);_, samples is also due to
o , ~ this type of relaxation. Split loss peaks have been obsé&tved
> 10 S in a dielectric study on (NaCN) ,(KCN),. We are reluc-
£ N S tant to postulate that for these mixed crystals two different
RN Trx types of local CN sites exist, since there are no indications of
AN . X structural phase coexistence or chemical segregation.
RN * Finally, (RbCN), 7 RbBI)g 30 appears to be a special case.
ol AN N . There are two loss peaks in the ordered regime, a stronger
0.016 0.024 0.032 one at lowT with values of the Arrhenius parameters con-
/T (K) siderably lower than those of the secondary relaxations of the

other samples and a weaker one at intermediate temperatures
with Arrhenius parameters unphysically large for a local re-
laxation processgsee Table)l As already pointed out above,
the low-T structure of this sample is perhaps different. The
and discriminate it from the “secondary loss” which gives loss at intermediate temperatures may be actually due to a
rise to a strong loss peaks at temperatures in the 40—70 Kecond phase transition, and the loss atTomay be related
range. to head-tail flips in a structure different from monoclinic.

The secondary loss peak is the most conspicuous feature The frequency widtiW at half maximum of the dielectric
of the loss curves of all samples investigated. The maximunioss of RbCN is 1.32 decades, which is only slightly broader
values of the loss angle are of the order of 5°~10°. The than 1.14 decades of the Debye ciselhe frequency
value of the secondary loss peak and of the correspondinginge of our measurements is not wide enough to allow
step insy,(T) shifts with the measuring frequency. This hints the direct determination ofV. Instead, we have replotted
at a thermally activated relaxation process. The temperatundie secondary loss peak from tfiescale to av scale by
of the maximum loss as function of measuring frequencyreferring to theT-v relation given by the experimentally
follows Arrhenius laws, Fig. 5. The relevant parameters, theletermined Arrhenius law. The resulting widtW is
activation energyv and the attempt frequencsp *, are in- 2.8 decades for the secondary elastic loss of RbCN, 3.9
cluded in Table I. For the two (RbCN)KCN),_, mixed decades for(RbCN)yosRbBIygs and 3.2 decades for
crystals, the secondary loss peak is split. Only the Arrheniu$RbCN), (KBr) 4. Although this procedure is questionable
law of the lowT component is shown in the figure, but the for non-Debye-like cases, it shows thdt increases upon
table gives data sets for both components. substitution and that the elastic relaxation rates have a

Secondary elastic loss has been observed in all cyanidégoader distribution than the dipolar ones, suggesting that the
investigated so far. In most cases—as in the present ones+ielectric experiment probes flips of CN ions in a well-
the secondary relaxations are well separated from the pridefined environment, whereas in the elasticity experiment
mary ones on th& and v scales. The secondary relaxations the coupling to strain fields comes into play which obviously
of the shear elasticity usually occur at temperatures and fresaries strongly across the sample. For RbCN this must be
guencies comparable to those observed in dielectric measurdue to lattice faults, whereas the enhanced width of the
ments. Therefore these relaxations should be related to thmixed crystals may arise from that type of fields suggested
dipolar degrees of freedom, which can be in a local pictureby Michel’
visualized as head-tail flips of the CN ions. For the present The primary relaxations occur beloly and extend down
samples dielectric reference dteexist for RbCN. The into theT range of the secondary ones. Typical values of the
Arrhenius parameters of this data a¥e=0.107 eV and loss angle in this regime are about 2°. It is natural to relate
7o '=4X 10" Hz. These values are slightly outside of the the primary relaxations to those degrees of freedom which
error bars of the parameter values obtained from the presenbndense at the transition, namely, the lattice strains coupled
results. At 50 K, for example, the relaxation rate of the di-to the orientations of the CN quadrupole moments. The ex-
electric study is by a factor of 2 larger than that of the elasperiment probes not so much the elastic response of indi-
ticity measurements. Nevertheless, we think that this comvidual domains—though this will also contribute to the
parison supports the idea that dielectric and elasticitysignal—but that of the multidomain state, which reacts to the
relaxations have the same origin. The same statement shoutdternal torque by domain wall motion and perhaps me-
apply to those relaxation peaks of the mixed crystals whickchanical twinning. Clearly, such effects are influenced by
have Arrhenius parameters close to RbCN. We do not knovimperfections of the samplésosaic grain boundaries, dis-
of a model which accounts for the coupling of the CN dipolelocations, concentration gradiehtsind hence it is not sur-
flips to the lattice. Within the elastic dipole approximation, prising that in the regime fronT. down to where strong
the distortion field around a CN ion does not change upon aecondary relaxations set in the elastic behavior differs from
180° flip. On the other hand, head and tail of the moleculesample to sample. Nevertheless, we think that there exist
are after all of slightly different size, a fact which is beyond some typical features. We discuss mainly RbCN, which is

FIG. 5. Arrhenius plot of the maximum of the secondary loss of
the low-T monoclinic phase.
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. C hysteresis cycle in the loW- phase 5 K below T,. The
the clearest case. It is apparent from the data inThisgime maximum torque applied is comparable to that of the previ-

that the primary |OSS.IS connected with relgtwely h|gh_ vaIuesOus section. Thus the sample as a whole is far from being
of the shear compliance. For a mean-field behavior, on

P . riven into saturation. The loop is displaced from the startin
would expect a decrease of the intrinsic shear compliance P P g

) e : oint, suggesting that either there were preexisting strains in
a single monoclinic domain steeper beldw than above 99 g b 9

T Thi that th ft f th le iust bel the sample which relaxed in the course of the loop or that
c- !NIS proposes that the SoTtness ot the Sample Just DEIOW, 5 strains have been introduced by the first application of
T, is due to stress induced changes of the domain patter

. A 2,20 he external torque which could be removed by torque rever-

Analogous to experiments in ferroelectri land fe"om"?‘g' sal. In spite of these limitations, the experiments shows that
nets, one then expepts t'hat the macroscopic suscgpt|bll|ty C38Brroelastic switching is possible in the monoclinic phase of
be lowered by a bias field, preferentially one being stron
enough to drive the sample into saturation. We applied a bias
torque and used the resonance technique for the measurg:
ment ofs,,. The result is shown in Fig. 6. The bias torque
led to a twist angle of 10°, which translates into a shear ang|
of 2°—that is, about 2/3 of the spontaneous crystallographi
shear—in the outer parts of the sample. In fact, the value o
the macroscopic shear constant is slightly lowered by th
bias field in theT range fromT, to about 100 K. Guided by
interpretations of such effects in ferroelectrfég® we sug-
gest that the response is this regime is partly due to thermally )
activated domain wall motion which eventually freezesinat 6} RbCN
the “domain wall freezing temperature,” here 100 K. On
this basis we also relate the small loss peak at 100 K to this fiel/d

. . O on/off
freezing process. Finally, we comment on another feature in ©,
the loss of RbCN: The small loss peak directly belowis Sl N 7
presumably characteristic of a relatively narrow regime
of cubic-monoclinic phase coexistence. Here the stress-
induced dissipative motion of the cubic-monoclinic phase
boundaries may contribute to the loss. The results on
(RbCN)g o5(RbBI)g o5 are similar to those on RbCN. It is
likely that domain wall freezing is also responsible for some
loss peaks observed in the other samples, though—generally Nttt s st bttt ar e
speaking—the decrease of the shear compliance b&low Us . . s .
stronger in the mixed crystals, suggesting that here the do- 120 130 140 150
main wall mobility is reduced by the random stresses intro- temperature (K)
duced by the chemical substitution.

In another experimentFig. 8), the sample was cooled
rossT. in zero torque, and subsequently torque was ap-
lied in the lowT phase, at 115 K, for 30 min. After torque
emoval the sample was heated back into the cubic phase.
he experiment shows that there is a spontaneous macro-
copic twist of the sample af. even when no external
‘?orque has been applied. Usually, one expects for macro-

“‘“-Azero—.field
heating

N
T
|

zero~—field
cooling »

shear torque

FIG. 8. Demonstration of the shape memory effect in a single
crystal of RbCN. The sample is cooled with no torque applied
through the transition. Torque is applied for 30 min in the mono-

We performed additional measurements with static exterelinic phase. Finally, the sample is heated back into the cubic phase
nal fields on RbCN. Figure 7 shows an attempt to measure i zero field.

D. Hysteresis and shape memory effect
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scopic samples that the domains have about the same statreeasurement probes the intrinsic compliasgg=1/C44. In
tical weight and that consequently the transition does nothe ordered phase the strongest feature is a loss peak and a
lead to a change of the sample shape. This is not the caselated dispersion step of the compliance which is—as sug-
here. Obviously, there are preexisting stresses in the sampigested by the comparison to dielectric relaxation data on
which favor some domains more than others. By the appliRbCN—related to the coupling of the torque induced shear
cation of torque belowT., the domain pattern is changed, strains to the head-tail flips of the CN ions. The strength of
and the size of domains favorably oriented with respect tdhis effect is surprising and calls for theoretical efforts. In the
the external field increased. After torque removal some retemperature range beloW,, evidence for mobile domain
manence is observed, which, however, decreases on subsealls has been produced by measurements of the primary
guent heating. The reverse crossing of the transition finallyoss, by demonstrating the effect of a bias field, and by a
brings the sample back almost into its original shape. This ifysteresis loop. In RbCN there is evidence that the domain
a demonstration of the so-called shape memory effect, whictvalls freeze in at about 30 K beloi .
ultimately requires that the coherence of the lattice be main- The T dependence of the compliance in the paraelastic
tained across the transition. The reverse transition is shiftetegime of the mixed crystals follows a Curie-Weiss law
to higher temperatures by about 10 K. A thermal hysteresigather than modifications of this law due to random fields
of similar size has been observédfor the cubic- introduced by chemical substitution, as was suggested by
orthorhombic transition of NaCN. Optical transition mea- theory. Thus there are no indications for random field effects
surements on RbCN and other mixed cyanides show no nan the paraelastic behavior. In the ordered phase random
ticeable thermal hysteresis of the cubic-monoclinicfields might be responsible for the broadening of the second-
transition® ary loss peak and for the reduction of the domain wall mo-
bility in the mixed crystals.
IV. SUMMARY
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