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Pressure and temperature dependence of the elastic constants of ammonium fluoroberyllate
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We have studied the temperature and pressure dependence of the elastic constants of ammonium fluoro-
beryllate[(NH,) ,BeF, or AFB] using Brillouin scattering. Combining the results of the Brillouin-scattering
study with those of the measurements of the isothermal compressibility and the volume thermal expansion
allows the determination of the anharmonicities, which play an important role in producing the observed
anomalies in certain elastic constants at the normal to incommensurate and commensurate to incommensurate
phase transitions. Furthermore, we have compared the results of our high-pressure Brillouin-scattering study
with the results of an ultrasonic study at high pressure, and have discussed our results based on theoretical
models developed to explain the elastic anomalies observed$e®. [S0163-1828)05710-5

I. INTRODUCTION increased to 11 K. This is still so small that a detailed analy-
sis along the lines of that carried out by &t al. turns out to
Compounds in theA,BX, family have garnered much be infeasible in the | phase of AFB. Nevertheless, we have
attention because many of them exhibit structurally incom-been able to obtain some information about the anharmonici-
mensurate phases. One of the best studied materials of thies in the N and C phases of AFB.
type is K,SeQ. In particular, the elastic anomalies in the  For AFB, the normal paraelectric phase abdye as well
vicinity of the normal(N) to incommensuratél) transition  as the commensurate ferroelectric phase bdlgvare ortho-
and the incommensurate to commensuré® transition  rhombic with space grou3f (Pnam (Refs. 11,12 an€3,
have been studied extensively using ultrasonic resonance agen2,a),'? respectively. The lattice constaatis doubled
Brillouin-scattering methods:* Li et al? achieved a break- pelowT. and a spontaneous polarization appears along the
through in the analysis of its elastic anomalies using a Lanaxis!® The order parameter describing the phase transitions
dau free energy with coefficients determined by independertielongs to a two-dimensional representatiorPamat the
experimental data rather than being considered as free fitting point on the Brillouin-zone boundary, and a Lifshitz in-
parameters. In the formulation of this theory, the anharmonigariant in the free energy is allowed by symmelty?®
terms were treated in lowest order through cubic coupling of |n an previous papéef, we have discussed differences in
the strain to pairs of soft modes aboV¥g or to pairs of the values of the elastic constants for AFB as determined by
amplitudons and phasons beloW . Higher-order anhar- Brillouin scattering'®'’ and ultrasountf techniques. We
monic terms may, however, contribute significantly in the lalso mentioned that a detailed analysis of the anomalies of
phase, as noted in Ref. 2. A high pressure study could, ithe elastic constants would follow when suitable equation of
principle, address that issue.,BeQ,, however, is not well state data for AFB were available. We subsequently per-
suited for such a study, because the anomalies in its sourfdrmed an energy-dispersive x-ray-diffraction study at high
velocities and damping are only weakly affected bypressure and different temperatures, which is reported in Ref.
pressuré. Therefore we looked for another material in the 19, and obtained the equation of state of AFB. That has
A;BX, family which would better suited for such a high allowed the analysis which we present here.
pressure study of its elastic anomalies, and which, we hoped,
could be analyzed in as much detail as hagSKQ,. We

excludeql RQ%nCL1 an(_j RbZnBr, from _considgration be_— Il. EXPERIMENT
cause Liet al“ had pointed out that their elastic anomalies
are very weak compared to the stronG,; anomalies in K The experimental details of the Brillouin-scattering mea-

,SeQ. We decided to studyNH 5),Be,F (ammonium fluo-  surements have been described elsewtfdreorder to avoid
roberyllate, AFB, since a Brillouin-scattering study by Kudo any ambiguity, we present in Fig. 1 the scattering geometries
and Hikitd revealed anomalies i6,, and Cgs in that com-  used to determine the elastic consta@ts, i=1, 2, 3, 5, 6,
pound comparable in strength to thoseGy; andC,, in K that are reported in the present work. The directions in Fig. 1
,SeQ. However, AFB has the disadvantage that its | phasetefer to the choice of crystal axes for AFB which follows the
modulated along the axis, is stable only in the narrow IRE “Standards on Piezoelectric Crystalg(1949: c<a
temperature interval from 183 KT() to 177 K (T¢) at am-  <b. No data are reported concernify, because the Bril-
bient pressur@? in contrast with the | phase in §SeQ, louin scattering from the associated transverse mode was so
which is stable from 93 to 130 K. The pressure dependenceseak that the frequency of the peak could not be determined
of the transition temperatures in AFB &taT,/dp=—1.7  with reasonable precision.

+0.1 K/kbar, andd T /dp=—2.2+0.1 K/kbar, and so at a Brillouin measurements of other elastic constdstgh as
pressure of 10 kbar the temperature range of the | phase 3;,) would have been desirable and feasible. Unfortunately,

0163-1829/98/5(1.0)/56936)/$15.00 57 5693 © 1998 The American Physical Society



5694 K. WEISHAUPT et al. 57

! q(1,0,0) | q(0,0,1) ! q(0,1,0)
A. | ¢t u(1,0,0) B. | c33u(00,1) C. | ¢22 u (0,1,0)
i e b | |a c55u(1,00) 1 la o66u(1,0,0)
; . ' c
+ a } (o] b
! b | |
Vot By i —t-F———- - Rl /2
—_— ’ — s —_—
. - K P K

FIG. 1. Scattering geometries used to determine the elastic cojfant=1,2,3,5,6. The arrows labeled b, andc denote the crystal
axes;q denotes the phonon wave vectér;andkg represent the wave vector of incident and scattered light, respectively.

we exhausted our supply of AFB crystals and it has not been r=(n?-1)/p(n®+2). (1)
possible to grow more, because the starting materials have
become practically impossible to obtain. This approximation neglects changesnoflue to changes of

the polarizability caused by pressure and temperature. In the
case of molecular crystals this approximation is justified, as
. RESULTS the correction®" are of order 0.01%.

. . 22

Any particular elastic constant can be expressed as the OPtical measurementso by Kobayasttial ™ showed that
product of the mass densityand the square of an appropri- N changes byoabout 0.2% in the temperaturel range from
ate sound velocity . In order to calculate from the Bril- ~ —88 t0 —100 °C. Based on x-ray data at amblentopre_ssure
louin shift measured in the 90° scattering geoméay done by Onodera and Shiozaki,we estimateAn/n<0.12 /oo in
here, the index of refractiom has to be known at the pres- the temperature range from room temperature-t40 °C.
surep and temperaturd of the measurement. Given the This variation in the index of refraction is smaller than the
isothermal equation of state and the volume thermal exparf/Tor in the Brillouin shift measurementabout 1% and has
sion one can determine tpand T dependence af using therefore been neglected. Based on the equation-of-state

the Lorenz-Lorentz equation or, equivalently, assuming §lata, we estimate that pressure-induced changascan be
constant specific refraction given by?° in the range 1-2 % in the course of our Brillouin-scattering

measurements. Consequently, we have accounted for those
changes when extracting the elastic constants from the Bril-

B N B e S louin data.
40 -_\ -_ Figure 2 shows the isobaric temperature dependence of

the elastic constant€,; at 225 MPa(A), C,, at ambient
36| o, ] pressure and 223 MP@), and C33 at 250 MPa(C). The
[ ., ] transition temperatured;, and T, indicated in the figure
sl TT, .. ] are taken from the linear interpolation by Gesiall® and
[ o ] therefore do not always agree precisely with the transition
T temperatures one would estimate based on our datds
o '_ caveat applies to all values of transition temperatures and
] pressures in all succeeding figures, as well.
. In Fig. 3 we display the isothermal pressure dependence
. 1 of Cq; at 178.9 K(A), of C,, at 177.8 K(B), and ofCg3 at
] 170 K(C). The bars indicate the transition pressures from the
o o ° | phase to the N phase at the corresponding temperatures. In
] Fig. 3(C) we have also plotted, as crosses, the elastic con-
L stants calculated assuming constaréand n over the pres-
. ; sure range of the measurement. The effect of properly ac-
2 - ] counting for the pressure variation of those quantities is
r ] clearly evident.
40 ] In Fig. 4, isothermal pressure dependences of the same
[ I ] modes as in the preceding figure are shown, but at tempera-
s8r —— ] tures where the C phase is present at ambient pressure and
b ] increasing pressure causes a transition into the | phase. In
100 150 200 250 300 Fig. 5 we show the isobaric temperature dependendespf
Temperature [K] at ambient pressure and 255 Mg and ofCgg at 223 MPa
(B). T, and T are taken again from Ref. 10. In Fig. 6 the
FIG. 2. Elastic constant§;; , i =1,2,3, versus temperatur@d)  isothermal pressure dependence(af at 178.2 K(A) and
C,; at 225 MPa(B) C,, at ambient pressur@pen circlesand 223 170.3 K(B) is displayed. The transition pressuep; , in
MPa (solid circle3. (C) C,3 at 250 MPa. The vertical bars indicate Fig. 6(A) and p¢ in Fig. 6B) are indicated by bargNote
the transition temperaturdg and T that on increasing one follows the sequence C to | to)N.

28

C, [GPa]

24|




57 PRESSURE AND TEMPERATURE DEPENDENCE OF EH. . 5695

L Pe ]
M L M N L " N 36 1 L 1 n n n 1 " i i 1
200 400 600 200 400 600
Pressure [MPa] Pressure [MPa]
FIG. 3. Elastic constant€;;, i=1,2,3 versus pressure at con-  FIG. 4. Elastic constant€;;, i=1,2,3 versus pressure at con-

stant temperature at the normal to incommensurate transi#on. ~Stant temperature at the incommensurate to commensurate transi-
C,; at 178.9 K.(B) C,, at 177.4 K.(C) Cgas at 178.6 K(solid ~ tion. (A) Cy; at 169.4 K.(B) Cy, at 171.4 K.(C) Cgz at 170.3 K.
circles. The crosses represent values of the elastic constants calctiie vertical bars indicate the transition pressures from the incom-
lated with constant density and constant index of refraction. Thenensurate to the commensurate phase at the above temperatures.
bars indicate the transition pressures from the normal to the incom-
mensurate phase at the above temperatures. transitions. It is not entirely clear what to make of these
findings. Compared to th€; (i=1, 2, 3, Cs5 exhibits a

The general features of the temperature dependences &mewhat stronger anomaly in its temperature dependence
the elastic constants, in particular the existe@enonexist- (at constantp) at the N-I transition. The small value of
ence of anomalies in the various elastic constant3 aand dT,/dp~ —2 K/100 MPa suggests that the pressure depen-
Tc, agree well with the results of the Brillouin-scattering dence of all quantities that vary singularly at the transition
measurements at constant pressures by Kudo and Hikitashould be weaker in the constanscans than in the constant
However, our data do not agree quantitatively with theirs:t scans[This follows from the simplest assumption for the

this illustrates again the importance of accounting for variayy and T dependence of the elastic constants near the N-I
tions in the index of refraction when extracting values of theyansition line: a sum of a smooip-dependent term and a

elastic constants from Brillouin shifts. singular function of T—T%+(dT,/dp)p, where T is the

A comparison of our results with those of an ultrasonicympient pressure transition temperathiidonetheless, the
study at ambient and high pressure by Hilataal ™ shows complete absence of any observable anomaly, dor C;,

that in general the results_ are consistent, _vvhen one takes m@zz’ andC,; seems surprising. Also note that exhibits a
account the greater precision of ultrasonic measurements @ aar around p, in the constanf scans, rather than a

elastic constants. Thus the ultrasonic measurements reveg gle change of slope with smooth behavior on either side
features inCy, atT, and inCgzandCss at Ty andTe which ¢ 0 transition, as one would ordinarily expect. A similar

are not evident in BriII_ouin measurements. An interestingknee is evident in the constaptultrasound measurements
exception to that trend is that the ultrasonic study reveals NBy Hikita et al,® particularly at pressures greater than am-
clear anomalies irCgg at T, or T, whereas our Brillouin bient ’

study[see Fig. 8)] as well as the one by Kudo and Hikita,
show an anomaly &t .

The present measurements of the pressure dependences of IV. DISCUSSION
elastic constants at constant temperailiigs. 3, 4, and b
are the only ones of this type for AFB, and they are quite
interesting. The pressure dependence at constant temperatureA rather simple analysis of elastic constant data can
appears to be completely smooth through the N-I transitiosometimes be informative of the nature of the anharmonic
for C;; (i=1, 2, 3, while anomalies are clearly seen at the interactions among phonons. Anharmonicity leads to a pho-
I-C transition.Cs5 shows anomalies at both the N-I and I-C non self-energy, the real part of whicA) shifts the phonon

A. Anharmonic interaction analysis
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————— ] contribution of cubic anharmonicity td 5 is always nega-
] tive, while the contribution of quartic anharmonicity can be
. ] of either sign.

_ ' T.T : o] In order to split the measured frequency shift for some
I 7 - (N * o 8 38-: experimentally observed phonon mode into volume and mul-
9o 'y 8 ] tiphonon contributions, one looks at the frequency of the
& . ? 1 mode as function of volume and temperature. The total dif-

ferential of the mode frequenayg is given by

] Avg=(dAvglIV)TAV+ (dAvglIT)yAT. 3)

105 ] If one takes the partial differential at constant pressure and
v divides by AT), and v, one obtaing'
G} [ ]
“210.0} i (9Invg/dT),=(VIIT)y(dInvg/IV) 1+ (dInvg/IT)y .
(&) - A J
[ ] (4)
: . ] Elementary thermodynamics then yields
g5l Lt
150 200 250 P
Temperature [K] (dInvgldT),=— K—(alan/ap)TJr (dInvgldT)y (5)
T

FIG. 5. Elastic constant€s5 and Cgg versus temperaturé?)
Css at ambient pressuréopen circles and at 255 MPa(solid
circles. (B) Cgg at 223 MPa. The vertical bars indicate the transi-
tion temperature¥, andT..

with B the volume thermal expansion arg the isothermal
compressibility. Though this analysis is strictly true only for
cubic crystals, thermal-expansion measurenférits AFB
indicate that changes in the aspect ratios of the unit cell with
temperature are about an order of magnitude smaller than the
relative volume changes, so it is probably a good
approximatiorf*

It is possible to correlate the first term on the right side of
Eq. (5) with Ag and the second one with, . With presently
available experimental data, one can determine both the left
side of Eq.(5) and the first term on the right side, and thus
deduce the second term on the right side, for a variety of
phonon modes and at several temperatures and pressures. We
shall be mainly interested in theign of the second term on
the right side of Eq(5): a positive sign will indicate that
quartic anharmonicities are not negligible compared to cubic
anharmonicities.

] As noted by Cowley? this entire analysis is not appro-
] priate if the modes are strongly interacting, which would be
] indicated by short phonon lifetimes. &t al?®found that for
5 K ,Se(Q, the damping of acoustic modes increases in narrow
temperature intervals close to the phase transitions, and our
linewidth data for AFB have similar character. The quasihar-
monic approximation would not apply in those temperature
intervals. Nevertheless, outside that region the damping is
small and nearly constant, and the analysis described above
gives physically meaningful results. We present, in Table I,
1 the terms in Eq(5) based on Brillouin data in the C and N
7 phases which are close to the phase transitisoghat they
] might be informative in constructing Landau theories for the
. transitiong but not so close that the quasiharmonic approxi-
] mation breaks down. The values fef and 8 were taken
L LA from Refs. 19 and 25, respectively.
200 400 600 One sees thatd{nvg/dT)y changes sign with increasing
Pressure [MPa] pressure for the mode associated witk,, indicating that
quartic anharmonicities become dominant with increasing

FIG. 6. Cys versus pressure at constant temperatu#es178.2  Pressure for that mode. It is also clear that quartic anharmo-
K. (B) 170.3 K. The bars show the transition pressure at the normdpicities play a important role in the temperature dependences
to incommensurate transition i) and at the incommensurate to 0f C33 andCss. In the case ofC;; such a statement is not
commensurate transition i{B). possible, becauselivg/dT)y is negative.

frequency from its “harmonic” value. Cowléy and Ma-
radudin and Feitf have calculated\ for cubic and quartic
anharmonicities. To lowest order in perturbation theory it
may be expressed as

A:AE+AA! (2)

whereAg is the frequency shift associated with thermal ex-
pansion(*‘volume term”) andA 4 accounts for the remainder
of the shift (“multiphonon term”). They showed that the




57 PRESSURE AND TEMPERATURE DEPENDENCE OF EH. . 5697

TABLE I. Values of terms in Eq(5). In each row, the value ofg corresponds to the listed temperature and pressure, associated with
either a normal-to-incommensurate or incommensurate-to-commensurate transition. The derivatives are evaluated on the normal side of the
former transitions and on the commensurate side of the latter transitions.

Mode g vector T p vg (Urr)(@Invglap)r  (dInvgldT),= —(Blk1)(@Invglop)r  +(dInvgldT)y

(K) (MPa)  (GH2) (1075/K) (1075/K) (1075/K)
Normal to incommensurate transition

LA (Cyy) (1,00 1789 225 17.9 1.17 —86.5 —4.1 -82.4

LA (C,) (0,1,0 177.4 0.1 10.3 3.52 —22.3 —12.4 —-9.9

LA (C,) (0,1,0 177.4 223 14.8 3.52 545 —12.4 66.9

LA (C39) (0,0, 178.6 250 18.0 2.27 13.9 —-8.0 21.9

TA (Csp) (0,0, 178.2 0.1 7.1 5.49 169.0 —19.3 188.3

TA (Csp) (0,0, 178.2 255 7.5 5.49 159.0 —19.3 178.3

Incommensurate to commensurate transition

LA (Cyp (1,0,0 169.4 225 18.1 1.93 -58.0 -3.1 —54.9

LA (Cy) 01,0 1714 0.1 10.4 0.79 —282 -1.3 —280.7

LA (C,) (0,1,0 171.4 223 14.7 0.79 —-21.8 -1.3 —-20.5

LA (Cj9) (0,0, 170.3 250 18.0 1.71 124.0 2.7 126.7

TA (Csp) (0,0, 170.3 0.1 7.1 1.97 —-325.0 -3.2 —321.8

TA (Csp) (0,0, 170.3 255 7.4 1.97 —336.0 —-3.2 —332.8

B. Other remarks quartic anharmonicities play an important role in the tem-

The standard Landau theory description of the N-I transiPPerature dependence @fss in the normal phase upon ap-
tion in AFB (see Ref. 1Bimplies discontinuities irC;; (i proachingT, . _ _ .
=1, 2, 3 and discontinuous derivatives ®; (j=4, 5, 6 The anomaly inCes at T, in K ;Se0, could be described
and e, (the static dielectric constant associated with polardy the interaction of the straigg with the order parameter
ization along theb axis). Though the theory works reason- through a quartic coupling;eeéQQ*. The corresponding
ably well for C;; and Cs; it fails to explain the peculiar anomaly in AFB might be accounted for by the same type of
temperature dependence ©f, in the N and | phases. The coupling.
large softening oCss in the N phase is also not understand-  The temperature dependence of the elastic constants of
able within that phenomenological theory. Recently, LiAFB in the C phase can be accounted for straightforwardly.
etal? have demonstrated, in the context 0;8e0,, that  They all increase quite linearly with decreasifig at least
anharmonic fluctuation contributions from thg soft branch  close to the transition. This would be consistent with a cou-
can account for elastic constant softening in the N phasgyjing of the strain to the order parameter which was qua-
Their analysis was facilitated b_y the existence of much qat%lratic in both, assuming mean fidle- (T — T) 2] behavior
for K;SeQ, which does not exist for AFB; because of this, of the order parameter. If we take the order parameter to be
and also the narrow temperature range of the I phase in AFBy,o polarizatiorP, , which has symmetrf, in C,, , then all
an analogous_analy5|s IS not fea5|ble for AFB. We sugge e elastic constants can couple to the order parameter via
that the softening of,, andCg3in the normal phase of AFB ling termsy; 2P2, because? and €2 (i=1 6) all
may be due to such an anharmonic contribution. But note th§2UPINg D€y, Y '13 P
further complication that, particularly at high pressures, th av_eAl symmetry inCy, . Hoshinoet al. _haye found ex-
sign of (dnvg/dT), indicates that quartic anharmonicities penmentally that.the spontaneous polarization follows the
need to be considered in modeling the temperature depefi€an-field behavior very well.

dence of those elastic constants, in contrast to the cubic in- Finlglly, let us comment on the suggestion by Hikita
teraction considered by Lt al. et al,™ that the temperature dependence of the elastic con-

Li etal® have also analyzed the anomalies of theStants at constant pressures can only be explained by assum-

transverse-acoustic modes in8e0,. They showed that the ing a pressure dependence of the third-order coupling coef-
anomaly inC,, can be explained by a bilinear coupling, ficients. For K;SeQ,, Benoit et al® derived an expression
a,Qge,, of the straine, with a soft mode with amplitude for the pressure dependence of the velocity and damping for
Qg . They pointed out that this optic mode is not on the  longitudinal-acoustic waves propagating ald@@1] on the

soft branch, but is instead the lowest temperature-dependehasis ofe;Q? and eng couplings between strain and order
B3y optical mode, which they have observed with Ramanparameter, and without any explicit pressure dependence in
scattering. If the softening @55 in the N phase of AFBisto the coupling coefficients. Their expression could account for
be due to such a coupling, one needs to look for amany features of the experimental data. Due to the narrow
temperature-dependent modeBy; symmetry. There are no temperature range of the | phase in AFB and the limited
Raman-scattering data for AFB, but group thébmyredicts  precision of Brillouin-scattering data, it is not feasible to
Raman-active modes &,, symmetry in the normal phase. carry out fits to such a detailed model; however, it seems
Again, the sign of §Inyg/dT), for this mode indicates that plausible that such a model would be appropriate.
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V. SUMMARY

We have measured the temperature and pressure dep
dence of the elastic constartty;, i=1, 2, 3, 5, 6. Our re-
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constants in the normal and commensurate phase upon ap-
Em_oachingT, andT., respectively. We have compared our
Brillouin-scattering results with results from previous ultra-

sults indicate that quartic anharmonicities play an importansonic studies, and discussed them in the context of various
role in determining the temperature dependence of the elastibeoretical models.
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