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Frequency-dependent elastic response at the ferroelectric phase transition of Ag\€O,),
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The elastic dynamics of AgNa(N{, crystals around the proper ferroelectric phase transitiod at
=38°C was investigated by ultrasonid £ 10 MHz) and dynamic mechanical analys$is-0.6-50 H2 tech-
niques . The system represents a unique example of a ferroelectric crystal with extremely slow dielectric
relaxation. Due to this reason it reveals a substantially different elastic behavior in megahertz and hertz
frequency regions. We describe our data using a phenomenological model that includes both the effect of order
parameteKpolarizatior) relaxation with a characteristic tims, and thermalentropy relaxation with a char-
acteristic timery, .
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[. INTRODUCTION and ultrasonics experiments for several compougeées, e.g.,
Refs. 11 and 12 In most dielectrics the relaxation of the
Structural phase transitions in solids are characterized bgrder parameter,, is of the order of 108-10 ' s even in
the appearance of an order paramejesissociated to a cer- the close vicinity of transition temperatufe . Thus the LK
tain static distortion of the parent crystal structure. Therelaxation is usually well observed in the frequency region
anomalous behavior of elastic constants in the region of thep to several hundred megahertz.
phase transition is a consequence of the interaction between The uniaxial ferroelectric AgNa(N£), constitutes an ex-
the order parameter and elastic deformatibhs! A cou-  ception. Its critical Debye-like polarization dynamics appears
pling linear in deformationl{ 5" type) gives rise to aelax-  in the kilohertz region®'* The phase transition alc
ational contribution to the elastic constants. This is known as~38 °C (Refs. 15 and 16from a paraelectric phasspace
the Landau-Khalatnikow (LK) mechanisnihe LK relax-  group D%ﬁ) to the proper ferroelectric phagspace group
ation contributes to both the real and imaginary parts of thec}®) is due to an ordering of the NOdipoles® Compre-
complex elastic constants. The corresponding processes aiensive dielectrit~*® and specific-heat measureméhts
therefore accompanied by the losses of the elastic energy am@ve revealed that the phase transition is of first order, but
are dependent on the actual measuring frequenewf.>  very close to second order one. The anomalies of dielectric
Roughly speaking, LK mechanism is the relaxation of theand thermal properties can be well explained by a Landau
order parameter in the field of dynamic elastic strain. Henceheory taking into account the near tricritical character of the
the measurements of the dynamic elastic susceptibility yielgphase transition. As a consequence the leading term
important information on the soft mode dynamics. Anotherin the free energy expansion is of the sixth order in the
mechanisms of the relaxational type may correspond t@olarizationP.
domain*soliton®" or clustef dynamics. At low frequencies In the present paper we report results of an elastic inves-
(hertz  region an entropy (thermal) relaxation tigation of AgNa(NQ), near the ferroelectric phase transi-
mechanism'®*2appears to be significant in the elasticity of tion by using ultrasonic f(= 107 Hz) and dynamical me-
materials. This unusual type of dynamics is the consequencgshanical analysis f(=0.5-50 Hz) techniques. Due to
of a heat flow between inhomogenously deformed regions ogxtremely slow dielectric relaxations one expects substan-
a sample. The characteristic time of this process is the thekially different elastic behavior in these two frequency re-
mal diffusion time. gions. In particular, the characteristimssovernf LK relax-
Elastic properties can be measured using Brillouin scatation is expected to occur in the kilohertz region quite in
tering (gigahertz regioy) ultrasonics (megahertz region  contrast to other dielectric materials where this usually ap-
resonance technique&ilohertz region and nonresonance pears in the gigahertz region. We describe our data using a
methods(hertz region thus covering a quite broad frequency phenomenological model that includes both the LK and the
range. In general, these methods may display different typesntropy fluctuation mechanism. Note that the previous elastic
of the elastic dynamics. In particular, the LK relaxation ap-studies of AgNa(N@), performed by Yamaguchi indeed
pears essentially damped if the conditiem,>1 (7, is the  provide reliable data on the “clampedtiecoupled from all
relaxation time of the order parameter and of the soft moderg|axational processgslastic complianceS? , only.
is fulfilled. A pronounced elastic softening near the phase
transition_can, howeyer, occur at low frequencieswif,, Il. EXPERIMENTAL PROCEDURE
<1 and if the coupling between the order parameter and
deformation is substantial. In fact this was the reason for the Single crystals of AgNa(Ng), were grown from aqueous
different elastic behavior observed in the Brillouin scatteringsolution containing 9.8 wt % AgN©Oand 37.2 wt % NaNg
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FIG. 1. Three-point bending geometry. 103
by the slow evaporation method at constant temperature T 1004 (B Te
(about 25° C). We used the standard crystallographic orien- g ; | »
tation for the paraelectric phasae=8.05 Ab=10.77 A¢c 5 S P
=10.76 A. For the ultrasonic measurements the parallel T e
plane samples had a typical thickness of about 3 mm. The - y - - J
. . . . . 25 30 35 40 45 50
longitudinal waves were excited in the sample by LINbO T[°C]
transducers. The wave velocities were measured by the
continuous-wave-resonance metffbih the frequency re- FIG. 2. (a) Temperature variations of B, and R&(, ;) mea-
gion 8—12 MHz. The relative accuracy in the ultrasonic mea-sured by DMA-7(1 Hz) and the relative temperature changes of the
surements was about 18 inverse effective elastic constar[tC[l()l](T)]’l measured by

The low-frequency elastic measurements were performedontinuous-wave-resonance methdd® MHz). (b) [C[lm](T)]‘l
by the three-point bending method using a dynamic medependence and its fit 192 (solid line), whereP, is the spontane-
chanical analyze(DMA-7, PERKIN ELMER). The sample ous polarizationP,(T) is taken from Ref. 15.
geometry is presented in Fig. 1. The relation between th
effective spring constatk measured by DMA-7 and Young’s
modulusY,, is determined by the following equatich:

The guasilongitudinal acoustic waves were exited along the
crystallographic[101] direction. The effective elastic con-
stant (C[101]=pV2, where p is crystal densityV is ultra-

-1 sound velocity of this geometry can be expressed through

3 2
k=Y. 4b E) 1+§<E) ﬁ , (1) the tensor of elastic constants by solving the Christoffel
L 2\L) Gpq equation, which gives
whereG, is the shear modulus and the geometrical param- 1
etersb,h andL are shown in Fig. 1. Since the values\af C[101]=Z [C11+C3a3t2Css
andGp, are of the same order and the ratho/I()?~0.01 in
our measurements we can neglect the second contribution in +{(C1;—C39?+4(C13+Cs9?1¥2. (4
Eq. (). In this case the measured effective spring condtant
is proportional to Young's modulu¥,. Since the absolute Ill. EXPERIMENTAL RESULTS AND DISCUSSION

accuracy in these measurements is usually not better than E 2 sh h lative t ; h f th
20-30% the results are presented in relative units for the re%al 'gu;:t ofS 3:’;5 coi*nrelea Ivszeechgraerargt'g ir;%”nesl'gncee
[ReS(T)=ReS,(T)/SY(T=60°C)]  and imaginary P piex Vv : Pl

r r i R
[ImS,(T) =ImS(T)/SY(T=60°C)] part of the effective ool 1), RE0y(T) measured at 1 Hz with the bending
q . > . e 1 technique and the relative temperature changes of the inverse
complex elastic complianceS; =Yg =, where Sg

; ; r “1_ (o
=[(ReS,)?+(ImS,)2]"2 The relative units are accurate to effective ~elastic  constant [Crioy(T)] "= Cioy(T

within 0.5%. The bending experiment has been performed in_60°C)/Crioy(T)] obtained in the ultrasonic experiment at

the frequency range 0.6—-50 Hz at slow cooling with a rate orflo MHz. In ther vicinity of tran.?ltlon te_mperatuf’éb a peak
about 0.1 K/min anomaly of R&4,4;(T) and R&;14,)(T) is observed. Conse-

In the three-point bending experiments we used th’quently the temperature dependence of the elastic compli-
. — ances neaf : measured in the hertz region differs drasticall
sample geometries:{P||[101],q|[[010]} and {P|[101], c urec ! Z region ci caty

! ) ; ; .from the ultrasonic data that do not reveal any anomalous
gll[101]} that are associated with measuring effective elasti y

. ) ) (beak in the transition region. More precisdjy;’lm](T)]‘1
compliancesS;g;0) and 1097, respectively. The compliances : . : [
are related to the elastic consta@s by the following equa- belowTe is proportional toP, squaredFig. 2b)], whereP,

is the spontaneous polarization. The observed elastic behav-

tions: ior in the megahertz region qualitatively quite well repro-
Sio101= S22 ) duces the results of previous elastic measuremefus the
case of the clamped compliancg$.
Si101= (S11+ Saa+ Sss+2S19)/4, (3) The different results obtained at the high and low frequen-

. cies can be explained by taking into account that the LK
where §;; are the inverse components of the tensor of therelaxations are suspended in the megahertz region due to the
elastic constantsE{jz[C]i‘jl). In the ultrasonic experiments extremely slow dipole relaxation. The anomalies appearing
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over the full frequency range, the substantial losses that oc-
cur in the phase transition region at low frequencies are
rather unusual and cannot be attributed to the LK relaxation.
Although the LK contribution to the real part of the elastic
compliance remainsubstantialanddominant the losses due

to the order parameter relaxation at 1 Hz are expected to be
about three orders of the magnitudenaller compared to
what is actually observed in the experiment. Moreover, both
the real and the imaginary part manifest strong frequency
dispersion (see Fig. 3 As the frequency increases, the
anomalous peak in the imaginary part decreases substantially
and practically vanishes with the frequency approaching 50
Hz [Fig. 4(a)], whereas the real part decreases only by about
30% reaching a nearly constant value above 3 Hz.
At the same time, the temperatures of the maximum real and
imaginary part§Fig. 4(b)] reveal only weak shifts as func-
tions of frequency mainly in the region from 0.6 to 3 Hz. A
similar behavior was recently observed near the order-
disorder phase transition of KSC(Ref. 9, Cy, (Ref. 22,

and (NHC,Hs5),MnCl, (Ref. 12 and was explained in
terms of the LK and heat-diffusion central peak models. We
believe that both these mechanisms also apply to the present
case. Domain dynamics cannot be responsible for the elastic
anomalies observed nedg . Assuming even domain-wall
motion induced by a gradient of deformatidior more de-

at low frequencies would be then accounted to the orde?alled descnp_ﬂon of this mechanism see Rofthe changes
of the domain pattern would not contribute to the macro-

arameter relaxation which in the hertz region obviously ful- ) . o :
P 9 y scopic deformationdJ;. This is because the expansion of

fills the conditionw7,<1. However, there is an additional domains with positive polarization and simultaneous. con
relaxation at very low frequencies as will become clear from P P

the results presented in the Fig. 3 and 4. trr? ction ?g domains Wlth r(lje?catlve t(')c?d?r \Sge ve(;sta;]do ?Ot
Figure 3 shows the temperature dependences of the refff310E % FERRbl Ll PO B B0 0P
ReS,,01(T) and imaginary I y,,;(T) parts of the effectiv X ; . .
coersn[o}g])g e?la?sts: coerf Iiir? 9010#162'153; Zttdiif:reiitfrg- Let us consider the elastic properties of AgNa@)ioin
pi€ plianc&oy _ the framework of the Landau theory. Taking into account the
guencieg0.6—-50 Hz. The anomaly of the real part @t is

ied b ; f the i . relations(2)—(4) we will restrict our analysis to the anoma-
2ccompan|i %aﬁt“{’;’.‘g ;”naxu"?um th € '|mellg|n.ary Patous behavior of elastic constants only. The free-energy ex-
ssuming that the N@dipoles relax with a single time, 1500 considers coupling terms that correspond to anhar-

monic interactions between the macroscopic deformations

FIG. 3. Temperature dependences of @aeal ReSjy,)(T) and
(b) imaginary ImS['OlO](T) parts of the effective complex elastic
complianceSy;; measured at different frequencies.

“g 030 U; (i=1-6) and order parametey. In accordance with
£ s group-theoretical analysis the transformatibg;— C3> is
% associated with the instability of the dipole active soft mode
< 0207 of the symmetryB,,, (Ref. 23 in the center of the Brillouin
< 0154 zone k=0). Its condensation & leads to the appearance
B 0104 of the macroscopi_c spontaneous polarizatign parallel to
E the crystallographid axis. Assuming a proper ferroelectric
< "5 @ character of this transition, the polarization can be chosen as
o . ; the order parameter=P). The free energy has the form
i& :: ; s ¢ ; ¢ : é@;%ﬁ F=Fp+Fpy+tFy,
L 1 11
R ) | Fp=500P?+ 8P +oyPo+ ..,
1 10
Frequency [Hz] 3 3

6
1 1
— 2 2 212
FIG. 4. Anomalous peak heightT&Te) for the real FP'U_iZl a;P Ui+§”2:1 bj; P Uin+§jZ4 bj; P Ui '
An(ReS[q) and imaginaryA,(ImSj,p) parts of the effective '

complex elastic complian(ﬁom] (a) and their temperature position 1 3 1.8

TReandT!M (b) as a function of driving frequency derived from the F == E CoU.U.+ = 2 couy? (5)
P UTo & Mijuid] T g & Mo

data in Fig. 3. ij=1 i=4
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whereQ2=A(T—T,). Here theP?U- and P?U%-type cou-  tropy relaxations are suppressed. The only possible, nonre-
pling terms give rise to the relaxational and nonrelaxationalaxational anomalous contribution that can appear under
elastic contributions, respectively. It is important to note thathese conditions is due to the last term of Eq). In fact the

the bare elastic constadt] in Eq. (5) is usually identified ~temperature variatioﬁ:[‘lé”(T) below T¢ scales well with
with the adiabatic elastic constants corresponding to the limiP2, as one can see from Fig(i2.

w—o. This is however only valid if the entropy relaxation (i) Region of 50 HzIn this frequency region the condi-
mentioned in the Introduction is absent. If nﬁlﬂ must be  tions w7,<1 and w7,>1 are fulfilled. The response is
identified with the low-frequency limit ¢—0), dominated by the LK mechanism. Remembering that we deal
which is with the isothermal elastic constants. Accordingly,with a nearly tricritical phase transitiéir'® one can puis’

two types of the relaxational processes: order parameter0. Equation(7) is then reduced to the simple form

[6P(q,t)=6P(q,0)e (@] and entropy [&T(q,t)

= 5T(q,0)e " Y7n(®] relaxations, with the characteristic Ch=C3, T>Tc

times 7, and 7y, , respectively, have to be considered in the

general case. An isothermal-adiabatic crossover can be repro- 1 2a,a

duced by adding to the free-energy expangi®na coupling Ch= Cf}d— 1 J , T<Tg,
term P(0)8P(q) 5T(q) (Refs. 9 and 12 Actually, this term loTy 2JA(Te—T)y+pB

is related to a spectrum of temperature fluctuationgq) ®

that propagate with characteristic diffusion timeg,(q)
=(qDy0) ~ 1, whereDy, is the thermal diffusivity tensor. The
characteristic wave vectay for such fluctuations is defined
by the stress profile which in the three-point bending geom
etry can be approximated by(x)«cos@x), whereq=7/h
~50 cmi ! for the actual sample thickne$s=0.6 mm. In
principle the value ofry, could be calculated from the ther-
mal conductivity, but unfortunately such data do not exist for
the present sample. Referring to tabulated data on other ion

which describes the asymmetric peak that occurs in the real
and imaginary parts of the complex elastic compliance near
Tc (Fig. 3. The anomaly in the imaginary part is expected
to be of the order A (ImSyq)=w7pAn(RESpq)
~0.15Am(ReS[010]) which is in good agreement with experi-
ment[see Figs. 3 and(4)]. Moreover, sincen7,(T) reaches

its maximum value of about 0.15 dt;, the 7,(T) depen-
%ence gives only a weak correctigabout 2% to the tem-
perature behavior of the real part of the elastic compliance.

crystals, one expects values between 10 nis1as in theT Due to thi Iso th . f1h land i .
range of interest! Hence the entropy relaxation is not op- ue to this reason aiso the maxima ot the real and Imaginary
arts do not reveal any substantial temperature shift in the

erational in the megahertz region and ultrasonic elastic Corgequency range from 10 to 50 HEig. 4b)]
stants are always adiabatic. The isothermal-adiabatic cross- (iil) Region between 0.6 and 5 Haoth the LK and en-

over can be then obtained by solving simultaneously th ropy relaxations are effective in this frequency region, be-
equation of motion for the order parameter and the heat co 6aSZe of the conditions r. <1 andthh>(14 Thgangmaiy
duction equatior(Refs. 9 and 1D This gives of the imaginary part muspt be attributed to the entropy relax-
cadcad ation only, whereas the real part contains substantial contri-
_ i Cij axen T butions from both relaxational Th iment
Cﬁ—Cﬁd—+, (6) utions from both relaxational processes. The experimen
C(l-iwmy) suggests that the characteristic frequefcy 1/27 7y, of the
ad ) ) ) entropy relaxation is in subhertz regiofin principle, it
whereCjj” are the adiabatic elastic constantg,are the ther- co|d be shifted to the accessible range of measuring fre-
mal expansion coefficients ard® is the isochoric specific guencies by reducing of the sample thickness, but our perti-
heat. Taking into account E¢6) and inserting Eq(5) into  pent efforts failed because the crystal easily cleaves along
the Slonchewski-Thomas equattoone obtains {101}.) Unfortunately, any information concerning the heat
5 adad conductivity in this c_rystal is mis_sin_g in the Iiterature_, the_re-
C* — cad_ 4aa;Pg _ Ci Cij akaIT_'_b”Pz fore we cannot estimate quantitatively the relaxation time
T 02(1-jer) C(l-ier,) 7. A weak temperature shift of the maxima in both the real
+ p th . . . .
) and imaginary parts of the complex compliance observed in
the frequency region 0.6—3 H#Fig. 4(b)] must be likely
where 05=03, P,=0 at T>Tc; Q°=0Q3+(28 attributed to temperature variations ofr,(T)o Dy "
+B)PE+5yPE, P2=(—p'+\B'2—4yQ%/2y at T  «=Cy(T). IndeedC,(T) shows strong variations only in a
<Tc; B'=B-2a[C% 'a;, Tc=T,+3B8'%16Ay. Ex-  very narrow temperature regi¢about 0.5°C) aroundc .’
pression(7) is the general equation that describes the elastid his explains why the corresponding temperature shifts of
behavior in the presence of the order parameter and entropil;)r";e andT:{]“ with a frequency are not substantial in our case.
fluctuation. Let us compare this result with the experiment in
different frequency regions.

(i) Megahertz regionAccording to Refs. 13,14 the relax-
ation time 7, in AgNa(NG,), is in the range (5 We have studied the elastic behavior of AgNa(\O
X104 —(5%x 10 ©)s for the actual temperature interval be- crystals by ultrasonicf(= 10 MHz) and dynamic mechanical
tween 20 and 60°C. For ultrasonic frequenci@® MHz) analysis (=0.6-50 Hz) techniques around the proper ferro-
o1p>1 and w7y>1. Therefore both the LK and the en- electric phase transition at.=38°C. The system represents

IV. SUMMARY
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a unique example of a ferroelectric crystal with extremelyentropy relaxation due to heat transport from the compressed
slow dielectric relaxation. Due to this reason it reveals agpart to the expanded part of the sample with a characteristic
substantially different elastic behavior in the megahertz andime 7,. In this case we assume that no other proce@&sgs

hertz frequency regions. It turns out that in the megahertinteraction of the order parameter with defects, relaxation of
region the LK relaxation is fully suppressed. At sufficiently mesoscopic cluster, ejare involved in the dielectric relax-
low frequencies {<10 Hz) the elastic behavior clearly in- ation in the hertz regionry, turns out to be of the order of
dicates the presence of two different relaxational processe8.1 s, which appears to be a reasonable value. We hope that
We describe our data using a phenomenological model whicthese results will find direct support from future measure-
considers two relaxational channels, the order paranjeter ments of the thermal conductivity and of the low-frequency
larizatior) relaxation with the characteristic time, and the  dielectric response.
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