PHYSICAL REVIEW B VOLUME 53, NUMBER 6 1 FEBRUARY 1996-II

Acoustic dispersion of(NH ;C ,H 5),MnCl , near the structural phase transition at 226 K
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(Received 21 August 1995

The anomaly in the longitudinal elastic consté@ng of a (NH3;C,Hs),MnCl, layered compound around the
structural phase transition &,=226 K was investigated by the ultrasonic methdd-(5 MHz) and by low
frequency dynamic mechanical analysfs=0.5—12 Hz). The present results show a very pronounced disper-
sion of the longitudinal acoustic modes which are explained in the frame of a phenomenological model
including both the effect of temperature fluctuatiofisothermal-adiabatic crossoyeand order-parameter
relaxation. The temperature dependence of the order-parameter relaxation time has been determined from
ultrasonic measurements ag=7,/(T,—T), with 74=4.5X 10 9s K. This value explains the absence of the
negative dip anomaly in previous Brillouin scattering experiments. The thermal relaxation time is of the order
of 7,=0.1 s, and is strongly dependent on sample thickness.

I. INTRODUCTION softening of the acoustic phonons near the phase transition
may depend on the measuring frequency. Particularly the
Crystals of ethylamin tetrachloromanganate Brillouin scattering technique yields the elastic constants at

(NH 3C,H),MnCl, (EAMC) belong to the large family of high frequencies f(~ 10 Hz) and the acoustic anomalies
(CyHons1NH3),MNCl, (n<5) layer structured com- near the phase transition which are caused by a Landau-

pounds. They undergo similarly to other members of thiskhalatnikov mechanism may be essentially damped if the
group several phase transitichise., conditionwr,>1 (7, is the relaxation time for soft moglés

fulfilled. In this case an increase in the softening for longi-
tudinal acoustic phonons would be expected for lower mea-
g Ts Y T2 B T @ surement frequencies. In the present work these phenomena
47 K 226 K 424 K are investigated in EAMC crystals near the structural phase
transition atT=T, by using ultrasound f(=10" Hz) and
_ 17 dynamical mechanical analysi§£€0.5-12 H2 (DMA 7,
with  the space groups a-l4immm(Dy,,Z=1) B-  PERKIN ELMER) techniques. The obtained results are dis-
Abma(D3p.,Z=2), y-Pbca(D3;.Z=4), 5-P2;/b (C3). cussed within the framework of the phenomenological Lan-
The crystal structure of these compounds is built up by perdau theory including a relaxational behavior of the order
ovskite MnCl, layers with organic GH 5NH§ chains, form-  parameter and temperature fluctuations.
ing hydrogen bonds N-H - Cl with the layers. Within one
layer the MnCJ, octahec_ira are cor_mected through four CI Il. EXPERIMENTAL PROCEDURE
atoms. Interlayer bonding is realized by van der Waals
forces, acting between the ends of carbon chains. This leads Single crystals of EAMC were grown by slow evapora-
to a lower elastic rigidity in the direction perpendicular to thetion of water from an aqueous solution of N&,H ;Cl and
layers and a perfect cleavage plane parallel toxtphglane.  MnCl,X 4H,0 salts, taken in stoichiometric ratio at about
All phase transitions in EAMC are caused mainly by the300 K. These compounds usually crystallize in the form of
reorientations of the MnGloctahedré&.Previous ultrasoni¢,  platelets with the axis perpendicular to the cleavage plane.
Brillouin scattering, and linear birefringence investigattbns The samples were selected under a polarizing microscope
revealed that the phase transition§ aandT; are of second and only monodomain samples were used for the measure-
order while the transition &, is probably of first order and ments. We use the standard crystallographic orientdtfon:
very close to a second-order-type transition. The behavior athe y phasea=7.325 A, b=7.151 A, andc=22.08 A. For
several acoustic modes near the structural phase transition thie ultrasonic measurements the platelet-shaped samples had
T=T, has been investigated in EAMC with Brillouin a typical size of 44x3 mm?®. The longitudinal and trans-
scatterind’ It was shown that, contrary to the predictions of verse ultrasonic waves were excited in the sample by
Landau theory, practically no longitudinal acoustic phononLiNbO5 transducers at frequencies of 15 and 10 MHz, re-
softened in the vicinity off,. Only for theC,; mode a small spectively. The wave velocities were measured by the pulse-
decrease was observed aroufig. Therefore the authors echo overlap methddwith a relative accuracy of about
have suggestédhat the forces in thay plane are changing 10 *—10°. The accuracy of the absolute velocity was
more strongly than the forces between the layers due to thabout 0.5%. The ultrasonic attenuation was determined from
big anisotropy of the crystal. the decay rate of the pulse echoes with an accuracy of about
However, it is possible to give a quite different explana-10%.
tion for the results obtained from Brillouin scattering mea- The low-frequency elastic measurements were performed
surements, i.e., by taking into account that the strength of thby the three-point bending method using a dynamic me-
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chanical analyzefDMA 7-PERKIN ELMER). The appara- 172 ‘ . . ‘ . ,
tus works in the frequency range=0.01-50 Hz. In the 205 210 215 220T K225 280 28 240
present experiment we have measured the low-frequency Ly
elastic constants in the regidin=0.5—12 Hz. The sample 130
geometry for the three-point bending method is presented in o 15 MHz
Fig. 1. The relation between the effective spring conskant 1207
measured by the DMA 7 and Young’s modulus is determined 110
by the following equatiof:
100+
£
k=Y 4b(h)31 15(h2Y(q) - 1 E‘* ]
= — +15 —| ——=
70-
The geometrical parametdos h, andL are shown in Fig.
1. Y(q) is Young's modulus along the direction, and 60+
G(pq) is the shear modulus. Since the valuesYgf)) and 50 , , , . , , . : :
G(pq) are of the same order and the rati/l()2~0.01 in 220 221 222 223 224 225 226 227 226 229 230
our measurements we can neglect the second contribution in T(K)
Eqg. (2). In this case the measured effective spring condtant .
|S S|mp|y proportlonal to Young’s modull}g(q) S|nce the FIG. 2. Temperature dependence of t@ elastic constant

absolute accuracy of these measurements is usually not betfess: (*) ultrasound data f(=15 MH2), (- -) Brillouin scattering
than 20% the corresponding results will be presented in §at@ =10 GH2 of Ref. 4. (b) The corresponding attenuation
relative form for the rea[C/(q)=Y'(q)/Y}(q)] and the “ssMeasured by ultrasound.
imaginary[ C/(q)=C, (q)tand] parts of the effective com-
plex elastic constant; (q). The elastic measurements have tra
been performed with the rate of temperature change of abo
1 K/min.

The dielectric measurements have been performed with
Hewlett-Packard 4192 A LF Impedance Analyzer working in
the frequency range between 1 kHz and 10 MHz.

Contrary to theC,;3; mode the temperature behavior of the
nsverse acoustic mod€ss(qll c,el a) is characterized
ld)tnly by a clear kink in the vicinity ofT, (Fig. 3) with no
anomaly in the corresponding attenuatiags. The same
nharacter as for the temperature dependen&gphearT, is
obtained for the dielectric permittivityess (Fig. 4). The

Ill. EXPERIMENTAL RESULTS
A. Ultrasonic and dielectric measurements >

The temperature dependences of the elastic con€tgnt s/
and the corresponding attenuation constasy(longitudinal
mode,qll ¢, €l ¢, whereq=(0,0,1¢ cm1) is the ultrasonic
wave vector ane is the polarization of the wayare shown
in Figs. 2a) and 2b), respectively. In the8 phase T>T,)
the absolute value o€35 is in good agreement with the
results of Brillouin scattering measuremehts.

In the vicinity of the phase transition &at, a steplike 351
decrease 0fC33 (AC33/C33~4.6%) was observed. Conse-
quently the temperature behavior©f; nearT, measured at S e me s Ee a0 o
ultrasonic frequencies differs drastically from the Brillouin T

scattering datdFig. 2(a)].* The clear softening o4, at
ultrasonic frequencies is accompanied also by a remarkable FIG. 3. Temperature dependence of the transverse elastic con-
increase of the attenuatiam;; at T, [Fig. 2(b)]. stantCgs measured by ultrasound.
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48 Y~1([100]) =Sy, (2a)
475 10kHz Y~ H([110]) = (Sy1+ Spot+ Sest 251214, (2b)
where

47 2

2 S11=(C2C33— C33)/A, (3a)
()}
4.657 Sp=(C11C33— C3y)/A, (3b)
46 S12=(C23C13— C1,C33)/A, (30
T2
| Se6= 1/Ces, (3d)
4.55 — : — : : ‘
770 180 190 200 210 220 230 240 250 260 and
T (K)

FIG. 4. Temperature dependence of the dielectric permittivity A =C;,C5,C331+2C1,C13Co3— CZZC%— CMC§3— C33sz.
€33.

According to Figs. ta) and §b) both elastic constants show
changes ofC; and eg5 at T, are continuous indicating that clear anomalous behavior in the phase transition region
the phase transition is of second-order type. aroundT, in the real part as well as in the imaginary part of

the complex elastic constant. This observation of a strong

damping maximum at very low frequenciék Hz) is rather
B. Dynamical mechanical analysiSDMA 7) unusual. A similar behavior was measured very recently near
the order-disorder phase transitions of KSCRef. 7) and
The temperature dependences of the real and imagina@g, (Ref. 8 and was explained in terms of a heat-diffusion
parts of the effective complex elastic constantscentral peak model. In Sec. IV we will apply this model for
C¥(qll [110]) and C}(ql [100]) at 1 Hz are presented in the discu_ssion of the low-frequency elastic t_)eha\_/ior of
Figs. §a) and 5b), respectively. The changes of the effective EAMC. Figures 6a) and @b) show the real and imaginary
elastic constants are associated with the temperature behd@ts ofCy (ql[100]) measured at various temperatures and
ior of Young’s moduliY([110]) andY([100]), which can be frequencies: The magnitudes of the anomalies in the real part

expressed through the elastic complianggsas follows: C, and in the imaginary par, tans of the complex elastic
constantC} decrease with increasing measurement fre-

quency. The same behavior was also found for
CF(qll [110]). This unusual dispersion at ultralow frequen-
1 Hz @ cies will be explained in Sec. IV.

1.08-

q | {110]

IV. DISCUSSION

o
=
T

0.06

Let us now consider the acoustic and dielectric properties
of EAMC in the framework of the phenomenological Landau
theory. The group-theoretical analysis of the phase transition
D32 to D3 was given by Petzeft.The phase transition in
EAMC crystals is associated with the critical wave vector
kis=1/2(b;+b,) at the boundary of the Brillouin zone,
where b, and b, are the reciprocal-lattice parameters and
Kovalevs notatiof has been used for the identification of
wave vectors. In this case the star consists of only one wave
vector (kq5). All irreducible representations of the space
group for this given point in the Brillouin zone are real and
one dimensional. The one-component order parameter
which characterizes the phase transition transforms accord-
ing to the irreducible representatiory(k,s) of the space
00 group D3%. The anomalous behavior of ultrasonic and di-
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T(K) electric properties in the region of phase transitions are usu-

ally explained on the basis of a free-energy expansion with
FIG. 5. Temperature dependences of the relative reathe coupling terms, which correspond to anharmonic interac-
C/=C'IC, (®) and imaginanC!' = C/tans (O) parts of the com- tions between the deformations,—ug, the polarization
plex elastic constant@) C*[110] and (b) C¥[100] measured at 1 componentsP; —P3, and the order parameter. This free
Hz. energy has the form
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FIG. 6. Temperature dependences of tt@ relative real
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elastic constan€;[100] measured at various frequencies.
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whereQ?(ki) =A(T—T,). : ’
The changes of the complex elastic constant can be Cayyhere§ is the correlation length of the order-parameter fluc-
culated froni*

AC} =

PF - PF OF

I guou;  anau X7 amau;

(40
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FIG. 7. Frequency dependences of the relative real
C;=C'I/Cy (O) and imaginanC; = C,tans (®) parts of the com-
plex elastic constan€;[110] for two samples with thicknes&@)
h=0.27 mm andb) h=0.47 mm.

The first term in(5) contributes only to the real part of the
elastic constant and is independent on the measurement fre-
guency, while the second one displays the dynamics of the
system through the wave vector and frequency dependence
of the order-parameter susceptibility,(q, w).

The interactions between the polarization components
P; (i=1,2,3) and the order parametergiven in Eq.(4d)
contribute only to the real part of the dielectric constant, i.e.,

9°F

Aei]:m' (6)

To describe the observed acoustic dispersion in EAMC in the
wide frequency rangé=0.5 Hz—-10 GHzFigs. 2 and 5-)

we assume two relaxational processes which are due to
order-parameter fluctuationsy(q,t) = 87(q,0)e Y9 and
temperature fluctuationsST(q,t)= 6T(q,0)e V7@, The
order-parameter fluctuations lead to a relaxation mechanism
in Eq. (5) of the Landau-Khlatnikov typ&: i.e., a simple
Debye form of the order-parameter susceptibility( w) with

a characteristic relaxation timer,(q) =7, (k;s)/1+ %&£,

tuations andr,(kys) is the critical relaxation time.

To describe the observed ultralow-frequency dispersion
(f=0.5-12 H2) in EAMC (Figs. 6 and Y we will adopt a
“heat-diffusion central peak” model. Such a model was quite
recently developed for the explanation of the ultralow-
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frequency elastic dispersion near the order-disorder phase 4a,277§ i w7H(Q)
transition in KSCN’ The basic idea is the following: Be- Cﬁ(q,w)=C|0|—T T ioraa)’
cause of thep?T coupling in the free energab) the order- lo7(Q)
parameter fluctuations lead to a term a simple Debye-relaxational behavior with a characteristic
no(k1s) 677(k15s—q) ST(Q) creating a spectrum of tempera- relaxation timerg(q).

ture fluctuationséT(qg) which propagate with characteristic  Increasing further the frequency one reaches the adiabatic
diffusion times limit w7p>1 andw7,<1 and the elastic anomaly has de-

@)= (D) @ creasedFigs. Ga), 7(a), and 7b)] yielding

where Dth-is the ther_mal diﬁusivity tensor. AC(qyw)=— 4a%2’78 n (Cﬁd_ Chs _ (12)

In a given experiment a particular component of the Q
temperature fluctuations is probed. In an ultrasonic experi- _ _ _
mentq=10* cm~* and r,(q)~10"3 s. Thus for ultrasonic At very high frequencies one approaches the region
frequencies {=10—100 MH2) wry>1, implying that the ~@7,~1 and the elastic anomaly reads
adiabatic elastic constants are measured. The same is true for 2 2
Brillouin scattering experiments. A quite different situation ACH(qyw)=— 4aimo
occurs for DMA measurements. In a three-point bending ge- = Qz[l—iwrn(q—kw)]
ometry (Fig. 1) the stress profile in th& direction can be
approximated byo(x)<cos@x), whereq=n/h~50 cm™?!
for h=0.6 mm. This leads tay,~0.12 s. Thus fof<1 Hz
(oy<<1) the isothermal elastic constant is measure
whereas forf>1 Hz (ow74,>1) the adiabatic one is deter-
mined. Solving the equations of motion for the order-

—(Ci*-cfp 1D

+byns. (13

Equation(13) describes the elastic anomaly in the presence
of a relaxational behavior of the order parameter. Increasing
Jurther the measurement frequency one arrivesnaj>1

and the elastic anomaly due to thée coupling[first term in
(13)] vanishes completely, i.e.,

parameter fluctuations, the strain fluctuations, and adding the AC by 72 14
heat conduction equatidrt? one obtains the wave vector 14 0) =Dy 75. 4
and frequency-dependent elastic constant as Contrary to the longitudinal elastic constants, the trans-
42212 verse onesCj; (j=4,5,6) and the dielectric permittivities
CH (g 0)=C— =5 1770 i (i=1,2,3) are influenced by the couplings of the type
Al-ior,(q=kig)] n°u? and 7°P?, respectively, leading to
- lom(q) _ x _ 2
— Cad_ C S - 4+ b 2, 8 ACS5— R%CSS_ b55770, (156)
(Ci=Cy T twrg(q) 2170 8
where the difference between the adiabatic and the isother- Adoe Im6C§5—O (15b)
mal elastic constant is L TOES
0~0
cat o CIkCéCZkCMT’ © Aeg=r372. (159

. - . . According to Eqs(15a—(15¢ the anomalous changes in
gﬁoa:irs StBZ(;[irf]iir[‘lneaalltexpanSIon coefficients aftis the iso- Cs5 and e33 in the y phase are proportional to the square of
Equation (8) describes two relaxational processes: Thethe order parameter, i.eg;, and independent of the mea

second term is due to the order-parameter fluctuations, i.eSurement frequency. Consequently clear KinksQgy(T)

87(9—Kys,t) and the third one is due to the temperature,frfég'cg)rraegdgfgil;]) (Egggl,ag;e:{,égrtﬁ:g'on O, while
fluctuationssT(q,t). The last term in Eq(8) originates from Usin tEe ultrgsonic data foACyy [Fi '2(a)] and the
the »%u? coupling in the free energ@o) and leads to an 9 33 L7190

elastic anomaly which is independent of the measureme nomalpus part of the attenuatiang; [Fig. Ab)] We'hav_e
frequency. etermined with Eq(13) the order-parameter relaxation time

As already mentioned above the temperature quctuation§’1_4m5 1'?1'},/'(: K cr%_/ﬁtalsf ras ItTrn: Tr?i/(-l;?_-r) o iW(sI’Ig
are much slower as compared to the order-parameter fluctuﬁfl’ : sk us for uftrasonic lrequencie

tions, i.e.,7p> 7, . In such a case the contributions=f and T Flz')|'>(;u(L)JflT|Z<'l | .andth ‘:‘iﬁﬂhi.l b ?t temp:ergtures
7, In EQ. (8) can be well separated: At sufficiently low mea- _2 ) implying that the adiabatic anomaly 1S mea-

surements frequenciesry<1 andw7,<1, and the isother- sured givep by Eq(12). For Brillouin scattering10 GH2
mal elastic constant is measured which displays the full eIas‘—"BST’I>1 In-a broa}d tgmperature range - T<27 K and
tic anomaly[Figs. 5a) and §b)] f[herefore no softening i35 can be observed. Then accord-
ing to Eq.(14) the anomaly inCs3 below T, should be pro-
4a|217§ ) portional tob337;§(T). This is in very good agreement with
02 + by 75. (10)  the Brillouin scattering datfsee also Fig. @)].*

In the following we will corroborate that the low-
Increasing the measurement frequency one approaches tfrequency relaxations in EAMC are really due to the entropy
regionwrp~1 andwr,<1[Figs. §a), 6(b), 7(a), and Tb)].  fluctuations: In our three-point bending experiment an inho-
In this limit one obtains mogeneous stress(x) «cosy,x+sing,z is applied (Fig. 1),

AC” = -
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where the wave vectoq is determined by the size of the V. SUMMARY

sample, i.e.q=(=/h,0,7/L). Then, according to Eq7), We have measured the anomalous elastic behavior of
the thermal relaxation tlmem(_q) should strongly depenfison EAMC with the ultrasonic methodf& 15 MHz) and with

the size of the sample. Taking a usual valueDgf~ 10 low-frequency €=0.5—12 Hz) dynamic mechanical analy-
cm®s one obtainsty(q)=27 s for L=0.5 cm and sjs around the structural phase transitiorTat 226 K. We
Tin(dx) =0.07 s and 0.2 s fon=0.27 and 0.47 mm, respec- described our data using a phenomenological model which
tively. Figure 7 shows the frequency dependences of the re@hcludes both the effect of order-parameter relaxation with a
and imaginary parts of the complex elastic constant figar characteristic timer, and temperature fluctuations with a
measured for those two different sample thicknesses. Theharacteristic timery,. It turns out that the anomaly in the
damping maximum foh=0.27 mm atf=2 Hz leads to longitudinal elastic constants arouiig depends strongly on
w=1/w=0.08 s in good agreement with the above estimathe measurement frequency. At sufficiently low frequencies
tion for my(qy=m/h)~0.07 s. In addition Fig. 7 clearly f<2 Hz the isothermal elastic constanb£,<1) is mea-
shows the size £q) dependence of the thermal relaxation sured, yielding the full elastic anomaly due to thée cou-
time. For the sample with=0.47 mm the damping maxi- Pling in the Landau-Ginzburg free energy. At ultrasonic fre-
mum is clearly shifted to a lower frequency and as a consequéncies {=15 MH2) the elastic anomaly decreased due to
quence it was not measurable in this experiment. According€ isothermal-adiabatic crossoveny,>1). In the MHz
to our rough estimation from above the damping maximund€9ion the order-parameter relaxations can follow the strain
for a sample witth=0.47 mm should appear &t0.7 Hz. variations 7,<1) leading to dip anomalies in the real and

The temperature fluctuations along the long axes of thdmaginary parts of the complex elastic constant. In Brillouin
bar should show up in a damping maximumfat0.006 Hz Scattering measurements the frequenty {0 GH2 is too

: high-for the order-parameter relaxations to follow
which cannot be detected by DMA-7. On the other hand, th S X . .
order-parameter relaxation time in E4.3) is given by ?w7">1) and the negative dip anomalyBf vanishes com-

pletely. This explains the absence of the negative dip

7. (Ky0) anomaly observed in previous Brillouin scattering measure-
7, (0—Kis) = 523, (16)  ments ofCss."
1+09% Thus EAMC is a unique example where the temperature

where¢ is the correlation length of the order-parameter fluc-fluctuations and the order-parameter relaxations can be ob-
tuations. Since for our small wave vecipé<1, the order- served with frequency-dependent elastic measurements.
parameter relaxation time cannot depend on the wave vector
g. Since we have measured a pronoungedependence of
the slower relaxation process we can conclude that the ul- Two authors(A.V.K. and V.P.S) are grateful for support
tralow frequency dispersion in EAMC is due to temperaturefrom the Gsterreichischen Bundesministeriumr fissen-
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