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J. Phys: Condens. hiatter 5 (1993) 35-26 .  Printed m the UK 

The pressure-temperature phase diagram of 
{N(CHJ)4)2FeC14 crystals: birefringent, elastic and 
electroacoustic properties 

A V Kityk, V P Soprunyuk and 0 G Vlokh 
Lviv State I Fmnko University, 1 UniversiteUh StreeI, 290602 Lviv, b i n e  

Received 15 April 1992 

AbslracL The influence of the hydrostatic pressure on the temperature dependences 
of the Uluasonic velocities and attenuations, optinl birefringence and electroamustic 
mefficient fGs b studied in the vicinity of the phase Mnsition temperatures of 
(N(M,)&FeUr aystals. The pRssure-lempeIaNre phaw diagram is obtained. ?he 
re~ults are disMscd *thin the fiamwork of phenomenologinl theory. 

1. Intduction 

Tetramethylammonium tetrachloroferrate (WAX-Fe) {N( CH,),},FeCI, belongs to 
the large group of A,BX, crystals with the P-K,SO,-type structure in the high- 
temperature paraelastic (P) phase (space group, Dg). On decrease in the temperature 
these crystals undergo four successive phase transitions (m): to the incommensurate 
(I) phase at = 282 K with the structural modulation wavevector ko = Ea', to the 
commensurate (c) modulated phase at T, = 270.5 K (space group, Di; kq = $a*), 
to the improper ferroelastic (IF) phase at T, = 266.5 K (space group, qh; k, = $a' )  

and, finally, to the proper ferroelastic (PF) phase at T, = 240 K (space group, qh; 
I., = 0) (Mashiyama and Pnisaki 1982). The modulation parameter < in the I phase 
varies from 0.445 at to 0.432 at T, and then jumps to its commensurate value of 
;, which corresponds to the appearance of the c phase. The pressure-temperature 
(P-T) phase diagram in the temperature range 230-300 K and pressure range CL1- 
200 MPa for %=-Fe crystals was previously obtained by dielectric and differential 
thermal analysis (DTA) measurements (Shimizu et al 1980, Gesi 1986). The new 
pressure-induced ferroelectric (F) phase (space group, g; kQ = $,a') was found at  
applied pressures between 20 and 70 MPa. The IF and I phases dsappear at about 
Pk, = 100 MPa and Pk, = 150 hPa, respectively, and the direct PT from the P to 
the PF phase is observed at P > 5,. 

In this paper we report the effect of hydrostatic pressure on the temperature 
behaviour of the acoustic and optical properties in the vicinity of F-TS and triple points 
of m w F e  crystals. The results obtained are discussed within the framework of 
the phenomenological theory. Similar measurements for the isostructural compounds 
'IMATC-231, 'IMATC-CO and mATc-Mn have been performed earlier plokh et al 1989, 
1990a, b, c). 
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2. Experimental procedures 

Single crystals of IMATC-Fe were grown at about 300 K in a nitrogen atmosphere by a 
slow evaporation method from aqueous solution containing stoichiometric proportions 
of N(CH,),CI and FeC12. The single crystals grown were of a good optical quality. 
The crystallographic axes were determined by the x-ray diffraction method. We use 
the next nystallographic orientation: b = Y > a = X > c = Z (b  -U 8 c ;  
a is the peudo-hexagonal axis). The plane parallel specimens have typically a 
4 mm x 4 mm x 5 mm size. 

The temperature dependences of the optical birefringence (A = 632.8 nm) were 
studied by %narmOnth'S method with an accuracy of up to Velocity changes 
of the longitudinal and shear ultrasonic wves (usws) (f = 10 MHz) were measured 
by the pulseecho overlap method (Papadakiz 1967) with an accuracy of the order 
of 10-4-10-s. The accuracy of the absolute velociw determination was about 0.5%. 
The ultrasonic attenuation was determined from the decay rate of echo pulses with 
an accuracy of about 10%. Optical and acoustic investigations under an applied 
hydrostatic pressure have been performed in the ranges from Q1 to 200 MF'a and 
from 250 to 310 K using a high-pressure optical camera with a rate of temperature 
change of about 0.1 K min-'. 

3. menmenta l  results 

'The temperature dependences of the optical birefringence along the c axis of 
"uw-Fe at different pressures are shown in figure 1. At the normal pressure 
(P = 0.1 m a )  the temperature dependence of birefringence changes 6(An,) shows 
a clear anomalous behaviour in the vicinity of the P-I and c-IF PIS. In particular, a 
discontinuity near Tl and a kink in the cuwe at Ti are observed, which corresponds to 
the first- and second-order m, respectively. Near the I-C n, only a weak kink in the 
6(An,) temperature dependence is observed. Under an applied hydrostatic pressure 
the temperatures of the P-I and c-IF PTS shift to the high-temperature region At 
high pressures a strong jump and clear kink in the 6(An,) temperature dependence 
appear in the vicinity of the I-PF and P-PF PIS, respectively. 

The temperature dependences of the longitudinal usw velocity V,(qllc, and El)+ 
where q is the wavevector of the usw and E is its polarization) for TMAX-R aystals 
at different pressures are shown in figure 2 At P = 0.1 Mpa a clear decrease in 
velocity V, in the vicinity of T, and its jump-like increase at T, are observed. The PT 
from P to I phase is also accompanied by anomalous attenuation of this usw (figure 7., 
inset). At high pressures, a sharp decrease in V, appears in the regions of the IF-PF, 

The temperature behaviour of the shear usw velocity V4(qllc and Ella) (figure 3) 
at atmospheric pressure is similar to the corresponding behaviour for ?uA'rc-Zn and 
TMATC-CO (Vlokh ef ai 1989, 199Ob). On decrease in the temperature the velocity 
of this USW in the I phase Iirstly increases slightly and then essentially decreases. 
A kink in the V,(T) curve at T, and a discontinuity in V, near T, occur in the 
region of the I - C  and c-IF PIS, respectively. A decrease in the USW velocity V, in 
the I phase k accompanied by an attenuation increase (figure 3, inset (a)) .  Under 
an applied hydrostatic pressure the temperature changes in the usw velocity and 
attenuation in the I phase become sharper. At high pressures the 5-PF and I-PF 

I-PF and P-PF PTS. 
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Fqm t The Iemperarure dependence of the optical birefringence of %'-Fe cq3lals 
at different p m u r u  P: curve l, a1 MPa; cum 2, 50 MPa; c u m  3, 80 MPa; curve 
4, U0 ma; cum 5, I50 m a .  lbe Fr temperatures indicated in this and sukquenl  
figures can be undenlwd bj reference to the P-T phare diagram (figure 7)- 

m are accompanied by jumps in the value of V,. At P > 150 MPa, only one kink 
in the V,(T) dependence occurs in the vicinity of the P-PF PT. Using the V,(T) 
dependences obtained at law pressures (figure 4). the region of existence of the C 
phase in the P-T phase diagram was determined. Under an applied hydrostatic 
pressure this phase disappears at the critical point (5, = 10 Mpa; Tk2 = 27'3.5 K )  
(see figure 7). 

Figure 5 shows the temperature dependences of the usw velocity Vs(qlla and 
Ellb) and anomalous attenuation Aa, at different pressures. In the P phase the 
velocity V, is a h "  not changed on decrease in the temperature, but in the I 
phase a sharp decrease appears. A strong usw attenuation complicates the acoustic 
investigation in the C phase. Near the C-IF, IFPF and I-FT PIS similar jump-like 
increases in V, are observed. At P > Pk,, only a kink in the &(T) dependence 
occu~s in the region of the P-PF PT. The anomalous attenuation Am6 at P = 0.1 MPa 
appears below and increases on decrease in the temperature (figure 5, inset). 
Under an applied hydrostatic pressure the anomaly in Aa6(T) for the I phase is 
gradually damped. 

The temperature dependences of the shear usw velocity &(qlla and Ellc) of 
wTc-Fe crystals possess an anomalous temperature behaviour in the regions of 
almost all m (figure 6). The temperature changes in V, and Aa, in the P and 
I phases become sharper under an applied hydrostatic pressure. The latter is very 
clearly observed at pressures close to Pk,, where the anomalous decrease in V, 
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hydmtatic pmsures p: curve 1.0.1 MPa; a w e  Z 80 MPa; w m  3, 120 ma; curve 
*re 2 The temperature dependen- d the longitudinal USW velocity V, at different 

4, 150 MPa. The inset shows the Ierapenture dependences cf the velocily Vs and 
attenuation Aas io Ihe ~ c i n i t y  d the PI PT. 

and increase in Am5 OCCUT in the region of the PT temperatures T(P < Pk,) and 

The P-T phase diagram obtained from the acoustic and optical measurements 
(figure 7) is in good agreement with the data on dielectric and DTA measurements 
(Shimizu et ul 1980). The region of existence of the F phase in the P-T phase 
diagram was determined using the results of a linear electmcoustic effect (LEAE) 
investigation. Figure 8 shows the temperature dependences of the LEAE effective 
coefficient f& = fBB3/2C,, = Ab/%& (C,, = C, is the elastic modulus 
and E3 the applied electnc field) at different pressures. Appreciable changes in the 
usw velocity V, under an applied electric field along the c axis are observed at 
pressures between 15 and 75 Mpa, where the F phase appears. 

> Pk,). 

4. Discussiou 

The explanation of the anomalous temperature dependences of the optical 
birefringence at the PT to the I phase is straightforward. ~IloWing phenomenological 
Landau theory, the anomalous changes in the optical birefringence below Ti are 
proportional to the quare of the order parameter amplitude Q. Gonac 1979): 

&(An,) - Qf - (Ti - T)'@ (1) 
where p is the critical exponent. The experimental dependences of &(An,(T)) in 
the region of the P-I PT are in good agreement with (1). At P = 0.1 MPa the mtical 
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Pigum 3. ?he temperature dependence of the shear ~ 6 w  velccify V, at different 
hydmstatic pressures P w w e  1, 0.1 MPa; m e  2, 50 ma; wwe 3, 80 MPa; m e  
4, 120 MPa; m m  5, IS0 MPa; a w e  6, 168 MPa. Inset (a) shows the temperature 
dependence of the anomalous attenuation A q  at different hydmrtatic pmsures P: 
WUM 1, 0.1 MPa; m e  2, 1W MPa. Inset (b) shows the temperature dependence of 
the non-Goldstone phascn relaxation time rw (P = 0.1 m a ) .  

exponent 0 is equal to 0.35 & 0.02 which is close to the value obtained from x-ray 
measurement (p Y 0.36) (Mashiyama and Bnisaki 1982). 

The temperature changes in the optical birefringence in the high-pressure region 
near the PT temperatures T; and To may be explained in a similar way when we 
consider that Q .  -t Qo, where Qu is the order parameter of the PF phase. 

In the framework of phenomenological Landau theory the anomalous behaviours 
of the usw velocity and attenuation in the region of PIs are commonly explained 
on the basis of a free-energy expansion with the coupling terms, which correspond 
to anharmonic interactions between the strains V I X 6  and the order parameter. It 
is convenient to use as order parameter the normal phonon coordinate Qk which 
belongs to the irreducible representation C, of the space group symmetry of the 
high-temperature P phase. According to Mashiyama (1980) the free energy can be 
written as 

F = FQ + F Q , ~  

F ~ = w i Q * , Q k t  ~ B ( Q ; Q , ) 2 + 4 C ( Q * , Q b ) 3 + . . .  

FQ,U = z a i Q ; Q k u ; +  ~zbiQ;QkU;Z+P"QuUs+Ps(Q:,s+ Q$s)us (2) 
3 6 

i = l  i d  
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4 llu V, temperature dependences m the region d aistenoe of the c phase at 
dXirent hydrostatic pressures P: curve I, 0.1 ma; curve 212 MPq mrve 3 , 5 5  MPa; 
curye 4, 7.5 Ma; cume 5, 10 MPa. Ihe region of the c phase is marked by a m ? .  

where w: = A,(T - T i )  + h(k,  - k)z is the soft-mode bequency squared, 
K‘ = a* - Zk,, K” = a* - 3ku, and Qko, Q317, QZl5, QIl3 and Qu are the nonnal- 
mode coordinates in the I, c, F, IF and PF phases, respectively. In the following 
only the lowest-order terms (n = 2, 3 and 4) are considered. As has been shown 
by Dvorak and Esayan (1982) and Lemanov and Esayan (1987), for the wavevector 
q < K’( K ” )  of the usw the last two terms in (2) may be winen as 

P;Qi,Rko+qU6(q) P ; Q : , Q e - 2 k o + q U 4 ( q )  (3) 

where and QIa-2hotq are the changes in the upper-mode and second-harmonic 
modulation normal-mode coordinates under the action of the V, and V4 USWs, 
respectively. Using the normal-mode coordinates of the soft-mode amplitudon and 
phason (Dvorak and Petzelt 1978) it is possible to express the changes in the complex 
elastic modulus in the I phase (see, e.g., Rehwald et ul (1980) and Lemanov and 
Bayan (1987)) as 
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Rgum 5. ?he temperature dependen- of fhe shear USW Mlociiy v6 at different 
hydmstatic presures P. awe 1, 0.1 MPa; m e  2, 50 MPa; curve 3, 80 ma; a w e  
4, lu) MPa; a w e  5, l50 Mpa; a w e  6, 168 MPa. The inset shows thrtemperafm 
dependences of the anomalous attenuation Acr6 at diEerenr h j ” a t i c  pressures P 
awe l, 0.1 MPa; a w e  Z 50 MPa; a w e  3, 80 MPa; m e  4, 120 m a .  

where = qV is the usw frequency, w i ( q )  = 2Au(q - T) + hq2 and ~ ~ ( q )  
are the amplitudon frequency and relaxation time, respectively, w$( K“) = h K”z = 
h[(3( - 1)a*I2 and TJK”) are the non-Goldstone phason frequency and relaxation 
time, respectively, and wR(ku) and ~ ~ ( l c g )  are the upper-mode frequency and 
relaxation time, respectively. Using the well known relations between changes in 
the complex elastic modulus AC;;, ultrasonic velocities AY and attenuations Anj 
given by 

AK/K = Re(ACr’j)/2Cjj Ani = OIm(AC;j)/2Cii (5) 

we obtain, for changes in the longitudinal and shear usw velocities AV and 
attenuations An;, 

AV, = (1/2pV,)[b3Qf - 2a:Q:/~i(l+ nzTi)] 
An, = (l/p~2)[a:Q~nZr,/w:(1 + 0272)] 
A& = (1/2~&)[b4QI - P;2Q:/h$(1 + n27;)l 

(Q) 

(66) 

(74 
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ngnm 6 The temperature dependence of Be shear usw velocity Vs at different 
hydmstatic prenures P: curve 1, 0.1 Mpa; NW 2, 50 MPa; a w e  3, FA MPa; curve 
4, lu) MPa; "e 5, EO MPa; "e 6, 168 MPa. The inset shows the Mperature 
dependences ai the anomalous attenuation Aos at different hydmstatic pressures P: 
NIW l, FA MPa; awe 2, 120 MPa; m m  3, 1.50 M a ;  w e  4, 168 MPa. 

A& = (1/2~&)[b,Qf -2P;zQZ/~g(1+ QZ$)] 

An6 = ( l / p & z ) [ P ~ z Q ~ n 2 ~ ~ / ~ ~ ( I  + nz4)] 
(94 

P) 
where p is the crystal density. In Fa) and pb) ,  only the non-Goldstone phason 
contribution is considered since, according to Volkov a al (1980), w,, > wy.  

It follows from (6a) that the value of the velocity V, should exhibit a sudden 
decrease at T = Ti, which is caused by the interaction between UsWs and 
amplitudons. This is observed experimentally (figure 2). Using the experimental 
values of the negative velocity jump and anomalous attenuation, one can determine 
the amplitudon relaxation time. From the analysis of the experimental results it 
follows that T~ = T*/(T - T), where 7' = 1 x s K. The changes in V, in the 
I phase are caused by the first term in (6a). In this way the temperamre behaviour 
of V, in the vicinity of the PT temperatures T; and To at high pressures can be 
explained if we consider that Qk + Qo, A, -+ Ab, B -+ B', b3 + b; and a3 + a;. 
The coupling coefficients of the free-energy expansion calculated from experimental 
data are presented in table 1. 

The temperature changes in the shear usw velocities near the P-I PT are mainly 
caused by the first terms in (7u), (8) and (Sa), which lead to the quadratic dependences 
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Figure 7. The P-T diagram of TMATcFe ay" region 6, P ehase; region i, I phasq 
region 2, C phase; region 3. F phase; region 4, IF phase; region 5, PF phase. In the inset 
a more detailed Gphase region of the P-T diagram is shown. 
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Figure 8. The temperature dependen- of the LEAE effective mfficient fZ3 at different 
hydrostatic pressures P curve 1, 20 m a ;  cum 2, 25 Mpa; a w e  3, 35 M a ;  cuwe 4, 
45 m a ;  cume 5, 55 MPa; curve 6. 65 m a :  curve 5 75 MPa. m e  shaded part in the 
P-T plane mrresponds to the region of the P phase. 

of AV (i = 4-5) on the amplitude of the order parameter. Consequently, kinks in 
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%bk L Caupling mcBcients of Ihe fm-energy expansion. 

p WP4 
a:/B(l@ J m-)) 
"FIB' (le I m-)) 
b,Ao/B (10' J m-, K-I) 
b;A;/B' (lo' J m-) K-') 
b4Ao/B (UI' J m-) K-I) 
b:A;/B' (lo' J m-) K-l) 

baAo/B (IO' J m4 K-') 

@;*A$/B% (1021 J KZ) 
@,'/A; (lo9 J K IQ-)) 

bSA@/B (lo' J K-I 1 

b;A;/B' (lo' J m-) K-' 1 

ai 80 
1.65 1.79 

7.9 6.9 

5.02 - 

1.04 3.1 
-9.9 -7.1 

4.89 - 

- - 
- - 
- - 

- - 
- - 1.15 

V;(T) are observed at T = q. From the experimental data it follows that b4 > 0, 
b5 > 0 and b, < 0 (table 1). 

The strong decrease in V, and increase in A q  with decreasing temperature are 
caused by the non-Goldstone phason contribution. This is due to the faster increase 
in Q$/w; (at E + 4, wv -t 0) compared with Qf. In contrast with l?.UTC-hh 
(Tlokh et al 199%) its infiuence on the elastic properties of IMATC-F~ appears even 
at atmospheric pressure, similarly to IMATC-CO and IMATC-ZIL (vlokh er al 1989, 
199ob) aystals. We attribute this behaviour to the essentially lower-frequency value 
of the non-Goldstone phason mode, as the minimum of the soft mode of TMATc-Fe at 
P = 0.1 MPa is shifted to the k = $U' point, opposite to mTc-Mn.  ?he numerical 
calculation of the V,(T) dependence in the I phase (figure 3, dotted line) favours 
this conclusion, when taking into account the values of the corresponding expansion 
coefficients (table 1) and experimental data (Mashiyama and Bnisaki 1982). Using the 
velocity-temperature and attenuation-temperatre dependences in the I phase and 
the relations (7a) and (7b) it is possible to determine the phason relaxation time. The 
temperature dependence of T~ is shown in figure 3, inset (b). Comparable calculations 
for high pressures have not been camed out since experimental data are not available. 
Simultaneously, under an applied hydrostatic pressure the negative contribution to the 
changes in AV, increases (figure 3), which indicates the strengthening of the non- 
Goldstone phason influence on the elastic properties. This behaviour is common for 
IMATC-Zn, TMATC-CO and m r - M n  crystals (Vlokh et al 1989, lm, b, c). 

The temperature behaviour of the usw velocity V, in the I phase of TMATC- 
Fe at low pressures cannot be completely explained by the consideration of only 
the first term in e). The strong changes in thii velocity are accompanied by the 
usw attenuation, whereas the coupling term b6QkQ;Ui does not induce anomalous 
attenuation, if we do not consider the order parameter fluctuation. Moreover, 
A& -- (Ti  -T)*P, where p N 0.58 essentially exceeds the critical exponent, obtained 
from optical birefringence and x-ray measurements (Mashiyama and Bnisaki 1982). 
Therefore the unusual temperature behaviour of the usw velocity V, and attenuation 
Aa,  in the low-pressure region may be explained correctly if we take into account 
the interaction between the usws and the upper mode. The numerical calculation 
of the upper-mode contribution to the elastic properties is rather tedious, since it 
is difficult to estimate the temperature dependence of wR. With increasing pressure 
the ]c,-value of the soft-mode condensation shifa f" the Brillouin zone boundary 
to lower values and the frequency of wR increases. The latter is accompanied by 
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the damping of the upper-mode contribution to the changes in usw attenuation and 
velocity in the I phase, which are in agreement with experimental data. 

Let us discuss the temperature changes in the usw velocity V, and attenuation 
Am,. In the free-energy expamion (2) the two coupling terms may explain the 
anomalous behaviours of V,(T) and Aa,(T). At low pressures, when the PT 
temperature to the PF phase iS h r  kom the I phase, the ~ M h m  in A.V,(T) 
and Aa,(T) can be explained by (8). considering the b s Q s Q ; q  coupling. In this 
case the V,( T) temperature dependence shows a kink at T = 4 and an anomalous 
attenuation is absent The typical changes in the V, temperature dependences at high 
pressures are caused by a significant increase in the role d the PoQoU, coupling 
term. Elastic softening clearly appears in the region of the direct PT from the P to 
the PF phase, where the changes in V, are described by a auieweiss law 

(1/2PV,)[P3/Ab(T - Tu)] (1W T > To { ( ~ / ~ P V , ) [ P ; / ~ A ~ ( T O  - 771 T < To 
AV, = 

and the anomalous attenuation by 

Aa, = (lob) 
( ~ / ~ P V , ~ ) [ P W ~ O / ( ~ +  QZ$)l[l/Ab(T - To11 { ( 1 / 2 ~ V , ~ ) [ P $ 2 ~ ~ o / ( 1 +  fi2$)1[1/2A;(To - TI1 

T > To 
T < To 

where T~ is the soft-mode relaxation time in the PF phase. The temperature 
dependences of V, and Aa, observed near To (figure 6) suggest the existence of 
the P-PF PT. The corresponding coupling coefficients in the free-energy expansion 
determined kom the equation ( l h )  and experimental data (figure 6) are given in 
table 1. 

The LEAE coefficienis represent the components of the polar five-rank tensor. The 
P and IF phases both possess a centre of symmetry and consequently all f i j k r m  E 0. 
The LEAE is also not observed in the I phase, which indicates that the I phase is 
macroscopically cenmsymmetrical. An analogous conclusion is obtained from the 
elecao+ptic (Vlokh et al 1984), optical second-harmonic generation (Sanctuary et 
al 1985, Esayan et al 1987) and optical activity (Wokh et al 1985) measurements in 
similar I systems. The loss of the centre of symmetry in the F phase is accompanied 
by the appearance of the LE.& (figure 8). In this case the changes A& in LE.& 
coefficient near the M PT (T = Tf) may be written in a form similar to that used by 
Agishev et al (1979): 

Af& = ( I /zc , ) { la(Ac, ' ) /aT(a~/a~~)  + [a(ACE)/a~l(aq/aEdl (11) 
where ACZ. and ACZ are the AC, changes caused by the contribution of the 
order parameter amplitude &. and phase q, respectively. In the framework of such 
considerations the anomalous behaviour of fU3(T)  can be related to the shift in the 
FI rr temperature and change in phase 'p under the applied electric field. A more 
detailed phenomenological analysis of (11) will be discussed in the future. 
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