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ULTRASONIC INVESTIGATION OF FERROELECTRIC

TRIGLYCINE SULPHATE AND DEUTERATED
TRIGLYCINE SULPHATE*

IVAN L. BAJAK,**Zilina, BOHUSLAV BREZINA,*** Praha

Ferroelectric single crystal solutions of Triglycine Sulphate (TGS) and Deuterated
Triglycine Sulphate (DTGS) have been investigated by means of ultrasonic waves.

It has been shown that the relaxation time constant for the relaxation of a long range
order to equilibrium in a TGS—DTGS crystal solution linearly increases with the
increase of the average molecular mass of the investigated crystal.

It has also been shown that a phonon-polarization coupling constant decreases with
the increasing Curie temperature of the crystal.

The presented experimental results are within the error of measurements in a good
agreement with the theoretical formulae obtained for a model of uniaxial ferroelectrics
that contains polar molecules with a temperature independent electric dipole. Qur
experimental results are also in a very good qualitative agreement with the experimental
results obtained previously for isomorphous crystals of TGSe, TGS, and TGFBe.,

HMCCIEJOBAHME CETHETOJNEKTPHYECTBA OBbIMMHOT O
H XEATEPUPOBAHHOTO CYIb®ATORB TPHTTTHIIAHA
C NOMOMBI0 YIABTPA3BYKA

B paGoTe npuBepeHsI pe3ynbTaThl UcCEnOBaHMI CErHETO3NEKTPHYECKOTO pacTBopa
MOHOKPHCTaIOB OGBIMHOTO M JeATePUPOBAHHOTO CyRbhatos Tpurnunmna. [Tokasaso,
“TO NOCTOSIHHASA BPEMEHH PENaKCALMH [Jsl PENAKCALMH OT JANbHETO ROPSANKA K PaBHOBe-
CHIO B YNIOMSAHYTBIX PACTBOPAX KPHCTAILIOB HMHEHHO YBETMIMBALTCH ¢ POCTOM cpefiHero
MONICKYNAPHOTO Beca Mcciefyemoro Kpuctamna. Moxasano TaKXe, YTO MOCTOSAHHAA
POHOH-NONAPH3ALMOHHON CBSIIN YMEHBLIAETCS C yMeHbIIEHNeM Touku Kiopy kpucran-
na. [Tonydyennsie akcnepuMeHTanbHbIC PE3YALTATHL B NPEAENax OUIHOOK M3MEPEHHI
HAXOMATCA B XOPOLIEM COMNACUH C TEOPETHYECKUMH OpMynaMH, MONYYEHHBIMMU
B MOJIC/IH ORHOOCHOTO CETHETOINEKTPHUKA, CONCPXKAIIETO NONAPHBIE MOJIEKYbI, KOTO-
poie 00NAAAK0T INEKTPHIECKUM NUNONbHBIM MOMEHTOM, HE 3aBUCALHM OT TeMnepaTy-
pel. Ipuseneunbie akcnepuMenTANbHBIC PE3yNbTAaThl HAXORATCA TAaKXKEe B XOpOLLIEM
COTAACKH C SKCIEPUMEHTANLHBIMU JAHHBLIMH, TONYYEHHBIMHU paHbllte A8 U3OMOPGHBIX
KPHCTANNOB COtEd TPUTIIMUMHA CENEHOBOI, CEPHO# U PTOPBEPHATHEROI KUCIOT.
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L INTRODUCTION

The present paper will be dealing with the ultrasonic investigation of a single
crystal solution of Triglycine Sulphate (TGS) and Deuterated Triglycine Sulphate
(DTGS).

Pure TGS is a ferroelectric crystal that exhibits a second order Aoaaaln&moaoé
phase transition at the Curie temperature @, =322.76 K and its chemical formula
is as follows:

(NH3 CH.COO™)(NH; CH,COOH),502", (1)

amino and carboxyl radicals and the ionized sulphur acid, which can be exchanged
with deuterium by recrystallization of TGS dissolved in D,O. Thus DTGS having

(ND;CH,COO™)(ND; CH,COOD )2S0.~ 2)

will be understood as a 1009 deuterated TGS.

TGS and DTGS crystals are isomorphous. They have identical chemical bonds
and the same structure of the lattice. The only difference between crystals with
different concentrations of deuterium is the difference in the mass of some points in
the crystal lattice. From this point of view the investigation of TGS—DTGS crystal
solutions can bring unique information useful in the elucidating of microscopic
properties of ferroelectric materials.

II. EXPERIMENTAL PROCEDURE AND RESULTS

We have been investigating crystal solid solutions of TGS—DTGS with concen-
trations 0%, 69.5%, and 88.1 %, where the concentration is understood as the
ratio i

n=N®/N, 3)

where N is the number of moles of the 100 % deuterated component and N is
the total number of moles of the binary system TGS—DTGS. We had one sample
with n = 69.5% and another withn =88.1% only. The samples were prepared by
the procedure described in [2]. They were cut in planes perpendicular to the X, Y,
and Z directions so that their dimensions L., L,, and L, were about 1.2 cm. The
samples were optically polished so that their Z-surfaces were flat and parallel.
The crystals were investigated by quasi-longitudinal ultrasonic waves propaga-
ting the Z-direction and having a frequency in the range 10 MHz—200 MHz.
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First we measured room temperature values of velocity and attenuation accura-
tely and then we measured the relative change of velocity and attenuation with
a change of temperature.

The room temperature value of quasi-longitudinal ultrasonic waves propagating
in the Z-direction of a single crystal of a TGS—DTGS solid solution does not
depend on concentration and is (4.07£0.1)x 10’ ms™". The error 2.5 % in velocity
measurement can be considered as very high since it can be measured with a much
higher accuracy also in our laboratory. The error in this case was estimated from

accuracy of 2.5 %. It means that the parabolic part of the potential energy of ions in
the crystal lattice of TGS—DTGS within the observed accuracy is not affected by
concentration.

A slight decrease of velocity with the temperature increasing to the Curie point
O, was observed. Then the Curie temperature velocity increases rapidly from the
value v,, to the value v,.. Using these values the attenuation constant

2 2
P)_VUno = Uyug
A= @

was calculated. The attenuation constant AY can be also calculated using the
temperature dependence of the ultrasonic attenuation coefficient a”, which
€xpresses the exponential decrease of wave energy per unit length due to its
scattering through the interaction with polarization. The attenuation coefficient can
be written as [3—11]:

Py _ 4Py __WO'T

a, =A¢ Tra5? )
where

70 =b0,(On — ©) ' (6)

and b, is the relaxation time constant, 6,. is the Curie temperature, @ is
temperature, @ is the angular frequency of the ultrasonic wave, and the index »
denotes the concentration of the sample.

The maximum value of a occurs at a temperature for which 7, =« ™' and it is

[ max= AP0 /2. (7

Analyzing relation (5) we can show that in the temperature region where
0T, <1, o depends linearly on the squared frequency. Fig. 1 shows the depen-
dence of the ultrasonic attenuation coefficient on the squared frequency for
quasi-longitudinal ultrasonic waves propagating in the Z-direction of TGS—DTGS
crystal solutions at room temperature.
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Analyzing the e€xperimental results presented in Fig. | and then the results
obtained from the investigation of the temperature dependence of attenuation, it
was shown that the total attenuation coefficient can be expressed as

(¢p] Aa) P)
a. =a+al?, 8)

P _
where o represents losses due to polarization and o represents “other” losses.
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Fig. 1. Squared frequency dependence of the attenuation coefficient of quasi-longitudinal ultrasonic
waves propagating in the Z-direction of a single crystal solution of TGS—DTGS

The room temperature value of o is negligibly small in comparison with g*’,
Thus Fig. 1 shows a®, which in this case represents losses due to the Akiezer
mechanism {4]. It can be seen from Fig. 1 that ¢ is given as

QM>VH>M>v\Nu on

where AL is constant and f is the frequency of the ultrasonic wave.

The results of our experiments are summarized in Table 1.

Analyzing the results in Table 1 we can see that there is a large discrepancy
between the values A’ calculated using relation (4) and A" calculated using the
data on [a{"],... Thus we have two different values A’ which can be used in the
calculation of b, from the product of A, which is experimentally determined
from the temperature dependence of a® in the region where wr, < 1. Using AL
estimated from [0 Nmax We get for n=0%, by=2.4x10""° Ks and using A"
estimated from the measurement of the velocity dispersion. we get bo=
0.7x 107" Ks. These two values can be compared with the €xperimental values of
AS”, bo, and A b, published previously by various authors, Table 2 shows these

values and one can see that the values b, referred to by various authors are
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Table 1
n AP Uno Wi.—v.,)2vi. 200 7@ | max .M»M__M.‘wa”
[%] Zc;z...:l%_ [10° ms™' [10°m™" 5] {10°m™ 5] [10" m™' s* K]
0.05 12+2
21 3.92 16+2 5 *
OWM 16 3.8 g8+1 2.2+0.04 1615
mm.~ 125 3.776 5+1 1.5+0.03 1315

Constant A’=a*,f~*; ultrasonic wave phase velocity v,, in the low mnoncozmw, limit ; man._m:o_M
n n

constant (v2. — v1,)/2v} = attenuation constant 207" {@ ] max; and the _.uqcn_c.ﬁ >... b, as a mcqo:o: ol

concentration n in TGS—DTGS crystal solutions obtained using quasi-longitudinal ultrasonic waves

propagating in the Z-direction of the investigated sample.

Table 2
9 s o ASbo REFERENCE
oc 0

METHODS Kl  [100°K] [107m™s] [10"m K]
BRILLOUIN 32266 037 - — 1
SCATTERING — 0.29 — = 3
ULTRASONIC 32225 2.5 215 4 ;
METHODS — 04 870 350 ‘

32276 — — 165 o
DIELECTRIC 32231 055 — - 14
METHODS — 0.73 - =

& (]
Data on the Curie temperature ©,_, the relaxation time constant by, the attenuation constant A, and
the product A§"b, reported for a single crystal of TGS by various authors.

scattered from 0.3 to 2.3x 107 Ks. The values bo=(0.3+0.1)x 107" w.msma
estimated using the Brillouin scattering, while the values b= (0.6+0.2)x chs Ks
were obtained using dielectric or ultrasonic methods. The value N.vax E WM )
referred to in [3] is in agreement with our calculation where Mzo use Ag Om:_-ﬂ:mﬁwﬁ
from [ag Jmsx- These values were evaluated :ﬂ:.m :6. experimental am‘S ~” m%on
temperatures for which @,. 20 >0,. — 1 K. It is quite Eocme_n. that in Hao Rv“
close vicinity of the Curie point the attenuation of ultrasonic waves ue
a relaxation of a long range order to equilibrium is nov_»om&. by a mcnncmzwm
mechanism [18] and therefore experimental data taken from this .5822 ouzawzd
used in the evaluation of AY’ and b, in the ﬁm:amclwrm_m::_ng :_w.oQ [17].
The relaxation time constant b, measured by the Brillouin mnm:mza.m differs ?ona
that measured by dielectric or ultrasonic methods. This difference might be due to
ndence of the relaxation time on frequency. . )
H:M,MMMM__ our calculations the constant AY estimated from :“M a_mqum_o:N WH
velocity was used. Table 3 presents experimental results for b,, A" = Ac.‘_s l~cﬂmn
/20, the Curie temperature 6,., and the average molecular weight in ato
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Table 3

n e, M, b, AR
[%] K] [amu) [107"° Ks5] (107 m™" ]
0 322.76 323 0.7+0.2 16+3
69.5 329.66 330.6 2 *04 8+15
88.1 332.66 3326 26+0.5 5+1

Our experimental values of the Curie temperature @,_, the average molecular mass M, , the relaxation

time constant b, , and the attenuation constant A " obtained when TGS—DTGS single crystal solutions

have been investigated by quasi-longitudinal uitrasonic waves propagating in the Z-direction of the
investigated sample.

mass units, obtained when TGS—DTGS crystal solutions were investigated using
quasi-longitudinal ultrasonic waves propagating in the Z-direction of the samples
having concentrations 0%, 69.6 %, and 88.1%.

Results in Table 3 show that the relaxation time constant b, is directly
proportional to the average molecular weight M,, while A decreases Wwith the
increasing Curie temperature of the investigated crystal. These dependences are
graphically demonstrated in Fig. 2 and Fig. 3. A pronounced change of the

relaxation time constant and attenuation constant with the change of the average

mass of the molecule of the crystal can be described using a simple model- of
uniaxial ferroelectrics having an order-disorder phase transition. In the following

section a discussion of the model [10] and its applicability to our experimental
results will be presented.
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Fig. 2. Dependence of the relaxation time constant for the relaxation of a long range order to
equilibrium on the average molecular mass of a single crystal solution of TGS—DTGS
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: 0. THEORETICAL DISCUSSION

A uniaxial ferroelectric crystal that exhibits an order—disorder phase transition
can be described using a model based on the following assumptions [10], [16]:
— A ferroelectric material contains polar molecules having a temperature indepen-

dent permanent dipole p.

— Spontaneous polarization in the material occurs through the alignment of the
dipoles in some appropriate direction, which at zero K is the direction of the
ferroelectric axis. .

— At temperatures higher than zero K dipoles may be oriented in two opposite
directions and the long-range order parameter can be expressed as
L =(u, —u.)/pt, where u, is the concentration of dipoles parallel to the
ferroelectric axis, y, is the concentration of dipoles antiparallel to the ferroelec-
tric axis, while y is the total concentration of the dipoles [16].

— The positive part of the dipole has the effective mass M, while its negative part
has the effective mass M™.

— The ultrasonic wave does not change the value of the permanent dipole of the
molecule ; however, it excites rotational vibrations of the molecules arround an
axis perpendicular to the ferroelectric one. .
Employing these assumptions it can be shown [10] that the ultrasonic attenuation

of ultrasonic waves, polarized perpendicularly to the ferroelectric axis of the

considered model can be written as

u +\|N l— u
:Jlt% g\ga M_ LG 10)
a = - _HH+AE+§+.|E.|QIMN ~+8Nﬂn* A
where

T=BIM @)Y+ M (a7 )|6.-0)", 1)

while R and § are temperature independent constants, v is the ultrasonic wave
phase velocity, a* and a~ are the distances of the mass centre of the positive and
the negative part of the polar molecule from the axis of rotation, respectively,
a=a"+a", and u is the concentration of polar molecules in the crystal.

We can see according to relation (11) that the relaxation time is a linear function
of the momentum of inertia of the polar molecule calculated with respect to the mx.mm
of rotation. This is in very good agreement with the experimental results mroinu:_
Fig. 2, provided that the distances a * and ¢~ do not change with the change of M .

The phonon-polarization coupling constant in our case is represented by
A®vyu™" It can be phenomenologically shown [10] that crystals with a higher value
of the coupling constant have a lower transition temperature and vice versa.

This conclusion is quite reasonable, since in crystals with a higher.value of the
phono-polarization coupling thermal vibration of a lower energy are necessary to
destroy spontaneous polarization, while in crystals with a low value of the
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phonon-polarization coupling spontaneous polarization can be cancelied only
through thermal vibration of a high energy.

zmm:&:m that the mass density of a TGS—DTGS crystal solution depends on the
concentration n as g, = (1 + yn), where go=1680 kg m™ and y=762%X107% we
can show that the concentration of polar molecules u does not change remarkably
with n and therefore the results in Fig. 3 demonstrate qualitatively a decrease of
the coupling constant with the Curie temperature.
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Fig. 3. Dependence of the coupling constant A" on the Curie temperature of a single crystal solution of
TGS—DTGS

IV. CONCLUSIONS

We can draw the following conclusions from our experimental results:

1) The relaxation time of a long range order to equilibrium in the order-disorder
type crystals is proportional to the average of the effective momentum of inertia of
the polar molecules contained in the crystal.

2) The phonon-polarization coupling constant decreases with the increasing
Curie temperature of the crystal.

3) The relative distance of the mass centre of the positive part and the negative
part of the polar molecule from its rotational axis in TGS—DTGS erystals do not
change with the change of the effective mass M.

4) Our experimental results have been estimated with accuracy of 20 % and
within this error they do agree with theoretical conclusions.

5) Our conclusions should be applicable not only to TGS—DTGS crystals but
also to all isomorphous crystals of TGS-type. In order to prove it we use data
reported for TGSe, TGS, and TGFBe crystals in paper [4].
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Fig. 4 shows the dependence of the relaxation time constant on molecular weight
and Fig. 5 shows the dependence of the phonon-polarization coupling A “vu ™" on
the Curie temperature for TGFBe, TGS, and TGSe isomorphous crystals. Results
presented in Figs. 4 and 5 are in agreement with our conclusions. The results
obtained in [4] have not been discussed with respect to relations {10) and (11), and
they do inspire confidence in our conclusions.

RELAXATION TIME CONSTANT [®s]

Fig.

T

=

n

)

RELATIVE VALUE OF Auj

&

r_\d,

A i i 1 1 i L 1 i 1 i 1
300 390 320 330 340 350 360 370 290 00 E14) 20 330 340

MOLECULAR WEIGHT [amud] CURIE TEMPERATURE [K]

4. Dependence of the relaxation time con- Fig. 5. Dependence of the relative value of the

stant for the relaxation of long range order to coupling constant on the Curie temperature in

equilibrium on the molecular mass of isomorp-

(1
[2]
31
(4]

[5]
(6]
{7]
(8]
191
(10]
{11]
[12]

[oowmy

isomorphous crystals of the TGS-type
hous crystals of the TGS-type

REFERENCES

Parkerson, C. R.: NOLC Technical Memo, 42 (1960), 42.

Bfezina, B, Smutny, F.: Czech. J. Phys. B 18 (1968), 393.

O’Brien, E. J, Litovitz, T. A.: J. Appl. Phys. 35 (1964), 180.

Minaeva, K. A, Levanyuk, A. P., Strukov, B. A, Kopcik, V. A.: Fiz. Tverd. Tela 9 (1967),
1220.

Minaeva, K. A, Stryukov, B. A., Varnsdorff, K.: Soviet. Phys. Cryst. 10 (1969), 1665.
Bajak, I L.: Fyz. as. SAV 2 (1971), 90.

Beerman, H. P, Ferroelectrics 8 (1974), 653.

Kay, M. L, Kieinberg, R.: Ferroelectrics 5 (1973), 45.

Kay, M. L: Ferroelectrics 17 (1977), 415.

Bajak, I. L’.: to be published.

Landay, L. D.: Z. exp. Teor. Fiz. 7 (1937), 19.

Luspin, Y., Hauret, G.: Ferroelectrics 15 (1977), 43.

85



{13] Gammon, R. W., Cummins, Z.. Phys. Rev. Lett. 17 (1966), 193.

[14] Luther, G.: Phys. Stat. Sol. 2¢ (1973), 227.

{15] Hill, R. M., Ichiki, S. K.: Phys. Rev. 132 {1963), 1603.

[16] Burfoor, J. C.- Ferroelectrics. D. van Nostrand Company, LTD. London 1967.
[17] Rehwald, w.- Advances in Phys. 22 (1973), 721.

[18] Nattermann, Th.: Phys. Stat. Sol. B 85 (1978), 291.

Received December 12*, 1978

86

i




