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ABSTRACT. The dielectric constant and both D.C. and A.C. electrical conductivity
for pure and doped single crystals of TGS are investigated in the temperature range
300-450°K. The influence of the divalent ions; Ni**, Cu?*, and Co?* and the
trivalent ions; Cr'*, and Fe** on electrical conduction, transition behaviour,
transition temperature and dielectric properties in ferro- and paraelectric phases is
studied. The difference between the effect of the two groups is more pronounced in
the D.C. conduction. The A.C. technique is here proposed to give a clearer picture
in the ferroelectric phase. A pretiminary trial to study the effect of the pressure on
the A.C. conductance is also mentioned.

Dielectric and electrical conductivity properties of triglycine sulphate (TGS)
crystals are of great interest both academically and for practical applications.

The dielectric properties of such crystals have been dealt with by many authors
(Hoshino et al. 1957, Konstantinova et al. 1959, Nishioka and Takeuchi 1959,
Kamysheva et al. 1965, Stankowska and Stankowski 1960, Stankowska 1967,
Stankowska et al. 1976, Sonin and Gladkiy 1960, Tsedrik et al. 1976 and Toyoda et
al. 1961). The measurements have been carried out under frequencies ranging from
one thousand to several mega Hertz. The diversity of the results obtained leaves
much to be studied. As a possible source of such divergences, Sonin and Gladkiy
(1960) — studying the effect of thickness on the spontaneous polarization-found the
dielectric parameters to vary with the thickness of the plates, pointing to surface
layers being polarized perpendicular to the polarization direction in the bulk of the
crystal. Stankowska and Stankowski (1960) suggested changes in the crystal
structure caused by admixtures of foreign ions or permanent changes in domain
configuration due to aging.
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The study of the influence of doping TGS crystals on the dielectric and
electrical properties received much less attention. Tsedrik et al. (1976) investigated
the effect of Cu®* and Co** ions on the dielectric constant under different growth
temperatures.

Publications on the electrical conductivity of ferroelectrics are scarce specially
for TGS single crystals (Gurevich et al. 1960, Gurevich and Zheludev 1961 and
Hilczer and Michalczyk 1978). However, for these crystals, it is an important
physical property required not only for practical applications but also for the
interpretation of various physical phenomena such as low frequency dielectric
relaxation. Some study on the electrical properties of TGS crystals containing
mono-, di-, or trivalent ions was carried out by Toyoda et al. (1961).

In the present study we are looking for the influence of the coexistence of
some di-, and trivalent ions in the solution used to grow TGS on both dielectric and
electrical properties of the grown crystals. Such a study is particularly important
because discoveries within the last few years of a number of ferroelectric crystals
suggest that hydrogen bonds in these crystals and the presence of ions with
particular symmetries, especially those with tetrahedral pyramidal or planer
configurations, play a dominant role in the dielectric behaviours.

Experimental

Triglycine sulfate crystals were grown by the authors (Gaffar and Abu El Fadl
1984) from an aqueous solution in the ferroelectric phase near the transition
temperature (~ 44°C) with continuous cooling rate. The samples were cleaved
along the cleavage plane from crystals with good faces, no visible defects, and far
from the seeding region. The plates obtained in this way were ground for exact
orientation. They were then polished with thin silk tissue stretched on a glass
surface. The final shape of the samples was rectangular, and 1.5-3 mm. thick. The
electrodes were painted onto the polished surfaces using silver paste. The
specimens used in all the measurements were exposed to neither preliminary
thermal nor electric effects except for a thermal short period for electrode fixation.
The samples were mounted in a holder in the measuring thermostat (+0.05°C).
The rate of variation of temperature near the transition was about 0.025°C/min.

The dielectric constant was measured under a weak electric field (< 20 V/cm)
at the frequency of 1 kc/sec using an L-C-R bridge. The D.C. electrical
conductivity was measured using type 610 C Keithly electrometer. The A.C.
conductivity was measured under weak electric field (< 25 V/cm) at the
frequencies 60-500 Hertz.
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Results and Discussion

Dielectric Constant

The dielectric constant was measured in the temperature range 300-450°K.
The study of the dependence of dielectric constant and the reverse ¢! of pure and
Co?*, Ni?*, Cu®*, Fe* and Cr** doped TGS single crystals on temperature are
presented in Figs. 1,2 and 3. At the transition, all crystals manifest a relatively
finite sharp peak. Such a finite peak at the Curie point is attributed to either
inhomogeneities in temperature, stress distributions and partial clamping of the
crystal by the electrodes (Jona and Shirane 1962) or by saturation of polarization
against an applied field (Kanzing 1957).
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Fig. 1. Dielectric constant of pure and Ni** doped TGS crystals as function of temperature. The rest of
the data is left out for clarification. The behaviour is the same. See details in Fig. 2.
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Fig. 2. Dielectric constant versus the temperature in the region of the phase
transition of pure and doped TGS single crystals.
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Fig. 3. Temperature dependence of €' in the vicinity of the Curie point.
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In the case of divalent ions; crystals containing Ni** exhibit the highest value
of € at the transition in comparison not only with other doped crystals but also with
the pure one. Apparently, the presence of Ni** ions in TGS single crystals
improves the behaviour of such crystals towards an ideal second order phase
transition. On the other hand, the existence of Co®* or Cu?" in TGS lowered the
€max Dy about 15% from the pure case. In the work of Tsedrik et al. (1976), the
presence of the same type of ions in TGS increased €n,, by about 250%.

For the case of Fe** and Cr** a common trend has not been found. The Fe3*
doped crystals do not differ much from the pure ones. On the other hand, there is a
drastic lowering behaviour of the Cr** doped crystals in the value of g.,,.
Accordingly, in opposition to the Ni** case, Cr’* seems to take the crystal away
from an ideal second order phase transition.

For each of the five ions involved, a remarkable reduction in T, is observed

compared with that of the pure crystal (Table 1).

Table. 1. Parameters describing the dielectric properties of TGS crystals, pure as well as doped with
Cu?*, Co**, Ni**, Cr** and Fe’*.

(Sk’pe))‘erro
Sample Cox1073 T, Te T-T, 103X €max | €max (Te—To)

(Slope)para At T=T, x 1073
Pure TGS 2.72 50.23 | 50.48 0.25 2.3 10.548 2.532
TGS + Cu®*| 5.21 48.52 | 49.29 0.77 2.4 7.229 5.278
TGS + Co®*| 4.30 49.03 | 49.49 0.46 2.9 9.461 4.258
TGS + Ni?* 4,52 49.06 | 49.35 0.29 33 16.560 4.306
TGS + Cr*3 1.67 48.09 | 48.69 0.60 2.6 2.930 1.670
TGS + Fe’* 4.50 49.26 | 49.80 0.54 2.4 9.176 4.680

Apparently, there is an obvious similarity in the transition temperature of the
three divalent ions used (Cu®*, Ni** and Co**), about 49.4 + 0.1°C which might
be explained by an almost identical ionization activity. However the rather
different response of the two trivalent ions, Fe>* and Cr>* may be due to their
different ionization activity under the same pH value used. In addition, the Cr**
complex showed the lowest T, value.

In a limited temperature range on both sides of the Curie point T, the
dependence of ¢! on T is practically linear. In the paraelectric region, the
Curie-Wiess law holds, thought the slopes of the lines are rather different
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indicating a dependence on the kind of ion’s activity involved. While, in the
ferroelectric region, the difference in slopes might be attributed to differences in
the domain structure of the crystal under study. According to Zhukov et al. (1967),
the ferroelectric domains of TGS are strongly changed under the influence of Ni**
and Cr** ions.

According to the theory (Jona and Shirane 1962) the slopes in the ferroelectric
region is twice that in the paraelectric region. If one is to take into account the
difference between the adiabatic (g5) and the isothermal (er) dielectric constant in
the ferroelectric region, the ratio of the slopes would be about 2.4.

In our study, the pure TGS and some of the doped crystals show an agreement
with the theory. On the other hand, a deviation from the predicted result is found
especially for the Co?* and Ni** containing crystals.

The result for the Co** doped crystal is not far from the result of Tsedrik
(Tsedrik et al. 1976), (2.7 + 0.2). However, in case of crystal doped with Ni** the
resultant discrepancy may be explained by the suggestion (Jona and Shirane 1962)
that in multi-domain crystals, below the transition temperature, the domains may
be polarized antiparallel to each other which may cause partial clamping of the
crystal, and hence contributes to the internal electric field.

According to Wieder (1959), under the influence of an external electric field
E, €qhax and Tax have the following relations:

4n —F
€max = —3_(%) YET

- To) = ico (B)ﬁ Ei

(T 8n 2

max

where B is the second coefficient in the expansion of the thermodynamic potential
in powers of polarization. Hence the resultant equation:

€max (Tsm“ - To) = 0.5 G,

holds for second-order phase transition.

€max 18 affected by two opposing factors, the relaxation of interaction of crystal
defects which leads to the decrease of T, ; and the appearance of internal fields
causing the maximum shift of the position of €,,, towards higher temperature and
which is accompanied by a decrease in the magnitude of €. The internal electric
field created by the structural or chemical defects has an effect which is similar to
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an external electric field. This prompted us to apply the same idea to our results.
The results given in Table 1 show a straight line behaviour, as expected, but with
twice the value of the constant:

€max (T, — To) = 1.00 C,
This is shown in Fig. 4. Thus we may conclude that the internal electric field

(for the monoclinic system- our case) has twice the effect on the value of the
dielectric constant gg,.
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Fig. 4. Relation between dielectric parameters at maximum
value and Curie-Wiess constant.

Electrical Conductivity
D.C. Electrical conductivity

The data reported for the electrical conductivity of TGS single crystals diverge
considerably in their anomalous behaviour at the Curie point and the activation
energies in the ferroelectric and paraelectric phases. The Curie point anomaly
shows up as a kink connecting two straight lines (Hilczer and Michalczyk 1978), as
different types of discontinuity (Gurevich et al. 1960), or even with hysteresis
(Gurevich and Zheludev 1961), in the Ino vs.T™' dependence function. The
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activation energies along the three crystallographic axes have their share of the
diversity (Toyoda et al. 1961, Gurevich et al. 1960, Gurevich and Zheludev 1961
and Hilczer and Michalczyk 1978).

We begin by considering the pure crystal. The D.C. electrical conductivity was
measured in the a,b and c crystallographic directions and the results of its
temperature dependence are shown in Fig. 5. In the paraelectric phase, the data
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Fig. 5. D.C. electrical conductivity of pure TGS as a function of temperature
in the three crystallographic directions.

can be segmented into three straight lines with kinks. The small temperature
interval of the ferroelectric phase can be represented by another straight line. A
pronounced anomaly in o at the Curie point associated with a decrease in the value
of the electrical conductivity and a variation in the activation energy before and
after T, indicate a change in the conduction mechanism as recorded, see Table 2.
Also, one cannot fail to notice the difference in T, for the three axes.
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Table 2. Parameters describing the D.C. electrical conductivity of TGS crystals, pure as well as doped
with Cu?*, Co®*, Ni**, Cr** and Fe3*.

W (ferro.) W (para) (e.v.)
Sample T. g at T,
(e.v.) w, W, W,
Pure TGS 0.141 0.545 0.203 0.600 50.7 5.68 x 107!
TGS + Cu?* 0.308 0.488 0.166 1.038 49.6 3.40 x 1071
TGS + Co** 0.138 0.525 0.123 0.727 49.8 1.82 x 107"
TGS + Ni** 0.143 0.408 0.237 0.976 49.6 3.67 x 107!
TGS + Fe** 0.388 0.374 0.202 0.588 49.7 3.40 x 1071°
TGS + Cr** 0.392 0.601 0.179 0.547 48.6 8.30 x 10710

Figure 6 shows the results of repetitive measurements along the b-axis. From
run to run neither the general behaviour nor the temperature of transition are
changed (T, = 50.5 £ 0.1°C). The only difference is that the anomaly at the
transition temperature becomes more pronounced.

The overall trend of increasing conductivity with temperature is usually
attributed to the increase in number of carriers, albiet depending on the ambient
temperature. As for the anomaly groove at T, we propose the idea that this is due
to the phase-transition local electric field anomaly felt by the carriers and which is
due to the crystallographic transition at T..

Second, we deal with the doped crystals. It has been reported that the
electrical conductivity of TGS crystals grown from solutions containing an excess
(above the stoichiometric ratio) of sulfuric acid depends strongly on the number of
the excess sulfuric ions (Zheludev 1971). The conductivity of TGS crystals grown
from solution of stoichiometric composition is most likely to be due to the presence
accidental impurities. This is confirmed by the observation that successive
recrystallization reduces their electrical conductivity (Zheludev 1971). Conse-
quently, the presence of di- or trivalent ions even in a low concentration in the
solution of growth of TGS must affect the electrical conductivity of such crystals.

The temperature dependence of the electrical conductivity of doped TGS
crystals is presented in Fig. 7. From the figure, the following conclusions could be
drown.

1. The electrical conductivity shows the same groove at T, for all crystals
containing divalent ions, a behaviour which is identical to that of the pure crystal.
One has to notice again the peculiarity in the Ni?* doped crystal as in the dielectric
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measurements. On the other hand, the presence of trivalent ions manifests itself as
a spike in the electrical conductivity at T..

2. Within experimental error, the values of T. for all the crystals are in
accordance with those obtained by dielectric measurements.

We discuss here the presence of doping ions. Their presence according to
Krajewski and Riad (1975), results in a lattice distorted from the perfect one.
Zhukov et al. (1967) reported a marked change in the domain structure beside an
inhomogenity in the ions distribution throughout the crystal. The addition of
divalent ions will result to some extent, in the formation of complexes (Losche and
Windsch 1965) which is the reason for distortion. This may be accompanied by
interstitial implantation. The complex formation with divalent ions will result in
emancipation of two hydrogen ions (the carriers). This complex formation depends
on the chemical activity and concentration in the solution of the ion, pH value and
temperature of crystallization. In the crystal, there may be some tendency to form
complexes by raising its temperature in the ferroelectric region. It is clear now that
Ni?* ion -according to this hypothesis- is the most active one. The general
behaviour of the divalent ion doped crystals resembles that of the pure one,
resulting in an equal change in T, due to distortion.

The temperature dependence of complex formation in the trivalent ions doped
crystals seems to be of such a magnitude that it will compensate or even overcome
the anomalous local field effect at T., hence the “spike” character in their
conductivity curve.

A more comprehensive and detailed study of the electrical conduction in TGS
is needed. We have carried out a preliminary experiment on the pure crystal down
to 77°K. We noticed that there are reverses in polarity around 110 and 140 K.
These correspond to the temperatures of the phase transitions reported by
Al-Eithan et al. (1982) for TGS using Raman spectroscopy. A confirmation of the
existence of these phase transformation needs more detailed study. This is in
progress in our laboratory.

A.C. Electrical conductivity

The additional A.C. conductivity measurements were made in the hope of
shedding some light on the domain structure.

The measurements were carried out for pure TGS at different frequencies
(60-500 c/sec) along the b-axis with an A.C. field < 30 V/cm. The results are shown
in Fig. 8. It is clear from such measurements that they confirm our dielectric ones,
compare Figs. 2 and 8. The relation between ¢ at T, and the frequency can be
represented approximately in this limited frequency region by a straight line (Fig.
11):
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Fig. 8. A.C. electrical conductivity of pure TGS along the b-axis as function of temperature at different
frequencies.

or, X 10° = L1f + 6.2

A second point of study is to see the possibility of detection of hysteresis as
reported by Gurevich (Gurevich and Zheludev 1961).
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Fig. 9. Two successive heating-Cooling runs for the A.C., electrical conductivity indicating the
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The results presented in Fig. 8 show a difference in the value of T, (AT, =
3.0°C) pointing to hystersis existence. Consequently, one may conclude that TGS
may exhibit some features of the first-order phase transition.

A third and important result is the A.C. measurement on the doped crystals.
This is shown in Fig. 10. It is significant to see now the different behaviour of the
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Fig. 10. The temperature dependence of the A.C. electrical conductivity of pure and doped TGS single
crystals.

doped crystals in the ferroelectric region. Apparently, the A.C. conductivity
measurement is a good tool to detect differences in domain configuration.

The last point is concerned with a preliminary examination of the effect of
small pressure applied to TGS crystals on the conductance. We show our results for
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the pure crystal in Fig. 12 for different frequencies. It is clear that for low
frequencies the effect of pressure is predominant. At a glance this may explain
some of the differences in data of TGS. This point is being investigated further in
our laboratory.
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Fig. 12. Effect of a small pressure acting on the contacts on the measuring A.C. electrical conductivity.
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