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ELECTRICAL PROPERTIES OF CRYSTALS OF THE FORMATE
AND UREA GROUPS
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The temperature dependence of electrical conduction was studied and the acti-
vation energy was calculated for crystals with long hydrogen bonds, viz., lithium,
yttrium, holmium, and erbium formates, urea and thiourea. A weak pyroelectric
effect was revealed in the urea crystal at a temperature below room tempera-
ture. At temperatures below the phase transition temperature (T = 169 K)
in weak electric fields, the thiourea crystal showed anomalies associated with a
change in the behavior of protons on hydrogen bonds.

Dielectric erystals with hydrosen bouds constitute a group of campounds in which tewpranire viriae
tions of the electrical and other properties are to a great extent related to proton ordering on lhyilrogen bouds
{1-3}. The positional arrangement of protons greatly depends on the character of II bonding. and for bonds
ofonetype (OH ... O. NH ... Oor NH ... §), which are clese in length (foree). rhe regions of temperature
anomalies of a given ordering are also simularly located. Anomalous dielectric and conduction properties in
the phase transition regions and a superionic conduction above 100° C have been observed earlier for some
crystals with the OH ... O bonds (e. g., crystals of the KH,PO,4 and KHSeO, groups) [1, 2, 6-8].

The objective of this paper was tc determine regions of temperature anomalies of the electrical con-
duction and to calculate the activation energies F; in crystals of the formate, the urea, and the thiourea
groups. In the course of this study, the conductivity p in a wide range of temperatures T was measured
for the first time, and the pyroelectric effect was studied in urea and thiourea cryvstals. The studies have
demonstrated that, despite the differences in structure and composition, crystals with close characreristics
of the H bonds show a sirmilar (proton) type of conduction and similarly located regions of anomaly of p(T')
and the activation energy {enthalpy) E,.

Unfortunately, the activation energy values obtained for specimens with hydrogen bonding are correct
cnly with respect to the order of magnitude. The processes of hydrogen bond breaking are extended in time
(tens of hours) and do not end completely within the time taken by the experiment, therefore we could not
obtain reproducible results in heating-cooling cyeles. During cooling, the recovery of the hydrogen honds
needs substantially more time than the 13-30 min the measuremenss take. The results of the study ate
nevertheless useful since, obtained on a great number of specimens, they demonstrate the similarity of the
temperature-dependent changes of proton conduction: the regions of fall in the resistivity p for crystals of
different length and character of the OH ... O, NH ... O, and NH ... S bonds are located similarly and
the activation energies lie in a narrow range from 0.4 eV to 1.2 eV, Recovery of the hydrogen subsystem also
proceeds 1dentically, which is of particular tuterest for designing rechuological processes involviug dielectrics
with the hydrogen bonds.

We measured the temperature dependences of the resistivity p, the dielectric permitiivity =/zy, and the
pyroelectric coefficient + in the temperature range from 77 K t0 380 K. The temperature stabilization was no
worse than 1072 =5 x 1073 K and could be maintained at this level for a few tens of minutes. The quantities
2. 2, and ¥ were measured by the static method using a VA-J-51 electrometer recording the current by a
self-recording potentiometer.

To measure resistivity we used a voltage divider circuit with a standard resistance (~ 10'%2 ohm)
connected to one branch, and the crystal specimen with electrodes was connected to the other branch. The
internal resistance of the electrometer was no less than 10'* ohm.

The dielectric permittivity was measured by a P5038 a.c. bridge with a frequency of about 1 kHe.

The specimens were made in laboratory conditions. Crystal plates about 0.1 x 0.2 x 0.4 em? in size
were covered by tinsel silver electrodes. The crystals of rare-earth formates were oriented at a right angle ro
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one of the three second-order helical axes; z-cuts (perpendicular to the c axis) were used for urea and polar
cuts for thiourea. Resistivity was measured mainly on nonpolar plates.
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Fig. 1

Temperature dependence of resistivity in single crystals. a veurno o Lioamd fihiam 12)
formates: b; holmium formate: c: erbium formate: d: urea (1) and thiourea (2).

The measurement results are presented in Figs. 1 through 4. The p(T) dependences obtained (g 1)
are typical of dielectrics with the hydrogen bonds. One can see that the p(T') curves plotted for formares
with weak OH ... O bonds and for urea and thiourea with weak NH ... 0 bonds are similar. (Note that
strong NH ... O bonds correspond 1o OH ... O bonds of intermediate bonding force, i.e., they are close
in their properties to the bonds in crystals of the group which includes formates.} Indeed, the drop of p(T)
begins from 300 K or 330 K. and as the temperature changes by further 40-50 K, the decrease of p reaches
an order of magnitude.

Table 1 lists the values of the activation energy £ calculated by the least squares technigue using the
data of Fig. 2. The fact that for all the crystals studied (Fig. 2 shows the most typical results) the dependence
of the function In(¢7") on 1/T is linear, deserves attention. This suggests a thermoactivation character of the
proton conduction of & crystals with the hydrogen bonding in the region of temperatures above 300 K, i.e.,
one can state with confidence that above these temperatures the bonding force and the proton dynamics
on the OH ... O, NH ... §, and NH ... O bonds change. Many vears’ studies of conduction of most
diverse crystals (e.g., of the potassium dihydrophosphate, triglycine sulfate, and trihvdroselenite groups)
have shown that whatever the chemical composition of the specimens, the (T} curves behave in a similar
way (they show a fall in the temperature region of 350-390 K), the Arthenius law holds for the In{¢T) versus
1/T curves, and the values of the activation energy £ kie within 0.4-1.2 eV.
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The “+" sign stands for heating, the ~="

Table 1

Corr;pound E, eV T, K
TiHCO, - H20 0.99 300-320(*)
320-330(%)
Y(HCO4)s - 2H-0 0.44 295-310(*)
0.51 320-340(*)
Er{HCO.)s - 2H-0 0.6 310-340(*)
0.97 300-320(7)

HO(HCOQ )3 ‘ QH-_)O

CO(NH)»

1.05 | 340-375(*)
096 | 330-370(")
093 | 330-350(*)
270 | 350-370(*)
110 | 335-355(7)
059 | 315-335(+)
0.97 | 335-353(%)
0.94 | 305-330(~)

sign for cooling.
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Temperature dependence of proton conduction of single crystals (in the Arrhenius coordi-

nates) of erbium formate (a), lithium formate (b), vttrium formate (¢}, and urea (d).

The mechanism of bond changes in such crystals 15 described in [3, 4]. In particular, a mass spec-
troscopic analysis of triglycine sulfate was used in {4] to show that breaking of bonds inside fragments of
the NH:CH2COQ molecules affects the sensitivity of the electric paramneters, such as dielectric perinictivity.
pyroelectric coefficient, and resistivity, to the hydrogen bond. The bond breaking begins from the surface
and needs a prolonged exposure to a given temperature to complete the process {annealing for a few hours);
when returned to room temperature, the broken bonds recover in a few days.

The p and E values reported in [3] suggest that in formates at temperatures below 330 K protons drift
through the many-minima potential toward the external electric field, whereas above this temperature range
the defect mechanism appears to operate which finally leads to proton superconductivity, i.e., to superionic
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electric conduction. This is particularly true for urea and thiourea crystals, in which breakage of the NH ...
O and NH ... S bonds occurs most easily.
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Fig. 3

Temperature dependence of the pyroelectric coefficient of urea single crystals.

The presence of defects in the lattice also seers to play a role in the appearance of the pyroelectric offecr
at temperatures from 140 K to 330 K in urea single crystals (Fig. 3} having the 12 m nonpolar symmetry.
Weak pyroelectric signals were also observed in thiourea at temperatures above the Ciirie poine 1202 Ky Ir
can be assumed that hreaking of hydrosen bonds with temperature elevation in vrea and rhinuren crvsris
gives rise to a nonisotropic distribution of defects. As a result there arises a preferred polar direction i the
lattice. which determines the pyroelectric response of the specimens to temiperature variation.
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Temperature dependence of the pyroelectric coefficient (a) and the dielectric permittivity
and 1ts reciprocal (b} for thiourea single crvstals.

The static pvroelectric coefficient and dielectric permittivity in thiourea were nieasured below the
Curie point (202 K) in the 140-202 K temperature region (Fig. 4). As was the case with crystals of other
ferroelectrics with hydrogen bonds (see. e.g., [2, 7, 8]), we observed two regions of anomalous behavior of
+(T) at the Curie point and below, where, in our opinion, freezing of proton oscillations occurs between
two-minima potential wells. This sequence of “phase transitions” can be described in terms of a mode! using
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the theory of singularities {9]. In the case of crystals with hydrogen bonds, the existence of two subsystems
is assumed: a frame of heavy ions (rigid subsystem) and a net of hydrogen bonds (mobile subsystem).
They are described by one-component order parameters. First the rigid subsystem undergoes ordering,
which corresponds to a phase transition, and then final ordering of the mobile subsystem occurs, which
corresponds to the “freezing” of protons on hydrogen bonds at 30 to 60 K below the Curie point.

To conclude, the authors express their gratitude to V. K. Novik and S. V., Pavlov for valuable discussions
and interest in this work.
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