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Tl1e temperature depe11de11ce of electrical conduction was ~tndied and the aeti­
vation energy was calculated for crystals with long hydrogen bonds, viz., litl1i11n1, 
yttrium, holmium, and erbium formates~ urea and thiourea. A weak pyroelectric 
effect was revealed in the urea crystal at a temperatttre below room te1npera­
ture. At temperatures below the phase transition temperature (Tc = 169 K) 
in weak electric fields, the thiourea crystal showed anomalies associated witl1 a 
change in the behavior of protons on hydrogen bonds. 

Dielectric crystals \\·ith hy(lroi,:,o:n bot1ds constitutt". i1 group of conip•::ouud:-; i1t \•,·l1ic\1 t.•">lll\'":r:.1111r·'· \":H·i;1~ 

tions of the electrical and other properties are to a great extent relateJ to proton '~)rdering; on ltydro:;•?ll bonJ~ 
[1-5]. The positional arrangement of protons greatly· depends on the character of I-I bonding. and for bonds 
of one type (OH ... 0. XH. 0 or XII. S), \vhich are close in length (for(e). the re.~ions of te1nperc.itun~ 
anomalies of a given ordering are also similarly located ... Anomalous dielectric and conduction prop+:'rtics in 
the phase transition regions and a superionic conduction above 100° C have been observed earlier for son1e 
crystals with the OH ... 0 bonds (e.g., crystals of the KH2P04 and KHSe0 4 groups) [l, 2, 6-8]. 

The objective of this paper was to determine regions of temperature anomalies of the electrical con­
duction and to calculate the activation energies Ea in crystals of the formate, the urea, and the thiourea 
groups. In the course of this study, the conductivity p in a \vide range of temperatures T \vas ineasured 
for the first time, and the pyroelectric effect \.Vas studied in urea an<l thiourea crystals. The studies ha\·e 
demonstrated that, despite the differences in structure and con1positio.n, crystals with close characteristics 
of the H bonds sho\.V a similar (proton) type of conduction and similarly located regions of anomaly of p(T) 
and the activation energy ( eut.halpy) £.1 • 

[nfortunately, the activation energy values obtained for specirnens \vith hydrogen bondiug are correct 
only \\.'ith respect to the order of Inagnitude. rfhe processes of hydrogen bond breaking are extended in tirne 
(tens of hours) and do not end completely \.Vithin the time taken by the experiment, therefore we could not 
obtain reproducible results in heating-cooling cycles. During cooling, the recovery of the hydrogen bonds 
needs substantially more tin1e than the 10-30 min the measurements take. The results of the study are 
nevertheless useful since, obtained on a great number of specimens, tltey demonstrate the sitnilarity of the 
temperature-dependent ch_anges of proton conduction: the regions of fall in the resistivity p for crystals of 
different length and character of the OH O. NH ... 0, and NH S bonds are located similarly and 
the activation energies lie in a narro\v range from 0.4 e\/ to 1.2 eV'. Recovery of the hydrogen subsysten1 also 
proceeds identically, \.\'hich is of particula.l· interest for designing: technologic;i.l proces~cs in\·oh·iug diele(trics 
wirh the hydrogen bonds. 

\"Ve n1easured the temperature dependences of the resistivity p, the dielectric per111ittivity ~/~0 , a.u<l tlte 
pyroelectric coefficient ,.fin the temperature range from 77 K to 380 1(. The temperature stabilization \.Vas no 
\Vorse than io- 2 - 5 x io-3 1-C and could be maintained at this level for a fe\.\' tens of n1inutes. The quantities 
p, ~, and ; \vere measured by the static method using a \T A-J-51 electro111eter recording the current by a 
self-recording potentiometer. 

To measure resistivity \Ve used a voltage divider circuit \.Vi th a standard resistance ( ...... 10 12 ohn1) 
connected to one branch, and the crystal specimen \Vith electrodes was connected to the other branch. The 
internal resistance of the electrometer \Vas no less than 1014 ohm. 

The dielectric permittivity \Vas me"'asured by a P5058 a.c. bridge '"'ith a frequency of about l kHz. 
The specimens \.Vere 1nade in laboratory conditions. Crystal plates about 0.1 x 0.2 x 0.4 cn13 in size 

\Vere covere<l by tinsel silver 1~lectrodes. The crystals of rare-earth forn1iltes ,,·ere 0rii~11ted at. a right :-i.n:;!e to 
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one of the three second-order helical axes; z-cuts (perpendicular to the c axis) \Vere used for urea and polar 
cuts for thiourea. Resistivity was measured mainly on nonpolar plates. 
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Ten1perature dependence of resisti\·ity in single crystals. a: yt.trit1n1 1 l 1 011,i lltl11un1 1 ~.1 

forn1ates: b: holn1ium for1nate: c: erbiun1 formate: d: urea (1) and tltioul"ea (~I. 

The measurement results are presented in Figs. 1 through 4. The p(T) dependences ohtained (fig. 1,1 
are typical of dielectrics \Vith the hydrogen bonds. One can see that the p(T) curves plotted for forn1a1es 
\vith \veak OH .. 0 bonds and for urea and thiourea i,vith i,veak NH ... 0 bonds are sin1ilar. (Xote that 
strong NH . . 0 bonds correspond to OH ... 0 bonds of intermediate bonding force, i.e., they are close 
in their properties to the bonds in crystals of the group \vhich includes formates.) Indeed. the drop of p(T) 
begins from :300 I{ or :)30 I{. and as the ten1perature changes by further 40-,)0 I~: the decrease of p ri:aclie.;; 
an order of rnagnitude. 

Table 1 lists the values of the activation energy E calculated by the least squares technique 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 ln(o-T) on 1/T is linear, deserves attention. This suggests a thern1oactivation character of the 
proton conduction of a- crystals \vith the hydrogen bonding in the region of temperatures above 300 h~: i.e., 
one can state \Vith confidence that above these temperatures the bonding force and the proton <lyna1nics 
on the OH ... 0, NH ... S, and NH ... 0 bonds change. ~!any years' studies of conduction of n1ost 
diverse crystals (e.g., of the pota..ssium dihydrophosphate, triglycine sulfate, and trihydroselenite groups) 
have shown that \vhatever the chemical composition of the specimens, the p(T) curves behave in a sin1ilar 
way (they sho\v a fall in the temperature region of 350-390 I<.), the Arrhenius la\v holds for the ln(o-T) versus 
l/T curves, and the values of the activation energy Elie within 0.4-1.2 eV. 
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Table l 

Compound E, eV T,K 

LiHC02 · H2 0 0.99 300-320(+) 

320-330(+) 

Y(HCO,)a · 2H20 0.44 295-310(+) 

0.51 320-340(+) 

Er(HC0,)3 · 2H,O 0.6 310-340(+) 

0.97 300-320(-) 

Ho(HCO, h · 2H,O 1.05 340-:li5( +) 

0.96 330-370(-) 

CO(NH2 ), 0.93 330-350(+) 

2.70 350-370(+) 

1.10 335-355(-) 

CS(:-IH2), I 0.59 315-:335(+) 

I 
0.97 335-355( +) 

0.94 305-330(-) 

The ··-r-" sign stands for heating, the ··-·· sign for i:oollll~. 
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Fig. 2 

Temperature dependence of proton conduction of single crystals (in the Arrhenius coordi­
nates) of erbium formate (a), lithium formate (b), yttrium formate (c), and urea (d). 

The mechanism of bond changes in such crystals is described in [3, 4]. In particular, a mass spec­
troscopic analysis of triglycine sulfate \Vas used in [4] to sho\.v that breaking of bonds inside fragments of 
the NH2CH2COO molecules affects the sensitivity of the electric para"1neters, such as dielectric perinittivity. 
pyroelectric coefficient, and resistivity, to the hydrogen bond. The bond breaking begins frorn the surface 
and needs a prolonged exposure to a given temperature to complete the process (annealing for a fe\v hours); 
\vhen 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 to\vard the external electric field, \.vhereas above this temperature range 
the defect mechanism appears to operate "vhich finally leads to proton superconductivity) i. e. 1 to superionic 
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electric conduction. This is particularly true for urea and thiourea crystals, in \Vhlch breakage of the NII .. 
0 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 seems to play a role in the appearance •)f the pyroelc>ctric r-:-ffecr 
at temperatures from 140 I\: to 330 I\: in urea single crystals (Fig. 3) having the ~:2 1n nonpolar syn1n1etry. 
\\.-eak pyroelectric signals ,.,·ere also observed in thiourea at temperatures above th<:> Ciirie f!''int , ·~o'2 T{'1 Tt 
can be assurned that. breaking of liy<lrog;en bonds with ternperature r;/evat.ic;n in r)[·t:1 '.-\11,[ rhi(•lirrc.-1 <ry-:r·1:~ 

gives rise to a nonisotropic distribution of defects. As a result there arise~ a pt~f'erred t•ulat· di1"-~~·1 i1.)!l i11 1 it<: 

lattice. \vhich deterni.ines the pyroelectric response of the speci1nens to tep1p(:rat11n: \-at·1Htio11. 
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Temi:ierature dependence of the pyroelectric coefficient (a) and the dielectric per1nittivity 
and its reciprocal (b) for thiourea single ~rystals. 

The static pyroelectric coefficient and dielectric pern1itc-ivity in thiourea \Vere ruea~ured belov.' 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]), \Ve observed t\VO regions of anomalous behavior of 
6;(T) at the Curie point and belo\v, 'vhere, in oui: opinion, freezing of proton oscillations occurs bet\veen 
two-minima potential wells. This sequence of "phase transitions" can be described in terms of a model using 

99 



J\[oscow l.lniversity 
Physics Bulletin Vo{. 4.7, iVo. 1 

the theory of singularities [9]. In the ca.se 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, 
\Vhich corresponds to a phase transition, and then final ordering of the mobile subsystem occurs, \Vhich 
corresponds to the ~'freezing'' of protons on hydrogen bonds at 30 to 60 K belo\V 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 \vork. 
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