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Dielectric Relaxation Process and Pyroelectric Currents
in liNhO): Fe Single Crystals
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fhe study of lhe diclectric function and lhe pyroelectric cocfficicnt of liNhO .•: Fe single crystals over
a •••ide range of Fe concentrations and hcat trcatrncnt rcvcals lhe prescnce of a low frcqucncy relaxation
rrnce<;s slriclly associated 10 lhe variation of lhe pyroclectric currcnts in thcsc rnaterials, The
investigation of thcse propcrties is very irnportant in vicw of reeent holographic storagc applications
"r rhi~ kind of material,

O1e L'ntcrsuchung der dielektrischcn Funktion und dcs pyroclcktrischcn Kocffizienten von
L, "h(), :Fe-Eink ristallcn über einen weitcn Fe-Konzcmrntionsbercich und hei Tcmperung ergeben
eincn nicdcrfrcqucntcn Rclaxationvprozcê. der strcng mil der .!\nderun!! der pyroclcktrischcn Strõme
In dicscn Materialicn vcrknüpft ist. Dic l.'ntcrsuchung dicscr Eigcnschaücn ist irn Hinhlick auf neuere
1f,'lo!!rarhíe<;pcicheranwendungcn dicser Art von Materialicn sehr wescntlich,

1. Introduction

li~hOJ: Fe is a ferroelectric material with important optoelectronic and non-linear optical
properties [I J.

Laser induced changes in the indcx of refraction are responsiblc for holographic storage
m thi~ kind of material. During the hologram writing proccss electronic space charge fields
are gencrated by non-uniforrn illumination, which modulate lhe refractivc index via the
elcctro-optic effect. During rcad-out lhe crystal is illuminated hornogencously and the space
charge fields are partly cornpensated.

The storage of holograrns in this kind of material is associated 10 photoexcitation of Iree
elcctrons (frorn lhe Fe ions) out of the occupicd traps and their subsequent recapture hy
ernpty traps. 11 has heen assurncd thal lhe occupied traps are provided hy Fe': and lhe
ernpty traps by Fe ' ,\ ions [2, .lJ. therefore. lhe study of this kind of dopant play an important
role in dcvcloping favourable propcrties for optical applications.

Thc purposc of this paper is thc study of complcx diclectric function and pyroelectric
coefficicnt (lf various Fe conccntrations in LiNhO) subject 10 oxidation and rcduction
pr'X·t"'e,.

2. Experimental

f h,' I i'\;hO, , Fe .md Li,\;hO. L'nqal\ wcrc j!r<,\\" in .rir h\ thc (',pchrd,t..1 m"!h"d Ir,,"
\ I' ;Idded III lhe rnelt a, Fe:(), lhe impuritv conccntr.uron in rh •. (n ,! ti·; \\ I' mn<llrt't!

I C:tl\a Pos,al (,0'0, Carnpu« 11" Piei. Ceará. Fortalcva Nl.l~n. fk"d
I <;,jn ("rI",. Bralll
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in lhe liquid phasc. The samples used were crystals with dimensions of 10 x 10 x 1 mm'
The diclectric measurements were made using a capacitance bridge (General Radio model
Itíl5-AI in conjunction with a lock-in amplifier (EG & G modcl 5208). Low-ternperature
measurements were done in a liquid-nitrogen cryostat. Ali the measurernents were done
with the capacitor plates perpendicular to the c-a xis of the crystal.

Oxidation or reduction of impurity ions was achieved by subsequent heat treatmenl a!
900 C in air or pure argon atmosphere from 6 to 15 h [4. 5). Reduction of Fe·] to Fe ' :
in LiNbO]: Fe occurs when the crystal is annealed in atmospheres with low oxygen pressure,

2 F e • J + O - 2 -+ 2 F e ~ 2 + 1/2 O 2 i.

The pyroelectric coefficient was determined at constant stress using the dynamic technique
of Lang and Steckel (6). In this method the sample is shunted by a calibrated resistor,
usually of 10e)to 1010 n resistance. The voltage produced in the sarnple, while its temperature
is changed slowly and uniformly. is measured by a high-impedance electrometer. Under
these conditions, it can be shown that the voltage produced is related to the pyroelectric
coefficient by the following equation:

U = PARdT
dr '

flal

where U is the voltage, P the pyroelectric coefficient, A the electrode area, R the resistance
of the shunt, and d T/dr the time deriva tive of the temperature.

3. Resulrs and Discesslon

In Fig, 1 we have the real and imaginary parts of the diclectric function of sarnple No. ~
(LiNbO .•: Fe, x = 0.289 mol% Fe) . which is the sarnple with the highest iron conlent. For
this sort of sarnplcs we observed two main peaks. The first one is around 30 kHz and lhe
second at 92 k Hz with satellites.

This kind of behaviour was observed only in highly doped sarnples. The intensity of these
resonances decreases rapidly with decreasing Fe concentration [7]. This is the reason wh\
the resonances were not observed for sarnples with lower iron concentration (includine
pure LiNbO)). This behaviour indicates that the Fe ions are responsible for the resonances,

In Fig.2 (curves a and c) and Fig.3a. b we have the same group of peaks as in
Fig. 1 in a more appropriate scale. In these figures the points are the experimental data
and the continuous line is a theoretical fitting that will be discussed in this paper.

One important characteristic of these resonances is that after a heat treatment in I~
presence of air or argon (oxidation or reduction) there is a tendency to disappear for ali
the resonances. In Fig, 2. curves b and d we observe what happens to the imaginary and
real parts of the dielectric function shown in curves a and c. after a heat treatment (2 h aI
600 T in air) of the sarnple.

The main peak has a bigger linewidth (,1(1)1 = 0.23 to 1.17 kHz) and is shifted in frequeno
AI the same time lhe firsl resonance around 30 kHz disappears completely with th«
annealing. If lhe period or lhe temperature of annealing is Iurthcr increasing, no more
resonanccs wcre dctectcd (aI lcast with our prcscnt experimental sensitivity].

In Irying to undcrstand lhe high loss behaviour observcd in these sarnples the pyroelccinc
coefficient was mcasured around room lemperature.ln Fig. 4, curve c we have the coefficient
for apure crystal. Ir one starts increasing lhe Fe concentration, there is a c1ear tendeno
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fi!! I. hl Real ano a) ima!!inar~ parl~ of the diclcctric [unction of thc sarnplc with \ = O.~~Qmol" n Fc.
rIhe cvperirncntal pI'ints are connccted hy a contrnuous line)

!o decrease the pyroelcctric currcnt. A lowcr cocfficicnt was detectcd for more concentrated
sarnples. Fig. 4. curve a (x = O.2R9 mol"n Fel.

On taking lhe sarne sarnple (No. 51 Fig. 5. curve a and subrnitting it to oxidation processes
Iin airl such as. 2 h at 600 C and 4 h aI 900 C lhe cocfficicnt will bc just as shown in
Fig. 5. curves b and d. respectivcly. Taking lhe same sarnple (Fig. 5. curve aI and appl~ing
a reduction (in argom process we have a cocfficient like that of curve c (6 h aI QOO CI. This
1<; a clcar indication that lhe heal trcatrnent increascs lhe value of pyroclectric coefficicnt
pf lhe more conccntrated samplc.

Wc have to rcmembcr lhe existcnce of Fe'! and Fe'.1 in LiNhO, and at lhe <ame time
that the ratio Fc ' ! Fe ' ) could bc changcd hy reduction or oxidation durine hcat treatmcnt
1~1

In PUf case lhe resonanccs are more pronounced in more d(1PCd ,;!mrks .,"tI d!"·!rpc·H
'-"r lcs dt'pet! and pure Li:"JhO,. At lhe same lime lhe pnflcl"l'lflC (,·dfillcn' tO; I:C!!lT1i.!

lowcr for thesc highlv dopcd snmplcs. Fig. 4. Aftcr the arrrprrl.!tt:!nnnl!nc tl,,,,LHH.'n I'r
rcductioru ali lhe resonances are dcstroycd and the pvroclcctric Ct,<,tTielcnt IOC[I.':I<;I.'''IIr 10

v alues of lhe ordcr of that for purc LiNhO,. Fig, 5.
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Fig.2. Dielectric functions. Points are experimental results and the eontinuous line is the fiuing of rh<
theoretieal funetions. The relevant fitting parameters are (a) and (e) resonanee Irequcncics t,
= 92.78 k ltz, (1)1 = 94.41 kH7_ and w) = 95.1 kHz and linewidths 6wI = 0.23 kH7.: 6(1)1 = 0.1.t HI1.
and 60)) = 0.178 kl+z, rcspcctivcly, For (b) and (d) (I) = 92.14 kH7. and 6w = 1.17 kH7_ rc~peçtl\e'~
(x = O.2R9mol%. T= 294 K)

The low-energy and long-tirne relaxation associated with these resonances (I/~(r) ~ 5 to
10 ms) suggcst lhe existence of clusters of Fe + 3 and Fe + 2 in these samples. These c1ustm
could be formed by a certain number of ions that relax very slowly as a unity with the 3(

field. Looking at Fig. 1 we could say that we have two main kinds of c1usters in this sample
Resonance mcasurernents in different samples of the same Fe concentration showed that
the intensity relation between lhe Iwo main peaks changes. This is an indication that t~

two populations of clusters could change fram sample to sample depending only on the
Fe diffusion during the sample preparation.

In lcss conccntrated sarnples the lendency 10 form thcse clusters is much lower. This l'
clcar from cxpcrimcnt since the rcsonancc signals decrcasc rapidly with dccrcasing 1ft'"

concent ration.
After a heating trcatrnent these structures are destrayed and Fe ions will be homogeneously

distributed over lhe crystal. The low-frequency relaxation associated with these structures
\ViII disappear.

lectric Rclavation PT()ÇC$S and Pyroclcctric Currcnts in l.1"IhO .•. Fc
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theoretical function. Fitting parametcrs are IUI == 30.07 k Hz, (til = JO.79 k llz, 6(11, = 0.13 kH7.. and
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We have to ernphasize that the existence of these structures can changc the crystal
svmmetry and consequently the c1ear decrcase of the pyroc\ectric coefficicnt. Fig.4. After
lhe heat treatment. Fe has a hornogeneous distribution and thc pyroelectric coeflicicnt

increases again, Fig. 5.
Wc can conclude that a relaxation process is very c1ear frorn thesc measurcrncnts and

could be analyzed by the classic treatment of the resonance ahsorption and dispcrvion of

lhe dielectric function [7]:

J6

B
_2 = A + ---o .

1:- = /I ~(') + 11

11hl

" 'I + 2:,- ,I~_m,
, (1);

s '*' r.
121

A

N,e2/r.om,B = .
2(11_

t~)
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where 1:. is the complex dielectric constant, n· the complex index of refraction of the
medium. (t the half-width of the spectral line, ,1(1) the deviation from resonance 1.\' I

= W, - cu). (t = ,1w/2. N is the number of oscillators, e the electron charge, 1:0 the electric
permittivity. m the oscillator mass, and (I) the vibration frequency.

The frequency dependence of the real part of the dielectric function is

B ,1(1)

2 k2) - A + --~-2f.' = 1I (\ - - (,1W)2 + '7.

which is the dispersion characteristic of a dielectric medium near resonance.
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(c16 h aI 900 e (reduction]. and (d)4 h at 900 C toxidationl (continuous line is a guide to thce\<:I" '
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The absorption characteristic or lhe dielectric near resonanee 1<;

_ .• :. 81
f = _" •. = ----- -'.,-"--- ,

(~('II: .•.1:
I"~

The fittings of Fig. 2 and J were done with (4) and 151,

4. Concl~iom

The study of lhe dielectric function and the pyroelectric coeflicicnt of liNhOJ: Fe single
crystals over a wide range of Fe concentrations and heat treatmcnt revealcd the presenee
of a wcll-defined low-frequency relaxation proccss in highly doped LiNbO" associatcd to the
Iormation of clusters of irnpurities in the crystal. The existence of these resonances is strictly
associated with lhe pyroelectric currents and depends on annealing process and Fe
conccntration. The experimental dielectric function is well fitted by a low-frequency
relaxation processo

The study of these impurities in LiNbO J is very important for a complete understanding
or this kind of material in view of recent holographic storage applications.
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