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DtPOLE ORIENTATION EFFECTS IN RARE-EARTH DOPED CdF}

R. Cepattetti, f F«rmi and E. Okuno

ABSTRACT

A number of *xptr«inc« carried out by muni of ITC technique in tht ttmperaturt rang» 80-200 K
•horn unequivocally that n. n. Rare Earth Fluorine Interstitial (RE Fl) dipolt reorientation occur» in CdFj:
Eu rwtotvinp tht puzzle of the Itcfc of thit Mnd of relaxation if) triveJent ions doped CdFj, e»-f*pui ifO toy
araõeur eotbon. The activation energy for orienntion (e * 0r40 tV) and th* preexponential factor
( r 0 - 1 0 " n ») ar« evaluated for th* principal ITC peak f T M - ÍB2 .5 K) diecuaetd and compered with tht
anttogou* parameters in Eu doped Ca and 8r fluoride». Other ITC peak* at 168 and 186 K ara alw analyzed.

A parallel ttudy on CdPj: Gd shown that electronic effect! art not neglioiWt and can mmk ditpolar
refaxattont. Th* difference bttween Eu and Gd m dlicuewd

1. Introduction }

An incrtaiing intarast h « b««n ctevotad raoantiy to tha «tudy of dielectric and ionic
transport propartie* of CdFa pure and doped with monovalent and trivalent cation»*1 ) ( 4 ) . Th»
intoreit was stimulaiad since the discovery of the conversion of CdF] containing small amounts
of trivalent ionic impurities from an insulator to a n-type semiconductor when heated in Cd
vapor at 6 0 0 ° C f 6 ) ( 6 ) . In alkali doped CdF3 , between 20-300 K, Kunze and Müllar'1» found
ionic thermoconductivity (ITC) ( 7 > peaks due to reorientation of monovalent cation-fluorine
vacancy dipote» in the low temperatura rança, and peaks due to space charga in the high
temperature range. Surprising, in the rare earth doped samptes no signal due to orientation of
trivulent cation-fluorine interstitial (RE-FI) dipotes was detected This feature outlines a
striking difference between CaF3 and CdF2 since it is well known that rare earth doped CaFa

shows two well defined ITC peeks < 8 l < f l ) due to orientation of RE Fl dipoles. The lower
ttmperature peak I * M K ) is assigned by Stott and Crawford to the presence of fluorine
interstitial in ft» nextnieerest-neighbour-position (trigond symmetry), it seems however
unlikely that lumps from one ram position can take place'10>, The higher temperature peak
( - 140 K), ascribed to the presence of fluorine interstitial in the nearest-neighbour position
(tetragonal symmetry), was examined more extensively'*' (9> ( ' ' H ' 3 > . This unexplained
difference between RE doped CaF, and CdF3 stimulated us to underteke the study of CdF3

doperi with Eu3 * and Gd3 * by means of ITC technique.

2. fetptrtmentfl details.

The sampleB were obtained from Optovac inc. (pure CdF3) Some samples were kindly
supplied by Dr. J. B. Feidmenn (pure CdF, and Gd doped CdF3) &ná by Or. E. Loh (Eu doped
CdF3). Thin t tkw were obtained by cutting single crystal ingots with a wire saw: th# specimen
surfaces were then polished by iapping. The thickness of samples ranged from 0.6 to 1 mm, the
arce from 0.6 to 1.2 cm3.

The samples wart submited to different etching procedures: 1) they were washed in



ammonia solution then nnsed in metnenol as suggested by Kunxe and Mutter11', 2) they were
simply rinsed >n aceton* or ethanol

The ITC measurements were obtained: t)by putting the bare sample within electrodes; 2)
by coating the sampie surfaces with colloidal graphite m oroV to improve the contact with
electrodes, 3) by interposing two thin teflon foils between electrodes and sample in order to
obtain blocking electrodes

The ITC measurements were performed by the usual procedure17' The crystal stab was
polarized m a static electnc fielo (ranging from 10' to 2 x 10* V/cm) for the polarizing time
fp. at the temperature Tp and then cooled down to the temperature Tf, where the field was
switched off The polarizing time fp ranged from 1 to IS min: it is worthwhile noticing that
generally rf was 3 mm During the above steps the dipoles become polarized at saturation and
remain orientated in trie same configuration obtained at the polarization temperature, because
at low temperature the relaxation time • poetically infinite The crystal was then warmed up at
nearly constant rate the dtpole relaxation time for orientation gets shorter and shorter and
dipoles lose thetr preferred orientation, giving rise to a depolarization current. This was
detected at linearly increasing temperature by a vibrating reed electrometer (Cary 31V) and
recorded by Speedomix The apparatus can measure currents as low as 1 0 * ' 6 A. The
reproducibitity of measurements was wtthin 2%

Two cryostats with different performance* were employed: the former, with vertical
identical shaped aluminium electrodes, assured the minimum temperature gradient through the
sample: in the latter, with horizontal gold electrodes, the top one can be put in contact with
liquid nitrogen in order to get a very fast quenching of the sample

3. Results

3 1 General features of ITC peaks in CdF2:Eu and CdFj:Gd

In our ITC measurements we were concerned with the temperature range between 80 K
and 200 K. neglecting on purpose the higher temperature region where the complex space
charge or charge displacement peaks occur, as reported by previous authors11' ( 3 ) . Moreover in
the above low temperature range ITC peaks due to reorientation of interstitial fluorine-rare
earth dipoles are expected to occur for the sake of analogy with CaF3 rare-earth
doped'81 <0> (11 > < 13>

Figure 1 shows the ITC spectrum of an Eu doped CdP2 slice between teflon blocking
electrodes (see section 2).

Curves a) and b) were obtained by polarizing the sample at Tt * 165 K arid Tt * 176 K
respectively for 3 min with 500 V Two peaks can be resolved at 152.6 K and 168 K, It is
worthwhile noticing that another peak appears at 186 K, but it will not be considered
extensively in this work. This complex structure resembles that found by Wagner and
MascarenhasinSrFjiEu'141

Figure 2 shows the ITC spectrum of Gd doped CdF2, with graphite improved contacts,
for different polarization temperatures Tpn (indicated by arrows) and r f „ (see section 2). The



polarization tampar atura rang» for each ITC run i* shown by horizontal line* Th» polarization
field and polarization tima tp ware 160 V/cm and 3 mm respectively

It turns out. from figura 2. that the proper chotce of Tp and 7"f allows to distinguish at
least three, peeks at 118, 143 and 160 K By comparison cf figures 1 and 2, ITC peaks both tn
Gd and in Eu doped CdF3, appear tn the sarn temperature region where RE Fl dipotes
reorientation peeks occur in CaF ; and S'F .T*. ̂ nwn by the vertical arrows «t the top of
figura»
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X 2 Effect o# Tp rD and contact» on th* position UK* intensity of ITC peaks in CdF,: Eu and in
end in CdF,: Gd

We mutt emphasize that the portion, at which various peaks occur in Gd and Eu doped
CdF j , does not depend on the polarization temperature 7"p and polarization time rp: the slight
peek shift» among different curves shown in figure 2 must be obviously ascribed to the mutual
overlapping of the neighbour bends, whoee intensity changes on the polarization temperature
rp Moreover the different kinds of contacts described in the previous section do not affect the
position of pseks However the use of blocking electrodes affects the intensity of depolarization
peeks due to Eu en-* Qd in surprwngly different way In Gd doped CdFj the depolarization
current signals / and / 0 of samples with and without blocking electrodes respectively vt
strikingly different and their ratio is quita far from the expected value ( ' 5 ) :

where €, * 2 and ec * 9 n 6 > are the static Jtetectric constants of teflon and CdF2

respectively. dc and dxl2 are the thicknesses of Ü * sample and of the teflon layer respectively.
The expected value of ///<» in CdF : : Gd was * 0.3, while the measured one was less than 10~2

This striking difference turns out chiefly for the peek at 11B K, while is less astonishing for the
other peaks. On the contrary, in the case of CdF2: Eu the expected and measured values of l/tQ

were in a reasonable agreement

3.3 Comparison with pure CdF,

It must be noticed that in the same temperature range ITC spectrum of pure CdF2 does
not show any oeak which can be identified with those appearing in Gd and Eu doped CdF3

Actually a week ITC band occurs in pure CdF2 in the temperature range 120-200 K (see Fig 3)
but with striking differences with respect to Eu and Gd doped CdFj as explained in the
following

1) The band is very small, i.e. nearly 300-400 times weaker than the peak in Gd and
Eu doped CdFj respectively (in all the cases, bare samples were introduced between
electrodes, see section 2).

2) The Temperature at which the maximum of ITC peek occurs in pure CdF2 does
depend on the polarization temperature r p and polarization time fp. In figure 3
curves 1 , 2 and 4 were obtained by polarizing the sample with £ p • 8330 V/cm at
Tp - 151 K for fp - 3, 15 and 1 min respectively, down to Tf - 123 K The
observed peak temperature shift cannot be at all ascribed to differences in the
heating rata during ITC detection. In fact, the heating rate 0, which was 0.126 K/s
in the region where ITC band occurs, showed changes within 1.5% through the
three runt. Also the band intensity is strongly affected by fp. Curva 3 is still more
meaningful: T^, fp, Ti and £ p were the same of curve 2, so the polarization P,
which remains frozen in whan the field £ p h turned off at 7"f, mutt be the same
given by the area under curva 2. The temple was than warmed up. but th« htatins
was stopped at T - 166 K (a temperature slightly lower than the peak temperature
of curva 2: during this stap only a fraction of polarization P is released. The sample
was coded down again to Tf and finally warmed up in order to release the residual
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frozen in polarization completely: curve 3 gives the daoolarization current versus
temperature detected during this step The peak n still more shifted to higher
temperature The above results suggest that the ITC spectum in the temperature
rang» 120200K in pure CdF2 is not given by a single pel*:, but is due to the
thermal induced disordering of "dipoies" with different retaxruion times, possibly
with a continuous relaxation time diftribution (or to the thermal induced nlea» of
earners from traps with energy depths distributed continuously)
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It must bt waited that Kuntt and Mull»-"1 really found an ITC ptak in th# rang»
180220 K i n N a doptd CDF2 , that they «scribed to charg» carrier redisplactmtm (CD band).
Howtvtr tht features shown by our band in pur» CdF2 art not consistam with thott of tht
Kurttt and Multar band So we rula out tht possibility that our band is dut to tht prtstnot of
sodtum tracts Nevertheless wt looked for tht low ttmptraturt bane* dut to tht rtoritntation of
Na ion fHiortrw vacancy dipoits found by tht above authors at 103,5 K Wt actually found a
vtry wttk band ptakad at 106 K which wt ascribed to rtskJual Na impuritits. dut to thtir
ralMivaly high solubility in CdF, (as N a F ) n 7 > . Furthtrmort tht low intensity of tht band
allowtd us to conclude that our samplas art quita pure Incidtntaily, hart wt report tht
activation tntrgy for orientation of sodium anion vacancy dipoits measured by using tht
mtthods ( 1 7 > described in details later Tht activation energy was found to bt 0.34 ± 0.02 t V
in good agreement with Kunzt and Mülltr value of 0.31 t V

As a concluding remark to this section, wt can say that the peaks detected in CdF2: Gd
and CdF2: Eu in the temperature 120-200 K are really different from ITC bands detected in tht
same range in pure and Na doped CdF2.

3.4 CdF]: Eu: Linearity and Activation Energy Measurements

Tht intensity of a) and b) paaks was studied versus the intensity of tht polarizing voltage
Vp for Eu doptd CdF-»: tht results are shown in figure 4 Linear relationship betwten ptak
intensity and Vp holds for both paaks, at Itast up^toj 500 V. « expected for non inttracting
dipoits.

10* 2.10

Polarization voltage î  Volts
flf.4

p
aatarttintvaHaat V p f a r C d ' j : l u



Thts result stimulated us to investigate if the dipote disoriertation kinetics could be
obtained from the shape of at less one of the peaks If the dipoie disorientation occurs through
a first order monomolecuiar kinetics, the depolarization current density j(t) is described by171:

where N is the dipoie concentration, p the dipoie moment, a a geometrical factor, Tp and f p

are the polarization temperature and field, r0 e<cp i/kT = T(T) n thedfeoto relaxation time, r0

the pre«xponenttal factor, < the activation energy for dipoie orientation and finally 0 the
heating rate If the above hypothesis holds, the activation energy e can be obtained in two
ways,». e. :

in — — - ~ . ) n r • — (3

and, for T < TM

l n / W =s const. - ^ (4)

where 7"M is the temperature at which the peak maximum occurs. A logarithmic plot of the left
hand side expressions in (3) and (4) versus ( 7 ) ' 1 gives two specular straight lines, i. e. with the
same slope absolute value, but apposite <ign. In figure 5 the experimentally determined values
of the left hand side of eq. (3) (curve 1) and (4) (curve 2) were plotted versus 1 000/7", for
instance for baud a). Obviously care was taken to avoid the overlapping of side peeks, by
properly choosing Tp and Tf and by using the partial discharge technique'1), Two straight lines
can be reelly identified in figure 5; from the absolute value of the slope, the orientation
activation energy turns out to be 0.40 eV From eq. (3) the pre-exponential factor too can be
calculated as T0 a 1 0 ' ' 2 t. Trwse values are in fine agreemB.it with those found for RE-FI
dipolesinCaF, »BMBUii> n «>, as discussed in detail in section 4.

It must be noticea that such an unequivocal behaviour cannot be ascertained for peak b
due to the unavoidable overlapping of the neighbour peaks Incidentally it must be reported
that the linearity checks carried out for band appearing at 186 K did not give satisfactory
results. Howtver the relative activation energy e could be evaluated easily: e was found to be
0.40 eV and r0 - 1 0 * " s.

3.5CdF]:0d

The situation in Gd doped samples is much more complex, because, even if the ITC peak*
are, unambiguously, due to Gd however their intensities are not linear function of £ p and
activation energy determination becomes difficult due to the important overlapping of the
nearest bands. An attempt to evaluate e for band peaked at 118 K gave wry low values (about
0.1 eV). which are too far from the value 0.4 aV typical of RE Fl dipoie* in CaF, and
CdF3:Eu.

It is worthwhile noticing that preliminary dc measurements (i. • measurements of the dc
current which flows through the sample when electric field £ is on) performed at constant
temperature <7*p - 162 K) showed the same current versus applied field functional dependence
that was found for the thermal induced depolarization current (measured at lhe peak for the ITC
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band at U 8 K). when the polarization temperature r_ was ltd I 182 K, The functional field
dependence c* current / wet of the Poole Frtnkel type'1* ' in ooth cates, i e

BE*
/ « e x p l . y i (5)

Where B is constant The formule usually describes the Paole Frenkel earner detrapp ng from a
single localized donor level, when Coutombtc well •* assumed for the donor potential. The «ma
field dependence uf thermocurrent and dc current suggests than both can be related to the sem»
mechanism and moreover effects due to the pretence of electrons cannot be ruled out

4. Concluding remarks

From the above results, it turns out that the principal features of bend a) in CdF }: Eu can

be summerized as follows:

1 ) The peak is reedy due to the presence of europium
2) The bend is not due at all to charges injected from electrodes, because it is

developed also with teflon blocking electrodes;
3) The pe*,k temperature does not depend both on Tp and rp,
4) The peek temperature is in the region where the second RE Fl dipole reorientation

bend occurs m CaF} doped with various tnvalent cation» and in SrF,: E u ' ' 4 ) ;

5) The polarization induced is a linear function of the polarizing field £ p , as predicted

by the Lengevin formula for uniform bulk polarization due to non- interact ing

dipoles, in the approximation p£p < KTp ;
6) The band shape •< nicely described by formule (2), which holds for non-interacting

dipoles, whose disonentation occurs through a f"s* order monomolecular kinetics;
7) The activation energy for dipole orientation obtained in the above frt.ne is 0 4 0 e V,

in fine agreement with those of the homologous band in CeF2

The discrepancy from the values of activation energy found for Eu peaks in
SrFj l 14> ( * 0 3eV) can be understood by taking into account that the Sr** ionic radius
0 38 A) is appreciably different from Ca" and Cd** ionic radii (1.26 A) and 1,21 A,
respectively! in fluorides'19' The activation energies, pre-exporwntial factors and cation radii
are summarized in table t for Ca, Cd and Sr fluorides The frequency factor 1/r0 = 101 J s ' 1 ,
obtained for the peak at 162 5 K. is realistic if compered with the vibrational frequencies in
CdF2 lattice In fact, by using data on restrahlen absorption wavenumber and on static and high
frequency dielectric constants, reported by Eisenberger and Persian'161, one can evaluate
<*>L0 (longitudinal optical frequency) * 7 6 x 1 0 l 2 s ' and w T 0 (transversa óptica)
frequency) « 4 x 1 0 " s ' , both higher than 1 / r 0 .

The whole phenomenology of 162 6 K ITC peak in CdF2: Eu fits nicely to the picture of
the other europium doped fluorides and more generally of CaF, doped with trivelent rare,
earths. The attribution of ITC oeak at 152,6 K to the disorientation of substitutionaf trivalant
europium fluorine interstitial dipoles in CdFa seems quite reasonable, in this way resolving the
puzzle of lack*1' of these dipolar defects in e crystalline structure so dose to that of CaFs,

However from our results in Cdr-3: Gd, the formation of r^e earth-fluorine interstitial
dipoles does not look as a common feature of RE doped CdF2, Evan if the strong peaks we
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Table I

Motion parameters for ITC peaks m the temperature range 120 190 K
m C* , Cd and Sr fluorides doped with europium

Matrix

CeF3

CdF,

SrF,

Activation
energy (eV>

040
0 40

(peak at 152 5 K)
040

(peak at 186 K)

026
028
0 33

Pre
exponential

factor

To (S)

1 x 1 0 "

1 x 10 ' l

1 x 1 0 "

2 x 1 0 "
6 x 1 0 "

2 5 x 1 0 "

Reference

(14)

presente
work

(14)

Divalent
cation

radius
A ) 1 9 )

126
1 21

1 39

found in CdFj: Gd, in the range 100 180 K must be jnequivocally attributed to the presence of
Gd, however, their properties are not consistent with those of a uniform bulk polarization of a
system of non interacting dipotes The practical suppression of depolarization current signal,
caused by blocking electrodes, suggests that injection of carriers from electrodes can take place,
in absence of blocking electrodes Moreover the relation (5) which seems to hold at 162 K both
for thermal induced depolarization current and for dc current, suggests that electronic effects
could be present, poaeibly due to a weak non^totchiomatricity of the sample, and can overlap
or mask tha weak reorientetron signals due to RE FI dipoles (we recall here that we obtained
small signals with blocking electrodes) It is still puzzling why Eu gives RE Fl dipole
reorientatton signal and Gd does not ESR and ENDOR measurements in CdF; Gd<2Ot showed
that tha predominant ESR spectrum arises from substitution^ G d 1 ' in cubic sites and no
charge compensating F ion is present within 7 A from Gd' *. while non cubic sites, due also to
tha preaence of unwanted paramagnetic impurities, are less than 10% This supports that Gd' *
in tetragonal symmetry (that expected for RE Fl dipoles) represents only a small fraction of
Gd3 * and in part can account for the difficulty in detecting unambiguous ITC signals This
difficulty seems to hold also for other trivalent tons, fur instance La and In. as shown by Kun?e
and Müller*11 Keaeler'3' ascribed this fact to the use of blocking electrodes, but our results in
CdF}: Eu showed that tha detection of RE Fl dipole reorientetion peak whan it is really
present H not limited at all by the use of blocking electrodes It is worthwhile noticing that a
thermal dtpotarintion currant peak w « found by Keuler131 in CdF ; . Y at 129 K, which the
author etrlbuted to Y 3 * Fl dipole reorientation However, in our opinion, there is a little
shadow of doubt that It can be unambiguously due to dipole relaxation because its presence
was not checked by using blocking electrodes and, furtharmora, its activation anargy was found
to be only 0.206 aV which is far from tha 0 4 aV value reported for RE doped CaF, In this
way overlapping electronic affects can affect tha dipole relaxation detection, as in our
CdFj: Gd. At present It looks that only Eu gives undoubtedly RE Ft dipoie reorientation ITC
peaks in CdFj ; consequently it would be worthwhile to anlyza tha behaviour of other trivalent
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•om in Cdf-; m order to understand why RE Fl pairs are not a common feature of afl tnvelent
>om as m CaF;
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RESUMO

Vá' as expe' enciat reatadas ut- ztntio • t K n u dt iTC ni 'tfêo da ttmpfatura arma 80 t» 200 K
mo»''am nequ voc«m#nt» qgt oco"t • eo"tntaçio dtpo'ar dot dipoiot n n Tar'a Ra*a Fiuc inwsticiai
(RE Ft» em CdFj Eu '*io'v#ndo o tn.gma dt .n»x.sttnc<« dent t>po de r»iaxaçao tm CdFj dopado* com
>ún •••viien'M como ratados po* *uto'ts p'tc»d«fita» A «ntrgia dt ai-wacáo pa*a a O'tntaçáo

*atc p>t 9\fton*nc»' <T ' 0 " d «éo cablados pai* o pco prncipai àê IFCl f r 0 * 0 e V i e o *atc p>t 9\fton*nc>»'- <TQ - ' 0 " d «éo cabulados pai* o p>co prncipai àê IFC
|T|g| « 152 5 IO d-sco' dot a compa'ados com p»r«rr»f>o» ana'offot »m rluortto* dt Sr • Ca dopadoicom Eu
Out o» ptcoi am 168 t 186 K tio Também anai'tado» Um nrudo para'«*o K>b't CdF2 Gd mostra qua os
«'«To* e'crron>cos néo são desp'ez ve<s • Que podvm ma«car»r t»i***çi}»* d<po(*rts A diff tnç* tn^a EÜ a
Gd 4

RESUME

O« nomb'eusm expér>«nc*s !TC tHactuaat tf>t't 80 tt 200 K montftnt sans •QuivoQu* its dipòitt tn
Mcond votiTi r t " t ' a ' t flúor <nrafs*>iit< dans CdPi £u L tn*rg>« d.activation d'Of'tnui-ori (0 40aV) tt Ia
*acttur prMxpontmtti l r 0

 a 10 '"' s) tont tvgiutt pou' <t pie ITC P"nc>pal (T M - 152 5 K! tt comparts tun
pa>«métrt$ obtenus dar» its fiucu'M dt strontium tt dt c**ctt7i dopts a 1'turop'um 0 autm pics a 168 tt
'86 K so.it auu> anatyséi.

Una étude pa'8Hèi# sur CdF3 Gd monrra qut dts t « « * ttttrumquas n* «cm pas ntoi.^tab'ts tt
peuvtfit matqutr dts '«laxat.orn dipo'»"t» LJ d>ffaftnce tnt't Eu tt Gd act d'scuttt
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