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DIPOLE ORIENTATION EFFECTS IN RARE-EARTH DOPED CdF,
R. Capelletti, F. Fermi and E. Okuno

ABSTRACT

A number of axperiances carried out by means of 1TC technique in the tempersturs range 80-200 K
shova urwequevacsity that . n. Rare Eerth Fiuorine Interstitisl (RE Fi) dipole reotientation occurs in CdF,:
Eu. renoiving the puzzie of the lack of this kind of relsxstion in trivelent ions doped CdF;, es-MpOTTIS by
sravious ﬂ"“" The activation energy for orientation (€ 2040 sV} and the presxponential factor
(Tg= 107" " 3) sre evelusted for the principel 1TC peak (Ty; =152.5 K) discussed and comperad with the
smeiogous perematers in Eu doped Ca and Sr flucrides. Other I TC pesks at 168 snd 188 K ere siso anaiyzad.

A persliel study on CdFy: Gd shows that electronic sffects are not negligible snd can mask dispolar
refaxations. The difference between Eu and Gd s discussed.

1. Introduction }

An incremsing interest has been davoted recently to the study of dielectric and ionic
trensport properties of CF; pure and doped with monovalent and trivalent cations! 114} This
intorest was stimulated since the discovery of the conversion of CdF,; containing small smounts
of trivalent ionic impurities from an insulator to a n-type semiconductor when heated in Cd
vapor at 500°C(5).(6) n aikeli doped CdF;, between 20-300 K, Kunze and Maller!'! found
ionic thermoconductivity (ITC)!7) pesks due to reorientation of monovalent cstion-fiuorine
vacency dipoles in the low temperasture rangs, and pesks dus to space charge in the high
temperaturs rangs. Surprisingly, in the rare earth doped semples no signal due to orientstion of
trivalent cation-fluorine interstitisl (RE-Fl) dipoles was detected. This feature outlines a
striking difference between CaF; and CdF; since it is well known that rare sarth doped CaF,
shows two waell defined ITC pesks (8.(9) disg 1o orientation of RE-FI dipoles. The lower
tsmpersture pesk (~ 50 K) is assigned by Stott and Crawford to the presence of fluorine
interstitiat in the next-nesrest-neighbour-position (trigongl symmetry). it ssems however
uniikely thet jumps from one nnn position con take place'!©). The higher temperature peak
(~ 140 K), sscribed to the pressnce of fluorine interstitisl in the nesrest-neighbour position
{tetragoral symmetry), was examined more extensively!8).(81.111)-003)  This unexplsined
difference between RE doped CaF; and CdF, stimulated us to undertske the study of CdF,
doper; with Eu® * and Gd* * by meens of ITC technique.

2. Experimentyl deteils.

Tive samples were obtsined from Optovac Inc. (pure CdF;). Some samples were kindly
suppiied by Dr. J. 8, Feidmann (pure CdF; and Gd doped CdF,) end by Dr. E. Loh (Eu doped
CdF ;). Thin stices were obtsined by cutting single crystsl ingots with a wire saw: the specimen

surfasces were then polished by iapping. The thickness of samples ranged from 0.6 to 1 mm, the
sres from 0.5 t0 1.2 cm?,

The sempises wera submited to different etching procedures: 1) they were weshed in



smmonia solution then ninsed 1n methanol as suggested by Kunze end Mitler!'!: 2) they were
simply rinsed 'n acetone Or ethanol

The ITC measu-ements were obtained: 1)by putting the bare sampie within slectrodes; 2)
by coating the sampie surfaces with colioidal graphite in orde” to improve the contect with
electrodes, 3) by interposing two thin tefion foils between electrodes and sample in order to
obtain blocking electrodes

The ITC measurements were performed by the ususl procedure'’’ The crystal siab wes
polarized 1n 3 static electric fiela (ranging from 10° to 2 x 10* V/cm) for the polarizing time
tp. at the temperature Tp and then cooled down t0 the temperature 7, where the field was
switched off The polsrizing time ty ranged from 1 to 15 min: it is worthwhile noticing that
generally r, was 3 min During the sbove steps the dipoles bacome polarized st ssturation and
remain orientated in the same configuration obtained at the polarization tempersture, because
at low temperature the relaxation time g pectically infinite The crystal was then warmed up at
nearly constant rate: the dipole reisxation time for orientation gets shorter and shorter and
dipoles lose their preferred ornentation, giving rise t0 a depolerization current, This wes
detected at lineerly incressing temperature by a vibrating reed electrometer (Cary 31V} and
recorded by Speedomiux The spparatus can meesure currents as low as 10°'° A The
reproducibifity of measurements was within 2%

Two cryostats with differert performances were employed: the former, with vertical
identical shaped aluminium electrodes, sssured the minimum tempersture gradient through the
sample: in the latter, with horizontal gold electrodes, the top one can be put in contact with
hiquid nitrogen in order to get a very fast quenching of the sample

3. Results
3 1 Genersl features of 1TC pesks in CdF;: Eu and CdF,: Gd

In cur ITC measurements we were concerned with the temperature range between 80 K
and 200 K, neglecting on purpose the higher ter.perature region where the complex space
charge or charge displacement peaks ocr:ur, as reyorted by previous suthors!!! (3) Moreover in
the above low temperature range ITC peaks due to reorientation of interstitisl fluorine-rare
earth cipoles are expected to occur for the sske of snslogy with CaF, rare-sarth
dop.dlm (91 0111-{13}

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

Curves a) and b) were obtained by polarizing the sample at 7, = 165K and Ty, = 176 K
respectively for 3 min with 500 V Two pesks can be resoived st 152.6 K and 168 K. It is
worthwhile noticing that another peak appears st 186 K, but it will not be considersd
extensively in this work. This complex structure resembies thst found by Wagner snd
Mascarenhas in SrF,: Ey {14}

Figure 2 shows the ITC spectrum of Gd doped CdF;, with graphite improved contacts,
for ditferent polarization temperatures 7, , (indiceted by arrows) and T, , (see section 2). The



polarization wmperature range for each 1TC run s shown by honizontal hines. The polarization
field and polerization time 1, were 160 V/cm and 3 min respect:vely

It mine out, from figure 2. that the proper chowe of Tp and T, allows to distinguish at
st three, peeks at 118 143 and 180 K By comparison cf figures 1 snd 2, i TC pesks both in
Gd and in Eu doped CdF, appesr in the samn temperature region where RE Fl| dipoles
reorientation peeks occur in CaF; and StF . . <hown by the vertical arrows at the top of
tigures
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lonic thermooonductivity in CdF, ;: Gd with graphite improved sontssty.

Polarizetion temperatures T, , and temperatures ot whish the elestric fleld was tumed off.
T4 o 9re shown for sech surve n i brrows on the tep show the pesk res of ITC bend due 10
RE F1 dipoies in rere sarth doped CaF; and &eF ;.
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usmurp t, snd contacts on the position a intensity of ITC pesks in CdF,: Eu end in
and in CdF,: Gd

We must emphasize that the position, st which verious peaks occur in Gd and Eu doped
CdF; . doss not depend on the polarization wemperatyre 7, and polarization time ?,,: the slight
pesk shifts among different curves shown in figure 2 must be obviously ascribed to the mutusl
overiapping of the neighbour bands, whose intensity changss on the polarization tempersture
To 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 depols:ization
pesks due to Eu an+ Cd in surpriingly different way. In Gd doped CdF, the depolarization
current signals / and /, of samples with and without bilocking electrodes respectively are
strikingly different and their ratio is quits far from the expected velue ! '5):

e d

=/
’ Yed. + €. d,

(1)
where ¢, = 2 and ¢, = 9 ''6) are the static Jielectric constants of teflon and CdF;
respectively, d. and d,/2 are the thicknesses of iie sample and of the tefion layer respectively.
Tiwe expected vaiue of ///4 in CdF.: Gd was > 0.3, while the messured one was less than 1072

This striking d fference turns out chiefly for the pesk st 118 K, while is less astonishing for the
other peaks. On the contrary, in the case of CdF; : Eu the expected and measured values of ///,
wWere in » ressonable sgreement

3.3 Comperison with pure CdF,

It must be noticed that in the same temperature range |TC spectrum of pure CdF; does
not show any peak which can be identified with those sppesring in Gd and Eu doped CdF;
Actusily a wesk ITC band occurs in pure CdF; in the temperature rangs 120-200 K (see Fig. 3)
but with striking differences with respect to Eu sand Gd doped CdF; as explained in the
following.

1) The bend is very small, i. . nearly 300-400 times weaker than the pesk in Gd and
Eu doped CdF; respectively (in all the cases, bare sampies were introduced between
electrodes, see section 2).

2) The Temperature at which the maximum of ITC peak occurs in pure CdF, does
depend on the polarizstion temperature 7, and polarization time t,. In figure 3
curves 1, 2 and 4 were obtained by polwizing the sample with £, = 8330 V/cm ot
Tp = 151 K for =3, 16 and 1 min respectively, down to 7, =123 K. The
obeerved peak tempersture shift cennot be at all ascribed to differences in the
heating rate during ITC detection. In fact, the heating rate §, which was 0.125 K/s
in the region where ITC band occurs, showed changes within 1.5% through the
thres runs. Also the bend intensity is strongly sffected by ty. Curve 3 is still more
mesningful: 7, 1, Ty and £, wers the same of curve 2, 0 the polarization P,
which remains frozen in when the fisid £, is turned off at 7, must be the seme
given by the sres under curve 2. The sampie was then warmed up, but tha heating
was stopped at 7 = 1668 K (a tampersture slightly lower than the pssk tempersture
of curve 2: during this step only a fraction of polarization 7 is relessed. The semple
was cooled down again to 7, and finally warmed up in order to reissse the residual
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frazen in polarization compietely: curve 3 gives the depolerizstion current versus
temperature detected during this step. The pesk is still more shifted to higher
tempersture. The sbove results suggest that the ITC spectum in the temperature
range 120200 K in pure CdF; s not given by a single peak, but 13 dus to the
thermal induced disordering of “dipoles” with different relsxr.ion times, possibly
with a continuous relaxation time distribution (or to the thermal induced relesse of
carriers from traps with energy depths distributed continuously)
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Fig. 3
onic thermosonduetivity in prsre C#F; . The polarizetion tomperatyre rengs (shown on the tep)
and the polerizstion fleld = § 220 V/em are the same for sl surves;
polarizstion time ¢t s 3 1 win for surves 1 and 4 respestivgly;
16 min for surves 2 ond 3. Curve 3 is obteined sfier o partial dleshorge to 106 K.



It must be recalied that Kunze and Milie'"!! resily found an ITC pesk in the range
180220 K in Na doped COF,, that they sscribed to charge carrier redisplacement (CD band).
However the festures shown by our band in pure CdF,; are not consistant with those of the
Kunze and Miller bend So we rule out the possibility that our band is due to the pressnce of
sodium traces Newertheless we looked for the low temperature banc due to the rearientstion of
Ns ion fluorine vacancy dipoles found by the sbove authors st 1035 K Wa actuslly found a
very wesk bend pesked at 106 K which we sscribed to residual Na impurities, due to their
relatively high solubility in CdF; (s NaF)'’7}. Furthermore the low intensity of the bend
aliowed us to conclude that our samples are quite pure. Incidentally, here we report the
activation energy for orientation of sodium enion vacency dipoles measured by using the
methods 17} described in details later The activation energy was found to be 0.34 £ 0.02 eV
in good agreement with Kunze and Muiller value of 0.31 eV

As a concluding remark to this section, we can say that the pssks detected in CdF,: Gd
and CdF; : Eu in the temperature 120-200 K are really different from ITC bands detected in the
same range in pure ar’d Na doped CdF, .

3.4 CdF;: Eu: Lineerity and Activation Energy Messursments
The intensity of a) and b) pesks was studied versus the intensity of the polarizing voitage

V, for Eu doped CdF,: the results are shown in figure 4. Linear relationship between peak
intensity and V,, hoids for both peaks, at lesst up to 1 500 V. as expected for non interscting

dipoles. a
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The dipois sensentrations related to ITC pesis a snd b of figure 1 ere pletted versus
nmumv,hal, : Bu sampie with blecking siestredes.



This resuit stimulated us to investigate if the dipole disorientation kinetics could be
cbtained from the shape of atiast one of the psaks |If the dipole disorientation occurs through
a first order monomolecular kinetics, the depolarizstion current density j{t) is described by!7’:

Np' E;a €, T € -1

if = —~--—*-—-2-—--— ——— - —— T'

i7T) T (1o exp kT) xc.:p[ f° (B, exp “.,) :'d {2}
where N is the dipole concentration, p the dipole moment, a & geometrical factor, 7 snd £
are the polanization tsmperature and field, vy exp €/k7 = 7(T) is thedipgle relaxation time, 7,
the pre-exponential factor, ¢ the activation energy for dipole orientation and finally f§ the
heating rate |f the above hypothesis holds, thea activation energy ¢ can be obtsined in two
ways, i €. !

f;i(T‘) ar’ ;
in I(ﬁ—“*‘* =odnT, ¢+ ﬁ,’ (3)
and, for 7 < T\,
il = - S_
inj(N = const. pr= (4)

where T, is the temperature at which the pssk maximum occurs. A logarithmic plot of the left
hand side expressions in (3} and (4) versus (7)™ gives tv,0 specular straight lines, i. 8. with the
same siope absolute value, but apposite sign. In figure 5 the experimentsily 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 band a). Obviously care was taken to avoid the overlapping of side pesks, by
properly choosing T,, and T and by using the pertisl discharge tachnique!”!. Two straight lines
can be reslly identified in figure 5; from the absoiute vsiue of the slops, the orientation
activation energy turns out to be 0.40 eV From eq. {3) the preexponential factor too can be
calculated as 7o = 107'? 5. These values are in fine agreemunt with those fuund for RE-FI
dipoles in CaF, (8).191.111) 114) o4 qiscussed in detail in section 4.

It must be noticeu that such an unequivocal behaviour cannot be ascertained for pesk b
due to the unsvoidsble overiapping of the neighbour peaks. Incidentally it must be reported
that the linearity checks carried out for band appesring at 186 K did not give satisfactory
results. Howsver the reistive sctivation energy € could be evaluated essily: ¢ was found to be
040eVand7y ~ 107! 5.

3.6 CdF,: Gd

The situation in Gd doped samples is much more compiex, because, even if the ITC peske
ore, unambiguously, due to Gd however their intensities are not linear function of Ep and
activation energy determination becomes difficuit due to the important overlapping of the
nearest bands. An sttempt to evaluate ¢ for band peaked at 118 K gave very low veiluss (sbout
0.1 eV), which are too far from the value 0.4 sV typical of RE F| dipoles in CaF,; and
CdF;: Bu.

It is worthwhile noticing that preliminary dc measurements (i. @. messuraments of the dc
current which flows through the sample when electric field £ is on) performed at constant
tempersture (7, = 162 K} showed the same current versus spplied field functionsl dependence
that was found for the therme! induced depolarization current (messured at the pesk for the ITC
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band at 118 X). when the polarization temperature TB was still 162 K The functionsl fieid
dependence cf current / was of the Poole Frenkel type' '8’ in both cases, i ¢
Bf"'('

laenpl ) (5)

kT,

Where 8 s constant The tarmula usually describes the Poole-Frenkel carrier detrapp:ng from s
single localized donor levei, when Coulombic weil is sssumed for the donor potential. The ssme
f1eid dependence of thermocurrent and dc current suggests than both can be related to the same
mechanism and moreover effects dus to the presencs of electrons cannot be ruled out.

4. Concluding remarks

From the above results, it turns out that the princips! festures of band a) in CdF ;: Eucaan
be summarized as follows:

1} The peak 1s resily due to the presence of europium .

2) The band is not due st ail to charges injected from electrodes, because it is
developed aiso with teflon blocking electrodes;

3) The pesk temperaturs does not depend both on Tp and ty.

4) The peak temperature is in the region where the second RE-FI dipole reorientation
bend occurs in CaF ; doped with various trivalent cations and in StF,: Eul14);

5) The polerization induced s a linear function of the polarizing field Ep, as predicted
by the Langevin formula for uniform bulk polarization dus to non-interacting
dipoles, in the approximation pEp < KTp;

6) The band shape is nicely described by formuls (2), which hoids for non-imeracting
dipoles, whose disorientation occurs through g first order monomoleculsr kinetics;

7) The activation energy for dipole orientation obtained in the sbove frane is 0.40 eV,
in fine agreement with those of the haomoiogous bend in CaF ;.

The discrepancy from the values of activation energy found for Eu pesks in
SrF,!14) (=0 3 eV) can be understood by taking :nto account thet the S¢° ionic radius
{138 4) is apprecably different from Ca''and Cd ' ionic radii (1.26 A)and 1.21 A,
respectively) in fiuorides' '8! Ths activation energies, pre-exponential factors and cstion redii
are summarized in table | for Ca, Cd and Sr fluorides The frequency factor 1/r, =10'% 57!,
obtained for the pesk at 162 5 K, is reslistic if compered with the vibrational fraquencies in
CdF, lattice In fact, by using data on restrahlen absorption wavenumber and on static and high
frequency dielectric constants, reported by Eisenberger and Pershan!’€) one can eveluste
wy g (longitudinal optical frequency} =76x10'?s' and wyqy (transverse opticsl
frequency) ~ 4 x 10' 2 s ', both higher than 1/7,.

The whole phenomenciogy of 1562 6 K ITC pesk in CdF, : 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 oesk st 1562 5 K to the disorientation of substitutions! trivelent
europium-fluorine interstitial dipoles in “dF, seems quite reasonsble, in this way resolving the
puzzie of lack!) of these dipolar defects in a crystalline structure so close to thet of CaF,.

However from our results in CdF;: Gd, the formation of ra-e earth-fluorine interstitiel
dipoles does not look as » common festure of RE doped CdF ;. Even if the strong pesks we
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Table !

Motion parameters for ITC peaks in the temperature range 120 190 K
in Ca, Cd and Sr fluorides doped with europrum

Pre Divalent
exponential cation
Activation factor radius
Matrix energy (eV) 7o I8} Reference A9
CeF,; 040 1x10 '} (14) 126
CdF, 040 1x10 '’ 121
(peak at 152 5 K) presente
040 1x10'! work
(peak at 186 K)
SrF, 026 2x10° 139
028 5x 10" (14)
033 25x10"°

found in CdF, - Gd, in the rangs 100 180 K. must be snequivocally auributed to the presence of
Gd, however, their properties are not consistent with those of a uniform bulk polarization of a
system of non.interacting dipoles The practical suppression of depolarization current signal,
caused by blocking electrodes, suggests that injection of carriers from electrodes can taice place.
in absence of blocking slectrodes Moreover the relation (5) which seems to hold at 162 X both
for thermal induced depolarizetion current and for dc current, suggests that electronic effects
could be present, possibly due to a wesk non stoichiometricity of the sample. and can overlap
or mask the week reorientation signals due to RE Fi dipoles (we recall here that we obtained
small signsis with blocking electrodes) It is still puzziing why Eu gives RE Fl dipole
renrientation signal and Gd does not ESR and ENDOR meesurements in CdF; Gd!20' showed
that the predominant ESR spectrum srises from substitutionsl Gd'* in cubic sites and no
charge compensating F ~ion is present within 7 A from Gd’ *_ while non cubtc sites, due aiso to
the presence of unwanted paramagnetic impurities, are less than 10% This supports that Gd’ *
in tetragonal symmetry (that expected for RE F| dipoles) represents only a small fraction of
Gd’* and in part can account for the difficulty in detecting unambiguous TC signals This
difficuity seems to hoid also for other trivalent ions, fur instance La and In_as shown by Kunze
and MGller!!! Kesaler!3! ascribed this fact to the use of blocking electrodes, but our results in
CdF,: Eu showed that the detection of RE Fi dipole reorientction pesk when it is reslly
present is not limited at oll by the use of blocking electrodes It is worth, hile noticing that a
thermal dcpolarization current pesk was found by Kessler!'3) in CdF,: Y at 128 K, which the
suthor stributed to Y** F| dipole reorientation. However, in our opinion, there is 8 little
shadow of doubt that it can be unambiguously dus to dipole relaxstion because its presence
was not checked by using blocking electrodes snd. furthermore, its activation energy was found
10 be only 0.208 eV which is far from the 0.4 eV value reported for RE doped CaF; . In this
way overiapping electronic effects can affect the dipole relsxstion detection, as in our
CdF,: Gd. At present it looks thst only Eu gives undoubtedly RE-F! dipole reorientation ITC
peaks in CdF; : comequently it would be worthwhile to aniyze the behaviour of other trivalent
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ons 10 CdF , in order to understand why RE F| pairs are not a common feature of all triveient
1ons as in CaF;
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RESUMO

Viar-as exper-encias 83t zadas ut zando a tecn.ca de ITC na reg:80 de temperaturs antre 80 » 200 K
MAT SN NOQU vOCHMENTe Que OCO're & 100NENTACE0 cipniar 9oy dipoios n n. Terrs Rare Fiuor Intersticial
{RE F1) em Caf; Eu rasorvendo o engma de nexstencis desss 11po de reiaxacio em CdF ; dopedos com
‘ons  trivalentes COMO - ¢aadOs PO! SUT0'WS precadentes A energis de stvacéo pers s o entacéo
(€:0480eVi e o fator p'éexponencs! (7o =10 '’ s#o caicuisdos per o pPico prncipel de (TC
lTM =152 5 K} d.scut:dos 8 comparados COM Paramet’Os anatogos em fiuoretos de St s Ca dopados com Eu
Out'os prcos em 158 e 186 K séo ambeéem snaisados Um es'udo peraieio sobre CAF; Gd mosirs que os
efe:108 e'errOn:COos NBO 80 desp-ez - ves ¢ Que podem mascarsr relgxacdes dipotares A diferencs entre Eu @
Gd ¢ discurda,

RESUME

De nombreuses expér-ences | TC sffectuses entre BO ot 200 K monteent sens équivoque 1@ dipdies en
wcond voisn teree rare fiuor interstiel dens CdF ; Eu L energ:e dsctivetion d'orantation (0.40eV) a1 le
facteur preéexponentiet (Tg =10 11 5) sont evaiues pow e pic ITC principet (TM = 152 5 K) 81 compares sux
paamétres obienus dans les fluorures de strontium 2t de calc:Lm dopes a i'suroprum D sutres pics ¢ 168 ot
186 K 3011 auss: analysés.

Une étude paraiidle sur CdF3; GJ montre que des effets eietrongues N8 .Gt pas neghgeasbies et
peuvent masquer des relaxat:ons dipoisres. La difference entre Eu et Gd est discutée
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