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ITC-EXPERIMENTS ON SrCl, : RE 

E. J. BIJVANK and H. W. D E N  H A R T O G  

Solid State Physics Laboratory, 1 Melkweg, Groningen, The Netherlands 

RksumB. - Nous avons etudie par ITC des monocristaux de SrClz contenant des pourcen- 
tages differents de terres rares. Nos mesures montrent que quand nous augmentons la concentra- 
tion des terres rares les cations monovalents et les anions divalents sont compenses, puis, a concen- 
tration en ions trivalents de terres rares pl~is elevee. des paires de CI - en positions interstitielles et 
de terres rares substitutionnelles sont formkes. Au moins trois types de dip8les CI- interstitiel 
+ ion de terre rare substitutionnelle orit ete observes. Nous avons indique ces dip6les par I, I1 
et 111. 

Chaque dip6le donne une raie de ITC avec la fornie : 

comnie i l  a etC niontre par Bucci et (11. Les ions de terres rares etudies sont La, Ce, Nd, Gd, Tb, 
Dy, Ho, Tm, Yb et Y. Les parametres E et r, pour les lrois types de dip8les varient entre 0,90- 
0,77 eV et 3 >: 10-14-10-11 S, respectivement pour la raie I, entre 0,86-0,71 eV et 3 ?: 10-14- 
10-I! s, respectivement pour la raie 1 1 ,  et entre 0,80-0,59 eV et 3 :.: 10-14-10-9 S, respectivement 
pour la raie 111. Si nous chauffons de 0,055 K/s, nous trouvons que les positions pour les raies I, 
11 et 111 sont (288 6) K, (276 - - :  6) K et (262 i, 4) K respectivement. 

Abstract. - ITC-signals of SrCI? single crystals witli different levels of rare earth doping were 
studied. Our nleasurements show that with increasing RE-concentration first the monovalent 
cations and divalent anions which are present as impurities are compensated, whereas at higher 
concentrations of trivalent rare earth ions pairs of interstitial C1 -ions and substitutional RE-ions 
are formed. At least three types of dipoles consisting of an interstitial Cl- and a substitutional 
RE-ion are observed. They are referred to as dipoles I, I1  and 111. Each of these dipoles gives rise 
to an ITC-peak of the form 

as described by Bucci et ul. The RE-ions investigated are La, Ce, Nd, Gd, Tb, Dy, Ho, Tn?. Yb 
and Y. The parameters E and r , ,  for the three kinds of dipoles are found to vary between 0.90- 
0.77 eV and 3 10-11-10-lZ s, respectively for peak I ,  between 0.86-0.71 eV and 3 ;: 10 -14-10 I s, 
respectively for peak I1 and between 0.80-0.59 eV and 3 ..: 10 14-10-", respectively for peak 111. 
For a heating rate of 0.055 K/s the ITC-peak positions for dipoles I, I 1  and 111 were found to be 
(288 5 6) K, (276 k 6) K and (261 4) K, respectively. 

I .  Introduction. - SrCI, crystallizes in the so- If trivalent rare earth ions (RE3+)  are introduced 
called fluorite (CaF2) structure. The chlorine ions substitutionally one obtains additional interstitial 
form a simple cubic sub-lattice. The centers of the chlorine ions because of the electroneutrality condi- 
cubes are alternatively occupied by Sr++-ions. I t  can tion. The formation of cation vacancies is energetically 
be seen very easily that the Srf  +-ions form an FCC less favorable. If on the other hand monovalent cations 
sub-lattice (see Fig. 1). like Na' or  K+  or  divalent anions like 0'- are added 

for the same reasons anion vacancies are created. 
It will be shown in this paper that the trivalent rare 
earth impurities form dipoles together with the inter- 
stitial anions. Furthermore, the 0" ions will attract 
anion vacancies which results in the fortnation of 
02--anion vacancy dipoles. 

Dielectric relaxation of dipoles in  ionic crystals is 
usually studied by means of dielectric loss experiments 
using a wide range of frequencies. The ITC-niethod 
developed by Bucci ct 01. [I], [Z] provcd to bc an  

2 + 

o Sr attractive alternative because of the relatively si lnple 

cl- set-up. Basically this  neth hod is very similar to thermo- 
luminescence. 

-a- A crystal containing dipolcs comprised of R E ' ! '  
FIG. 1. - Schematic represelltation of the SrCI2 lattice. and an interstitial chlorinc ion is polari~cd hy mcans 
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of a static external electric field E, at some polarization 
temperature T,,. The orientational polarization result- 
ing from differences in the populations of the otherwise 
equivalent interstitial CI--positions can be frozen- 
in by cooling down to LN, temperature. During 
heating at an approximately constant rate each type 
of dipole present in the crystal gives rise to a well 
defined peak in the depolarization current. This 
current is due to reorientational jumps of the intersti- 
tial C1--ions. The shape and position of the peaks 
provide information about the activation energy for 
jumps of the dipoles. Furthermore, characteristic 
jump rates (7,) are obtained. 

2. Experimental results and discussion. - Figure 2 
shows the ITC-curve of a nominally pure SrCl, single 

FIG. 2. -1TC-curve of a nominally pure SrClz crystal pola- 
rized for 5 min at room temperature with an electric field of 
10 000 V/crn. 

crystal. The currents are probably due to the release 
of space charges. It was observed that in crystals doped 
very slightly with 02-- ions the peaks are enhanced 
by several orders of magnitude. When on the other 
hand trivalent RE-ions are added the peak is reduced 
and a new ITC-peak is formed (see Fig. 3). Detailed 
investigations have shown that this new ITC-peak 
consists of four separate peaks which can be resolved 
by means of (( peak -c l ean i t l~~ / ) roce~ /~~re .~  )). Three of 
them are related with RE-ions (peaks I ,  11 and 111) 
while peak I V  may be related with 0"-ions. 

For all the observed ITC-curves computer fits of 
the form given in eq. ( I )  were obtained. These fits 
provided the parameters E (activation energy), the 

FIG. 3. - ITC-curve of SrCI2 : 0.1 % Ho polarized for 5 min 
at room temperature with an electric fieid of 10 000 V/cm. 

characteristic jump rate z, and the temperature at 
which the maximum current occurs (T,,,). A typical 
result of the computer fitting together with the experi- 
mentally observed peak I1 in SrCl, : Ho is shown in 
figure 4. The results of the calculations for peaks I, I1 

FIG. 4. - ITC-peak 11 of SrC12 : 0.1 % Ho obtained after 
peak-cleaning-procedures had been applied. A small residual 
contribution due to peak I at the high temperature side of peak I1 

can be observed. 

and 111 corresponding with the various RE-ions are 
shown in tables I, I1 and 111, respectively. The activa- 
tion energies given in the tables correspond to jumps 
of the interstitial chlorine ions to equivalent positions. 

E,~peri~nental parameters for peak I in SrCl, : RE3+ 
A 

Dopant E (eV) (*) 
- - 

T o  (s) 
- 

Y3+ 0.85 3 x 10-l3 
La3 + 0.90 3 lo-'" 
Nd3+ 0.86 8 x lo-'" 
Gd3 + 0.89 6 x lo-'" 
H O ~  + 0.77 6 x lo- '"  
Tni3 + 0.80 2 x 10-l2 
Yb3+ 0.78 7 x 10-l2 

(") The experimental accuracy of is 0.02 eV. 
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TABLE I1 tial relationship between E and so which has the 

Esperil~zerztaf paranzeters for peak 11 ilz SrCI, : RE3+ 

Dopant (eV) (*) 
- 

70 (s) 
- 

T m  (K) 
- 

Y3+ 0,71 2 x lo-" 277 
~a~ + 0.86 3 x lo-14 277 
Ce3 + 0,75 7 x 10-l2 28 1 
Nd3+ 0.81 2 x 10-l3 272 
Gd3+ 0.75 4 x 10-l2 277 
~b~ + 0,75 6 x 10-l2 280 
Dy3+ 0.79 3 x 10-l3 270 
H O ~  + 0,71 2 x lo-" 275 
Tm3 +' 0.74 6 x 10-l2 277 
Yb3+ 0.76 2 x 10-l2 273 

(*) The maximum error of ;is 0.02 eV 

TABLE 111 

Experitnental parameters for peak 111 ill SrCI, : RE3+ 
A 

Dopant E (eV) (*) 
- - 

70 (s) 
- 

T m  (K) 
- 

Y3+ 0,67 3 x lo-" 262 
La3 + 0.61 4 x 10-lo 264 
Ce3 + 0.72 3 x 10-l2 264 
Nd3+ 0.59 1 x lo -g  265 
Gd3+ 0.81 3 x 1 0 - 1 ~  260 
Tb3+ 0.70 5 x 10-l2 260 
Dy3+ 0.75 5 10-l3 259 
H O ~  + 0.70 7 x 10-l2 262 
Tm3+ 0.77 2 x 10-l3 261 
Yb3+ 0.68 7 x 10-l2 258 

(*) The maximum error in 2 is 0.02 eV. 

From the tables it follows that the values for Tnl of 
the three peaks is fairly constant for all rare earth 
ions investigated : 

form 
e2E 

T o =  0 . (2) 

The relationship between the various ITC-peaks 
was studied by means of quenching experiments. It 
was observed that for most of the rare earth ions 
quenching from temperatures higher than 2500C 
produces changes in the relative intensities of the 
peaks. In general peak I is reduced while peaks I1 
and 111 increase. Moreover it was found that there is 
no appreciable increase of the integrated current indi- 
cating that the effect of coagulations of RE-ions if 
there is any can be neglected. From the above results 
we tentatively propose the following niodels for the - -  - 

dipoles I, TI and 111. 
Dipole I consists of a rare earth ion at a Sri+-site 

and a nearest neighbour interstitial site the distance 
between the RE-ion and the interstitial chlorine is 
3 a (where a is the lattice parameter). Dipoles 11 and 
111 also contain a RE-ion and an  interstitial CI--ion - 

but the distance between the two ions is 4 N , 3 and - 
4 a +5, respectively. It is interesting to note that the 
RE-ions corresponding with dipoles I, 11 and I11 
have C,,, C,, and orthorhombic syninletry, respec- 
tively. 

In general the jump energies for SrCI, are twice as 
high as compared with the corresponding values 
obtained for CaF, [3] ,  [4]. Unfortunately. no ionic 
conductivity results of SrCI, : RE3+ from which 
conclusions about the activation energy of motion of 
free anion interstitials can be drawn are available yet. 
There are however indications that anion vacancies in  
SrCI, are far more nlobile than tlie CI- interstitials. 

No ITC-peaks similar to the other RE-doped crys- 
tals could be observed in samples with Fe, Er, Eu 
and Sc. It is highly probable that the majority of these 
ions is present in SrCl, in the divalent state. This is 
supported by EPR results for Eu obtained in  our 
laboratory which show very intense signals due to 
Eu2+ having cubic symmetry. Furthermore. Fe3+ 
would give EPR signals at room temperature because 

T,  (11) = (276 + 6) K and rn, = (262 4) K. it is a11 S-state ion with usually long enougli relaxation 
times. No EPR-signals were obser\ed indicating that 

The values for E llowever turn out to vary conside- the Fe-ions are present in  the divalent state \vhich is a 

rably while z, changes over several orders of magnitude. lion S-state. Finally, it was observed that the trivalent 
Although we tried to relate the variations in E and RE-ions can be reduced to the divalent state by addi- 

so with the ionic properties of the lanthanide ions we tive coloration. After this treatment no ITC-peaks 
did not find any correlation between these two para- due to RE-ions and interstitial anions (peaks I, I 1  
meters and the ionic radius, mass and ionization and Ill) are present. Instead the ITC-signals observed 
energy of tlie RE-ions. Tllere is however an exponen- are very similar to the one characteristic for pure SrCI,. 
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DISCUSSION 

K. ZIEROLD. - IS it possible, that one of the mea- 
sured ITC-peaks is not due to a dipole but due to 
point charge defects (like vacancies), which have 
been press to one electrode ? The peak then should 
come from the depolarisation of this local vacancy 
concentration by heating. 

H. W. DEN HARTOG. - We don't think so because 
the RE ions will suppress the concentration of anion 
vacancies. Moreover the ITC-curves induced by 
space charges cannot be described by the ordinary 
dipole mechanism. Our results indicate that the peaks 
are due to proper dipoles. 

A. D. FRANKLIN. - With respect to  the trigonal 
center you have reported in ITC and preliminary 

EPR measurements, other trigonal centers have 
been observed in both CdF, and CaF, doped with 
rare earth ions. For instance, oxygen in both crystals 
forms a complex center containing anion vacancies 
as well. This center has been studied using EPR in 
both CdF, and CaF, and very recently Kitt and 
Crawford reported on some ITC studies. It is very 
necessary to apply other techniques as well to confirm 
that the observed peak really does arise from the 
rare earth ions with associated fluorine interstitial 
ions in next-nearest neighbour sites. 

H. W. DEN HARTOG. - I agree with you that the 
assignation of the trigonal center is not unambiguous. 
More experiments (especially ENDOR) are needed 
to confirm our interpretation. 


