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Abstract--Experimental data on the liquidus curve in cadmium fluoride-metal fluoride systems were used to 
calculate the distribution coefficients of di- and trivalent impurities in CdF 2. A similar method was proposed 
for calculating the distribution coefficient from solidus data. It was shown that the variations of the calculated 
distribution coefficients with the ionic radii of M 2§ and R 3§ are well fitted by Gaussians. Phase relations in the 
CdF2-rich part of the CdF2-InF 3 system were studied by differential thermal analysis and x-ray diffraction. 

INTRODUCTION 

The interesting properties of cadmium fluoride and 
related materials make them potentially attractive for 
many technological applications. CdF2 crystals are 
transparent in the visible and IR ranges and, under cer- 
tain conditions, exhibit semiconducting behavior [1, 2]. 
CdF z is used as a constituent of IR-transparent fluoride 
glasses, fluorine-ion-conducting solid electrolyte, 
material for laser arrays and IR detectors, and medium 
for optical information processing systems [3-7]. In 
view of this, the ability to grow high-purity CdF 2 crys- 
tals with controlled dopant distribution is of immense 
practical importance. 

Precise knowledge of impurity distribution coeffi- 
cients in CdF2 is critical for devising purification proce- 
dures and predicting impurity profiles in melt-grown 
crystals. The distribution coefficients of rare-earth fluo- 
rides extrapolated to infinite dilution were evaluated 
in [8] with the use of the experimental data obtained by 
Sattarova [9]. In this work, we calculate the distribution 
coefficients of di- and trivalent impurities in CdF 2 by 
the method proposed in [8], using earlier data on the 
liquidus curve in cadmium fluoride-metal fluoride sys- 
tems [10-16]. We also consider a method for evaluating 
the distribution coefficient from data on the solidus 
curve. 

Although CdF2:In is a candidate material for optical 
information processing applications [7] and neutrino 
detection [17], the CdF2-InF 3 system has not yet been 
studied. For this reason, we investigated a portion of the 
phase diagram of this system. 

INVESTIGATION OF THE CdF2-InF 3 SYSTEM 

The CdF2-InF 3 system was studied by differential 
thermal analysis (DTA) and x-ray diffraction (XRD). 
The starting materials used were reagent-grade CdF 2, 

additionally melted in a fluorinating atmosphere result- 
ing from pyrolysis of polytetrafluoroethylene and puri- 
fied to a light yellow coloration by directional solidifi- 
cation, and powder InF 3 prepared by fluorinating 
indium oxide in flowing HF at 400~ The InF 3 powder 
was stored in a desiccator over P205 all the time before 
synthesis. The XRD data for the starting materials 
agreed with those given in the JCPDS Powder Diffrac- 
tion File. CdF2 had the fluorite structure (sp. gr. Fm3m) 
with a = 5.388/~. InF 3 had a hexagonal unit cell (trigo- 
nally distorted ReO 3 type) with a = 5.401 A and c = 
14.40/~. 

In DTA characterization, we used a special unit 
intended for studies of fluorides.l The temperature was 
monitored with W-5% Re/W-20% Re thermocouples 
calibrated against the melting points of Pb, Sn, NaCI, 
LiF, NaF, and YF 3. DTA scans were carried out under a 
helium atmosphere in an open thin-wall graphite cruci- 
ble at a heating/cooling rate of 30-50~ The soli- 
dus and liquidus temperatures were determined as the 
initial peak temperatures in the heating and cooling 
curves, respectively. 

Powder XRD patterns were recorded on an 
AFV-202E Toshiba diffractometer (Ni-flltered CuKa 
radiation). 

CdF 2 and InF 3 were found to form a eutectic, with a 
broad range of CdF2-based solid solutions (Fig. 1). The 
eutectic temperature is 800 + 5~ We failed to study 
phase relations in the InFa-rich part of the system 
because of the high volatility of InF 3 . 

After DTA scans, the samples containing 5-15 mol % 
InF3 were transparent, light yellow, characteristic of 
CdF 2. The samples containing 20-30 mol % InF 3 were 
white and opaque. The XRD patterns of these latter 
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showed the presence of InF 3. These results indicate that t, ~ 
the maximum solubility oflnF3 in CdF2 is 19+ 2 mol %, 1100 
in reasonable agreement with the prediction in [1] and 
the reported data on the limit of the solid solutions of 
InF3 in CdF2 prepared by solid-state reaction at 1050 
750~ [18]. 

1000 
CALCULATION 

OF DISTRIBUTION COEFFICIENTS 

Distribution coefficients were calculated by the 950 
method proposed in [8], which relies on the van't 
Hoff's limit equation, 900 

lim d T  = RT2.o. 1), (1) 
x ~ ~  t" A H ( k -  850 

where T O and AH are, respectively, the melting point 
and heat of melting of the host, x L is the mole fraction 800 
of the impurity, and T is the liquidus temperature at x L. 

Over a broad composition range, experimental data 
on the liquidus curve were represented by a polyno- 750 
mial, 

n 

T = a 0 + a lx  + a2 x2 + ... = ~_jai Xi, (2) 

i = l  

where 

d T  L = al. (3) 

X =0 

In our least squares calculations, we used polynomials 
of degree two or three, and the melting point was fixed 
at To = 1348 K. The liquidus curve was fitted in the 
range from 0 to 20-30 mol % impurity. The heat of 
melting of cadmium fluoride was taken to be 
22572 J/mol (5400 cal/mol) [19]. 

For solid-solution systems, k can be calculated by a 
similar procedure, using data on the solidus curve. 
Since 

d T  = k d T  , (4) 
dx  L dx  s 

equation (1) takes the form 

lim d T  RT~ 
x._,odxS = k A H ( k -  1). (5) 

Data on the solidus curve are also represented with a 
polynomial, and then the distribution coefficient is cal- 
culated as described above. 

RESULTS AND DISCUSSION 

The results on the distribution coefficients of vari- 
ous impurities in cadmium fluoride are summarized in 
Table 1. In analyzing these data, we used Shannon's 
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Fig. 1. Partial phase diagram of the CdF2-InF 3 system: 
(I) DTA data, (2) limit of solid solutions according to 
Lagassie et al. [18]; F = C d  1 _ xInxF2 +x fluorite solid solu- 
tion, L = melt. 

eightfold-coordinated ionic radii [20]. In evaluating the 
ionic radii of Ni 2+ and Ga 3+, we took into account the 
data reported in [21]. 

Figures 2-4 show the distribution coefficients of 
metal di- and trifluorides in CdF2 as functions of the 
ionic radius of M 2+, that of R 3*, and the Ar/R ratio, 
where Ar is the difference in ionic radius between the 

metal and cadmium, and R = a ~ / 4  is the cation-anion 
distance in CdF2 (a = 5.388 A is the lattice parameter of 
CdF2). 

The curves are similar in shape and are well fitted by 
Gaussians: 

k = 1.30exp[-35.72(r-  1.216)2], (6) 

k = 1 . 2 6 e x p [ - 5 2 . 3 8 ( A r / R )  2] (7) 

for MF2 and 

k = 1.24exp[-62.21(r-  1.16)2], (8) 

k = 1 . 2 4 e x p [ - l O 2 . 8 6 ( ( A r / R )  + 0.059) 2] (9) 

for MF3. 

By using the Ar/R ratio, as proposed in [22], we 
obtain nondimensional coefficients. 
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Fig. 2. Distribution coefficient of MF 2 in melt-grown CdF 2 

as a function of the ionic radius of M 2§ The curve repre- 
sents a fit with equation (6), 
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Fig. 3. Distribution coefficient of RF 3 in melt-grown CdF 2 

as a function of the ionic radius of R 3§ The curve represents 
a fit with equation (8). 

For a particular impurity, the difference in the distri- 
bution coefficients derived from liquidus and solidus 
data is no greater than 10%. In particular, we find for 
InF 3 k = 0,34 from liquidus data and 0.33 from solidus 
data. When using the liquidus data derived from cool- 
ing curves for the CdF2-PbF 2 system [16], we obtained 
a negative k, which is physically meaningless, while the 
calculations from solidus data yielded a reasonable 
value, given in Table 1 (the other k values given in 
Table 1 were extracted from liquidus data). This is 
likely to indicate that, at the compositions studied, 
CdF2-PbF2 melts supercool significantly, as supported 
by the data on the Bridgman growth of CdF2:Pb 2+ 
crystals. 

From solidus data for the CdF2-InF 3 system, we 
obtained k = 0.33, in good agreement (+10%) with the 
value extracted from liquidus data (Table 1) and the one 

evaluated directly from phase-diagram data as k = 
xS/x L = 0.34. 

Consider now our results in terms of isomorphism 
energetics [22]. According to the Termond-Strathers 
equation, in the case of an infinitely low impurity con- 
centration, we have 

m 

AHm(1 1 ) AGi 
lnki = -R ~,To Tm RT' (10) 

where T m and AH m refer to the impurity, T O is the melt- 

ing point of the host, and AGi is the difference in the 
partial molar Gibbs energies of solution of the impurity 
in the melt and crystal. This equation can be rewritten 

Table 1. Calculated distribution coefficients of metal di- and trifluorides in melt-grown CdF 2 

M r,]k k M r,/~ k M r,/k k 

Ni 

Mg 

Zn 

Co 

Mn 

Cd 

Ca 

Sr 

Pb 

* Earlier data [8]. 

[0.99] 

1.03 

1 . ~  

1 . ~  

1.10 

1.24 

1.26 

1.40 

1.43 

0.22 
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0.39 

0.41 

0.85 

1.00 

1.50 

0.40 

0.17 

B a  

Ga 

In 

Sc 

Lu 

Yb 

Tm 

Er 

Ho 

1.56 

[0.785] 

1.06 

1.01 

1.117 

1.125 

1.134 

1.144 

1.155 

[0.05] 

[0.05] 

0.34 

0.34* 

1.22" 

1.17" 

1.24* 

1.31" 

1.21" 

Y 

Dy 

Tb 

Gd 

Sm 

Nb 

Pr 

Ce 

La 

1.I59 

1.167 

1.18 

1.198 

1.219 

1.249 

1.266 

1.183 

1.30 

1.38" 

1.24* 

1.05* 

0.95* 

0.91" 

0.77* 

0.74* 

0.79* 

0.28* 

INORGANIC MATERIALS Vol. 36 No. 4 2000 



DISTRIBUTION COEFFICIENTS OF IMPURITIES IN CADMIUM FLUORIDE 395 

k 
1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 
0 ---e 

-0.4 

o � 9  
46~.--x,X o 2 

,0,.,%, 
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 

ArlR 

Fig. 4. Distribution coefficients of (1) M F  2 and (2) R F  3 a s  

functions of Ar/R. The curves show fits with equations (7) 
and (9). 

in the form 

k = k~ (11) 

where 

AHm( 1 
l n k ~  R ~f0 lm)" 

Thus, each impurity must be characterized by its 
own k ~ value. In calculating k ~ it is necessary to take 
into account that T m and AH m refer to that form of the 
impurity which has the same crystal structure as the 
host. This condition, not taken into account in [23], is 
fulfilled only for MF2 with the fluorite structure (M = 
Ca, Sr, Ba, Pb). The results obtained for these com- 
pounds, using reference thermochemical data [19] and 
To = 1348 K, are displayed in Table 2. 

For difluorides with the rutile structure and trifluo- 
rides, substitution of the actual Tm and A n  m values into 
(11) makes no sense since these compounds differ in 
structure type from CdF2. It can be stated with assur- 
ance that the melting points and heats of melting of 
hypothetical fluorite forms of these compounds are 
substantially lower than those of the actual, rutile 
forms. For MnF2, this issue was discussed in detail ear- 
lier [ 15]. 

Table 2. Thermochemical data and calculated k ~ for MF 2 

Fluoride 

CaF2 
SrF2 
BaF 2 

PbF 2 

T m, K AHm, k~mol Ink ~ k ~ 

1691 3~1 0.545 1.72 

1741 29.7 0.598 1.82 

1627 20.9 0.320 1.38 

1098 12.55 -0.255 0.78 

The data in Table 2 demonstrates that k ~ does 
depend on the nature of the impurity, which introduces 
"noise" into the best-fit equation (7). Least squares fit- 
ting for the MF2--CdF2 systems yields/c o = 1.26, which 
corresponds to the mean effective values Tm = 1500 K 
and AH m = 25.5 kJ/mol or T m = 1000 K and A n  m = 

7.25 kJ/mol. 

There are no grounds to believe that k ~ = 1 in the 
general case, as suggested by Urusov [24]. In the case 

of isovalent isomorphism, the A G i  - (Ar[g)  2 correla- 
tion, following from (7) and (9), is in accordance with 
experimental data (see, e.g., [25]) and is associated 
with the effect of size factor on the mixing enthalpy. 

The results obtained in the RFa-CdF2 systems are in 
line with the conclusion that the optimum situation for 
heterovalent isomorphism with a variable number of 
ions in the unit cell is when the host and impurity cat- 
ions differ in ionic radius [26, 27]. 

CONCLUSION 

Phase relations in the CdF2-rich part of the CdF2- 
InF3 system were studied, and Cdl_xln~2+x fluorite 
solid solutions were shown to exist for x < 0.19 + 0.02. 

The distribution coefficients of di- and trivalent 
impurities in melt-grown CdF2 were calculated by a 
modified cryoscopy method from phase-diagram data. 

The variations of the calculated distribution coeffi- 
cients with the ionic radius and size factor Ar/R (where 
R is the cation-anion distance in CdF2) are well fitted 
by Gaussians. 
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