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. INFLUENCE OF HIGH YTTRIUM CONCENTRATIONS
ON THE ELECTRICAL PROPERTIES |
OF CaF, CRYSTALS

EMIL MARIANI*, MATEJ §VANTNER*, Bratislava
PAVEL PAVLOVIC FIODOROV**, BORIS PAVLOVIC SOBOLEV** Moscow

In this paper our measurements of dc electric conductivity of CaF, : Y** crystals with
the Y** concentration ranging from 0.1 mol % to 5 mol % are reported. The measured
results mqn. compared with a simple association theory and its applicability to the
concentrations in question is discussed. The discrepancies from the theory are explained
by the presence of oxygen in samples with an YF, amount up to 2 mol % and by the
formation of large complexes at higher yttrium concentrations, respectively.

BJIUAHHE BOJbEIMX KOHOETPAIIMA UTPUA
HA 3EJEKTPHIECKME CBOVUCTBA KPHCTAJLIOB CaF,

B paGore npusonstcs pesynurarsi M3MEPCHNH 3JIEKTPONPOBOAMMOCTH KPHCTAILIOB
CaF, :Y** npu nocrosuuom HaNpsXXEeHUU B 0GNacT# KoHUeHTpaumit Y>* 0,1—S monp%.
Iposoxutcst cpaBuenne TIONYCHHBIX PE3YNLTATOB C TEOPHeH TPOCTHIX accoumanyi.
OTknonenus ot Teopun OGLACHSAIOTCH NPHCYTCTBHEM KHCIIOpORa B 06pasuax, cogepxa-
X o 2 Mons% YF, unu xe 06pasonakuem GOMBIUIMX KOMILIEKCOB npu Gonee BLICOKMX
KOHUEHTPAUMIX MTPHUS. '

L. THEORY

It was proved in many experimental works that the anti-Frenkel defects represent
a dominant type of disorder in alkaline fluorides [1—9]. These materials possess
the ability to dissolve large amounts of rare earths and yttrium. Their solubility
ranges from 30 to 50 mo % at melting temperature [10]. The presence of trivalent
q:c:l:nm substitutionally built into the cationic sublattice increases the concentra-
1on of defects. The general relation for the anti-Frenkel type defects

Xy =x5=2 exp [— g,/kT] 1)
n the case of doping by Y** ions yields
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x= -3y +ily+dexp (g kT 3)
where x,, x, , y are molar fractions of the interstitials F7, F~ ion vacancies, Y** ions
substitutionally built into the cationic sublattice, respectively. The Gibbs free
energy of the anti-Frenkel pair formation is denoted as g;, k is the Boltzmann
constant, and T is the temperature. When considering the interaction among
defects the relation v

xx,/x. = (1/2) exp (— g./kT) 4)

is to be added. It expresses the association between substitutional Y** ions and F;
interstitials. In the case of CaF,, z =6 is the coordination number of associated
complexes, x, is their molar fraction, and g, is the Gibbs free energy of complex
formation. The last relation is valid for Y>* — F; complexes in the closest
neighbourhood, which are formed at low concentrations of Y>*. Then the intersti-
tial F ions are of the cubic symmetry. In the works [12, 13] for higher
concentrations the existence of two types of interstitials shifted from the cubic
centre is assumed. These interstitials form the basic units for the construction of
complexes consisting of more than two defects.

There are two knees in the dependence of dc electrical conductivity on
temperature in CaF, : Y®>* [15, 16]. One is at the transition from intrinsic to
impurity conductivity, the other is at the Y** — F; pairs dissociation. For
concentrations of molar fractions y=3 X 107 the following relations were found
for electric conductivity [14]: .
oT=3.45%x10°y'?x exp (—14 620/T) Q 'cm 'K for the association, and 0T =
1.32 X 10% exp (—10 680/T) Q 'cm™'K for the dissociation region, respectively.
The transition between the regions is a function of the Y** concentration. With an
increasing concentration it shifts to higher temperatures and the width of the
dissociation region decreases. .

There are few experimental works devoted to alkaline earts fluorides doped by
higher concentrations of trivalent impurities. Therefore, we present in this paper
the influence of yttrium — within a wide concentration range — on the electric
conductivity of CaF, crystals, |

IL. EXPERIMENTAL

The CaF, : Y** single crystals were synthesized by the Stockbarger method.
A slow temperature reduction (1.1 deg/min) was used in tempering. The resulting
single crystals with a diameter of 5 mm to 10 mm were cut by a diamond saw and
smoothed with abrasive paper. On the smoothed and cleaned samples either colloid
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graphite Dag 580 electrodes were deposited or Au (Ag) electrodes were vapor
deposited, respectively.

The dc electrical conductivity measurements were performed in vacuum within
the temperature range from 293 K to 973 K. The temperature was measured by
two Pt-PtRh thermocouples. The conductivity measurements were carried out by
using a Va-J-51 electrometer.

HL. RESULTS

The dependence of dc electrical conductivity on temperature and concentration
was measured in two groups of samples: crystals with concentrations 0.1 to
1mol % Y** (prepared at the Institute of Physics of the Slovak Academy of
Sciences in wumnmnm‘\&. and those with concentrations 1 to 5 mol % Y** (prepared
in the Institute of Crystallography, Moscow). In Fig. 1 the dependence of the
conductivity of CaF, crystals with an Y** amount up to 1 mol % are plotted. With

a higher doping the values of conductivity also increase. At the curve 0.3 mol % of

Y?" at the temperature 490K a region with a lower activation energy is observed
caused probably by the presence of O~ ions. A similar increase in conductivity was
observed in BaF, : O*~ by Barsis and Taylor [8].

The courses of electric conductivity at concentrations 1 to 5 mol % of Y** are
plotted in Fig. 2. They are all smooth (no knees). The increase of conductivity with
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Fig. 1. dc conductivity of CaF, crystals doped by Fig. 2. dc conductivity of CaF, crystals doped by
’ YF,. YF,
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Fig. 3. dc conductivity of CaF, versus YF, con-
centration at 769 K
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a higher concentration remains, though it is not so fast as at lower concentrations.
This is illustrated in Fig. 3, where the conductivity isotherm at 769 K for all
concentrations is shown.

IV. DISCUSSION

Etzel and Maurer [16] provide that large values of x,/x, we have

y=Lo*+Fo. 5)

For a given temperature L and F are constants, from which the mobility of
interstitials and the association constant can be determined. Such an analysis of
results was done by Ure [5] at temperatures over 963 K. In our temperature and
concentration regions the relation (5) is not valid.

In our further considerations we assume the validity of a simple association
theory for high Y** concentrations. We have employed the results derived by

‘Boltzmann and Reimann [14] in the way of extrapolating to higher concen-

trations. These results were compared with the measured ones.
At temperature 769 K the simple association theory yields for the concentration
of free interstitial charge carriers

Xy =(y/z)"” exp (s./2k) exp (— h/2kT), - (6)

where 5,=4.42X k and 4,=0.68 eV are entropy and enthalpy of association,
respectively. The contribution of interstitials to conductivity at 0.1 mol % is
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0 =nve=x.Nve=1.12X10" Q 'cm™. N denotes the molecular density of
CaF;, v, is the mobility of interstitials F;, e is the charge of an electron. The
contribution of thermally created vacancies is 0, =1.19 X 10~7 Q~'car". The total
conductivity o = g; + 0, is thus given mainly by the contribution of interstitials. Our
measured value 0., =3.9 X 10™° Q 'cm™" is substantially lower then it follows from
the simple association theory. On the other hand, the conductivity increases faster
than predicted by the theory. :

The presence of oxygen may be one of the reasons for a fast conductivity
increase. In the sample it increases the concentration of free anionic vacancies and,
consequently, the conductivity. The increase of conductivity at a given temperature
will depend not only on the concentration of Y** dopants but also of the unknown
concentration of oxygen. For a high degree of association between Y** and F; even
a small change of oxygen concentration yields a concentration of vacancies
comparable with the concentration of F; interstitials. . _

The lower values of the measured conductivity present another discrepancy from
the theory, which confirms a higher degree of association than predicted by the
theory. The electrostatic interaction between defect with opposite charges lead at
ligher concentrations to a clustering of defects into larger complexes than dipoles.
These complexes differ only in the number of construction units. We suppose that
the knee at the conductivity isotherm at a concentration 2 mol % of Y** (Fig. 3).is

due to the loss of free interstitials and vacancies, which are built into the large
complexes.

V. CONCLUSION

The measurements of electrical conductivity of alkaline earth fluorides doped by
high concentrations of rare earths and yttrium are difficult to interpret. The
association — dissociation transition is shifted to higher temperatures causing the
performance of measurements in the association conductivity region. Moreover
some discrepancies from the 0~y and o~ y'? dependences occur. These facts
confirm that at high concentrations the simple association theory due to Lidiard
[17] cannot be mechanically applied. .

When this theory was applied for the m=<.nmmmm8a concentration larger conduc-
tivity values than the measured ones were found. Furthermore, the conductivity
increases with the concentrations faster than v,na&nﬁoa by the theory. This has led
us to the conclusion that conductivity is determined not only by the ions created by
the Y** dopants compensation but also by some other free carriers of charge. At
a high degree of association of Y** and F; ions a small dose of O*" can provide

a concentration of vacancies comparable to that of free F;. ;
~ The results obtained are-rather complicated because the defects at the consi-
dered concentration may agglomerate into larger complexes. In this manner the
conductivity isotherm knee at 2 mol % of Y* is interpreted. :
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