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ABSTRACT

The effects of temperature and hydrostatic

" pressure on the ionic conductivity and the dielectric

Id relaxation have been measured for lithium-, sodium-,

and potassium-doped cadmium fluoride. Activation

energies and activation volumes for the association

region and for motion of the bound defects have been

determined. These were found to depend strongly on the

size of the dopant. For the nominally sodium doped

.24 material a single relaxation attributable to sodium is

observed and is associated with NN fluorine vacancy -

4. sodium substitutional pairs. For the potassium-doped

material, two distinct relaxations are observed, which

suggest the presence of both NN and NNN fluorine

vacancy-potassium substitutional dipoles. A single

4relaxation peak is observed in the lithium doped

material. It is attributed either to NN fluorine vacancy-

substitutional lithium pairs or to lithium interstitial-
lithium substitutional complexes. The activation energy

for jumps of bound vacancies is largest for the sodium

dopant for which the lattice distortion is the least. The

activation energies and the activation volumes for bound

vacancy motion were found to be in approximately the same

ratio as the values reported for free vacancy motion as

expected from dynamical diffusion theories.
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I. INTRODUCTION

Cadmium fluoride is a fluorite-structured

material that has received a good deal of attention

since the discovery that it can be made an n-type

semiconductor if doped with rare earths and heated in

Cd vapor,1 However, relatively little work has been

devoted to the study of the ionic transport properties

and at present very little is known concerning the

nature and reorientation mechanism of bound defects.

.3 When a monovalent impurity is introduced into

these materials, a charge compensator is required.

From density and lattice parameter measurements on

CdF2 , Rubenstein and Banks
2  concluded that sodium ions

Na+ replace Cd 2+ ions and charge compensation is

achieved by the introduction of fluorine vacancies, F v

In the case of the isostructural material CaF 2 , which

has a lattice constant (5.463 R) very close to CdF 2

0 3
(5.388 A), Johnson et al also found, by internal

friction and dielectric loss measurements, that Na
+

ions enter substitutionally and are compensated by F

vacancies. However, theoretical calculations carried

4
out by Franklin predict that in CaF 2, substitution of

Na+ ions on cation sites can be accompanied by either

interstitial Na + ions or F- vacancies. Another

3
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possibility would be interstitial Na ions

accompanied by F interstitials. These configurations

*are shown in figure 1. More recent calculations of

5. 5
- Jacobs et al suggest that whether the M + ion will

enter substitutionally and/or interstitially in CaF 2

will depend on the dopant. The corresponding defects

for a variety of alkali-metal dopants in CaF 2 have been
5

investigated by ionic-thermocurrent (ITC) and

dielectric relaxation (DR) 6 techniques. Only

relaxation peaks attributable to substitutional M+ ions

were observed. In SrF 2 and BaF 2 on the other hand, DR
a' +

peaks were attributed both to substitutional M -F
+

vacancy and to substitutional M+ - interstitial M+

7
complexes. ITC techniques have been applied to Na -

8
and Li-doped CdF2 by Kunze and Muller and to Na-

doped CdF2 by Kessler and Pflugger. They report ITC

peaks which were associated with impurity-vacancy

dipoles, but a substantial discrepancy exists in the

relaxation parameters they attribute to these peaks.

The present work reports the results of the first study

of the association and bound motion of M+-F - complexes

by combined measurements of the effect of pressure and

temperature on the ionic conductivity and dielectric

relaxation in CdF 2 . The purpose of this study is to

2'
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L)tobta in an understnd in e,[ the defectr; formed when CdF 2

crystals are doped with alkali metal impurities

covering an appropriate variety of ionic radii, Li(l.06

R), Na(l.32 R) and K(1.65 R)i0

II. EXPERIINIENTAL TECHNIQUES

The crystals of undoped and alkali metal-doped

cadmium fluoride were supplied by Optovac,Inc. All
~2

samples were cut into plates 1 cm in area and 1 mm

4 thick. The rough pieces were ground and lightly

polished on fine-grit carborundum paper. Aluminum

electrodes were prepared by vacuum evaporation onto

0% opposite sides of the samples.

Capacitance and conductance measurements were

carried out under vacuum, over the temperature range

5.5-300K. The measurements were carried 'ut in a

Cryogenics Associates CT-14 cryostat with an eight
sample holder. Measurements as a function of pressure

were made in a multiple sample holder, as described

elsewhere. Pressures up to 0.3 GPa. were generated

using an Enerpac hand pump. The pressure cell was

completely immersed in a fluid bath. Two different

lbt t:ha; I pr l) t I r 1e! 1. r a ;i L L i iq I I I i df; wre Is;I(I . In

the vicinity of room temperature, ethylene-glycol was

4
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used in the bath and spinestic 22 oil was used as

pressure fluid, whereas at low temperatures (160 K),

freon was used in the bath and a 50:50 mixture of

methanol and pentane was found more appropriate as the

-pressure fluid. The bath was stirred continuously and

the temperature was controlled within + 0.1 K

The data were taken at the five audio-

2 ~; 3 3.5 4
frequencies: 10 1 l 5, 10 , 10 and 10 Hz using a

,. fully automatic, microprocessor controlled bridge

constructed by one of the authors (CGA). The bridge is

operated through an Apple lIe microcomputer which is

programed to take data at preset time intervals.

III. RESULTS AND DISCUSSION

A. TEMPERATURE DEPENDENCE OF THE IONIC CONDUCTIVITY

Conductivity measurements were limited to

temperatures below room temperature. Higher

temperatures were avoided since preliminary studies

revealed some irreversible behavior after heating to

380 K. Typical conductivity curves of Log aT vs

1000/T are shown in figure 2 for CdF 2 :Na. All data

exhibit two different regions in this temperature

interval, a frequency independent region (DC

conductivity) and at least one dielectric loss peak

r 6

44 % 4*q - 4 - -. .
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superimposed at lower temperatures. The dielectric

loss is produced by dipole reorientation of defect

complexes.

The DC conductivity data are well fitted by the

Arrhenius function:

-y T oo exp(-E/kT) (1)

where E is the activation enthalpy and a is a pre-Oa

" . exponential factor. The data and best-fit curves are

shown in figure 3 and the best-fit values of a and E

are given in Table 1. Included in that table are the

12
activation energy values reported by Tan and Kramp

for the ionic conductivity in undoped and Na-doped CdF 2

in the region above room temperature. It is seen that

the agreement with the present work is excellent.

The DC conductivity in the vicinity of room

temperature is clearly due to charge carriers being

thermally released from the associated defects. The

Arrhenius parameters E and ao can then be related to

quantities involving the mobility of the charge

carriers and the dissociation-association reaction for

the complexes. It is assumed that the conductivity

is due to fluorine vacancies and that the only

defect reaction is:

7

r.4
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S + + F- (M+-F-)pair (2)

in which F- denotes the free fluorine vacancy, M+ the

unassociated substitutional alkali metal and (M+-F -)

..ie associated pair. The ionic conductivity is then

given by:

CvNe v (3)

where cv is the vacancy concentration (in mole

fraction), Pv is the mobility, e is the electronic

charge and N the molecular density. The vacancy

concentration is controlled by the dissociation

reaction and is given by the mass-action law:

CvCs/C p = (i/Z) exp (-ga/kT) (4)

in which ga is the Gibbs-free energy of association

ha - TSa where ha and sa are the corresponding

enthalpy and entropy). cs  and cp are the

concentrations (mol fraction) of unassociated

substitutional cations and pairs respectively. Z is

the number of equivalent orientations of the pair.

Since F and M+ are formed together, cv = cs  and if

association is complete in this temperature region, c >>

cv and cp c, the total impur.ity concentration (in mole fraction).

8
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The concentration of free vacncies is then,

c = (c!/Z)' exp(-ga/2kT) (5)'; v ba1

The mobility is given by1 3

" = (e r 2  a /kr) exp (-gf'kT) (6)

where r is the jump distance, va is the attempt

-frequency and gfm is the Sibbs-free energy for the

free vacancy jump (gfm=hfm-TSfm, where hfm and Sfmare

the enthalpy and entropy). Inserting Eqs. ( 5 ) and ( 6 )

into ( 3 ) , the Arrhenius equation ( 1 ) is obtained.

The activation energy E is given by

E h fm+ a (7)

and the pre-exponential factor °o is

• 0 = (c/Z) (Ne2r2v a/k)exp(S/k) (8)

where S = S fm+ Sa

Using relation (7), the value of the adjusted

parameter E can be used to obtain an association

enthalpy h provided a value of hfm is known.
a

The activation energy for free motion of

vacancies is obtained from high temperature

conductivity data. Unfortunately, at those

temperatures the measurements are usually affected by

sample contamination due to the high reactivity of

L A. 9
S-
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12CdF Tan and Kramp obtained a value of 0.44 eV. However,

they also pointed out that conductivity slopes as low as

0.35 eV were measured in the region of free motion (570K).

Kessler and Caffyn 14 report a value of 0.51 eV from conductivity

measurements. Measurements of diffusion coefficients of tracer

19F have been carried out by Suptitz et al. 1 5 which yield a

value of 0.39 eV for the enthalpy of vacancy motion in undoped

and in sodium-doped CdF The latter measurements would

presumably be less sensitive to surface contamination.

In table 1, the association energies are calculated

15using the value of h reported by Suptitz et al. The

choice of this value is supported by the result for sodium

doped CdF2 that hbm0.32 eV reported below since in the

alkaline earth fluorides it is found that the activation

energies for free vacancies are very close to the values for

bound motion when the impurity is about the same size as the

host cation.6'7

The general result is that the association energy

tends to increase gradually with decreasing dopant ion size.

It should be noted that this result is independent of the

choice of hfm. In support of the presdnt model, then, are

the theoretical calculations for the association energies

of substitutional-vacancy complexes in CaF 2 5 which

-:< show this trend.

However, several other features of the conductivity

results indicate that this model may need to be modified.

10~l
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First, it is noted that the activation energy found for

the undoped sample is larger than fc- the Na doped material

and is approximately equal to that obtained for the lithiumU, doped material. Next, it is observed that adding 0.01 mol%

Na slightly decreases the conductivity of the "pure" CdF 2

while 0.1 mol% enhances the conductivity by a factor of

about 12 at room temperature. More striking is the fact

that doping CdF 2 with 0.1 mol% Li causes the conductivity

to be depressed even more than for the 0.01 mol% Na sample.

The phenomena noted above can be explained as

follows. The tracer diffusion measurements of Suptitz et
15

al. show that the conductivity of sodium doped CdF2 is

due to vacancies. Further, the dielectric relaxation results

reported below show that the undoped cadmium fluoride

contains at least 40 ppm sodium as a trace impurity in

sodium substitutional-fluorine vacancy pairs and the 0.01

mol-% sample contains about 100 ppm sodium in the same

complex. Since both the conductivity and activation energy

in the undoped sample are higher than for the 0.01 mol%

sample, it is concluded that the conductivity in the undoped

material is at least in part due to undetected trace

impurities. The conductivity is then lower in the deliberately

doped sample because some of the sodium forms complexes with

the known or unknown impurities which are then unable to

* release the charge carriers. The relatively small conductivity

of the CdF 2 :Li samples can, in part, be explained in the same way.

In addition, it may be that the combination reaction:

-.A . ,.-....
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Li+ + Lit (Li) (9)
s i 2

o.

may be dominant in determining the charge carriers. If

these complexes have a large binding energy, then the

conductivity may be determined by the residual

substitutional lithium-fluorine vacancy complexes, in which

case the similarity between the activation energies of the

undoped and Li doped samples is fortuitous. Alternatively,

the conductivity may be controlled by the trace background

impurities in which case the similarity in activation energies

is automatic. However, as discussed below, it may be that

predominantly substitutional lithium-fluorine vacancy complexes

form where these complexes have an extraordinarily

high binding energy. In this case, the conductivity will

be controlled by the trace background impurities when

the similarity in activation energies is once again

automatic.

In the case of potassium, it is very unlikely, because

of ion size, that the potassium ions will enter at interstitial

sites. In this case a majority of substitutional impurities

accompanied by fluorine vacancies would be expected. This

model would explain the enhancement of ionic conductivity

Ain the potassium doped samples.

12



-. 1118. PRESSURE DEPENDENCE OF THE CONDUCTIVITY

The effect of pressure on the DC conductivity

was determined in the association region. A typical

example of the variation of the conductance divided by

the frequency (G/' ) with pressure is shown in figure

4. It was found that Ln(G/w ) decreases approximately

linearly as pressure increases. The data allow us to

*determine the activation volume associated with the

conduction process. This is defined by the

/ thermodynamic relation:

V = ( ag/3P )T (10)

where g is the Gibbs-free energy. Using the expression

(I) for the conductivity, yields:

V =Vfm + va = -kT{a Lno /aP - aLn ao /P + (aS/3P)/k } (11)

where Vfm is the activation volume for free vacancy

motion and v is the association volume. Theva

conductivity is related to the measured sample

conductance by:

"cGt
CY0 (12a)

where t and A are the sample thickness and area

respectively. Then, it follows that:

13

0'..
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3 Ln a/aP = aLnG/a P + X T/ 3  (12b)

where XT is the isothermal compressibility. After

inserting equations (8) and (12) into (11) it follows

that:

V = -kT(aLnG/aP -' ~a XT 1(13)

where yais the Gruneisen parameter for the vibrational

mode relevant to the jumping mechanism,

Ya a~Ln (V) T (4

values of Ya for cadmium fluoride are unknown,

however, the activation volume is relatively

insensitive to the value of Ya , since the pressure

dependence of G is by far the dominant contribution to

V in equation (13). This small contribution can be

estimated using the result of the dynamical diffusion

theory of Flynn. 
16

V = 2 Y aXT9(15)

4-.°... . . . . , . - ..

Inserting the values of Ya andXTgvnb

*equation (15) into equation (13) and neglecting the

14
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entropy term, i.e. assuming q=E, we obtain for the

activation volume:

V = -kT( 3 lnG/P)/(I-kT/2E) (16)

The resulting values calculated from this expression

are listed in table 2.

This activation volume is taken as the sum of

the miyration volume Vfmand half an association volume

Va- The activation volumes at high temperatures

(above 500K) have been measured in CdF 2 by Oberschmidt

and Lazarus. 19 They report a value of 3.1 + 0.2 cm 3

/mol for the motion of free fluorine vacancies. If

S: this value is subtracted from those calculated above,

association volumes can be estimated for the different

dopants in CdF 2  These are included in table 2. It is

noted that the association volumes show a dependence on

ionic radius similar to that found for the association

"' enthalpies. These association volumes represent only a

small fraction of the molar volume of CdF 2 (23.55 cm

An interesting feature is that for the potassium

dopant Va is negative, although within the limits of

the experimental errors it could be positive. A

negative or zero activation volume is possible for

15
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association of point defects. A migration volume on

the other hand is expected always to be positive, if

viewed as a lattice expansion accompanying the atomic

jumnp. The association volume can be interpreted as the

volume change of the lattice in bringing a vacancy,

initially located at a remote position, into the

immediate vicinity of the impurity. The net amount and

direction of the lattice relaxation would depend then

on the degree of distortion around the complex as

compared with the distortion around the isolated

defects. However, it is more likely that the value of

Vfm reported by Oberschmidt and Lazarus is slightly too

large, giving rise to an anomalous prediction of a

negative value of Va. In any event, the results

d , indicate that the association volume is very sensitive

to ion size.
S.-..

III C. TEMPERATURE DEPENDENCE OF THE DIELECTRIC

RELAXATION

Figure 5 shows the variation with temperature of

the imaginary part of the dielectric constant E" for

the series of 0.1 mol% AM-doped cadmium fluoride. It

is seen that for each dopant different relaxations are

present. For sodium, a single peak (163 K, 1000 ilz) is

observed. F'or nominally lithium doped material, a main

16
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peak is observed with a small relaxation superimposed

on its high temperature tail. For the potassium doped

material, the spectrum is composed of two closely

spaced peaks and a weak peak at higher temperatures.

The weak peak is common to the K- and Li-doped samples

and is located at the same temperature as the peak in

the Na-doped sample. This peak is attributed to traces

of Na impurities present in the starting CdF 2 powder.

This is verified by comparing the spectrum for undoped

CdF 2 with those of CdF 2 doped with two different Na

concentrations (0.01 mol% and 0.1 mol%) as illustrated

w"=q'.

in figure (6) . The presence of residual Na impurities

in CdF2 is favored by the high solubility of NaF in
CE 2

CF2' and partially explains the relatively high DC conductivity

. measured for the undoped sample. The concentration of

sodium in the "pure" material can be estimated from the

ratio of the peak intensities, (c + c)/c, where co is

*..the background Na concentration and c is the added

. dsltconcentration. Almost thesm er for c0 is

obtained from the two doped samples (0.0042 and 0.0040

r10l%)

The data were analyzed by fitting each peak with

a broadened Debye curve using the Cole-Cole expression:
2 0

17
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E" =(A/2T)cos( a/2)/[cosh((l- a )x) + sin(azn/2) (17)

where a is the Cole-Cole broadening parameter. A

represents the strength of the dipole. Then

A = np2/3ok (17a)

where n is the dipole concentration, p is the dipole

moment, and E is the permitivity of the free space.

x = Ln((W ) (17b)

, where Tr is the most probable relaxation time and is

given by

T = Toe xp(hbm/kT) (18)

Here T. and h bmare the reciprocal frequency factor and

the activation enthalpy for the motion of bound

vacancies, respectively. The fitting procedures are

described elsewhere.2 1  In the case of lithium, sodium

was included in the fit by fixing the values of hbm,

T and a, and allowing A(K) to vary. Consequently,

the small contribution of the background impurity was

subtracted out. For the two potassium peaks, an

expression containing two terms, that is a total of

eight parameters, was fitted to the data. The data and

best-fit curves are shown in figure 7 for potassium

18
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doped cadmium fluoride. The best fit parameters

obtained for all dopants are listed in table 3. Also

-.-:- included for comparison are the results reported by

other workers using ionic thermo-current techniques.

Compared to the present work, the value of E for the

sodium peak reported by Kessler and Pflugger is lower

by a factor of two, and their reciprocal frequency
4'

factor is extremely high. The activation energies

reported by Kunze and Muller for the sodium and lithium

peaks are in remarkable agreement with the present

values. This comparison is very useful, since although

ITC is a non-isothermal measurement, where a

polarization discharge is heat-stimulated, it can be

approximately regarded as a dielectric relaxation

-3experiment at an extremely low frequency (f= l.8x10

Hz is estimated from the position of the sodium peak).

The results for the sodium doped samples will be

considered first. Several features imply that the peak

is due to dipole relaxation associated with the

reorientation of fluorine vacancies around the sodium

ions. The strength of the relaxation increases with

the sodium content whereas the temperature location and

the relaxation parameter:;,hbmad(] 'I, do not depend upon

the doping level. The sodium peak can be attributed to

19
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motion of the NN fluorine vacancies along <100>

directions adjacent to the substitutional sodium ions.

This relaxation mode has been unambiguously identified

in the case of Na-doped CaF 2
3  by comparison of

dielectric and mechanical relaxation measurements.

From the values of A obtained by peak fitting, the NN

dipole concentration can be estimated, provided a value

for the dipole moment p is assumed. For the unrelaxed

point ion model: p = ea0 /3/2, where e is the electronic

charge and a is the shortest anion-anion separation.

The calculated concentrations are: cD =.0097 mol% for

the sample doped with 0.01 mol%Na and cD =0.071 mol%

for the sample doped with 0.1 mol%Na. Taking into

account the additional background Na impurities, there

is in each case a fraction of Na not forming vacancy-

substitutional complexes. If it is assumed that the

rest of the impurities are in the form of

substitutional-interstitial complexes, the ratio of

(Nas - Nai ) to (Nas - FV) complexes in the 0.1 mol%

sample is approximately 1/4.3. These calculations

however, are based on two assumptions. First, the

dopant concentration is taken as the nominal dopant

concentration. The actual value should be determined

by chemical analysis. Second, the undistorted point

20
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ion model is used to calculate dipole moments. This is

unrealistic, as lattice distortion is produced around the

defects. If an appreciable population of substitutional-

interstitial complexes do exist for the sodium doped samples,

it may be that these complexes have a very large reorientation

energy since no additional relaxation peaks were detected.

Alternatively, it is possible that the absence of an additional

peak could be due to a "split interstitial" configuration for

.-. the sodium ions which would have a negligible dipole moment.

For the lithium peak, a similar model, vacancy-impurity

dipoles, can be used. In this case, the undistorted point ion

model gives 0.063% for the concentration of lithium ions in

substitutional-fluorine vacancy complexes. This is only

slightly lower than that calculated for 0.1 mol% sodium

samples. In fact, the similarity between the results for

CdF 2:Li and CdF 2:Na and CaF 2:Li and CaF 2:Na 6 is quite

striking and the slight differences are exactly that which

is expected on the basis of the sizes of the host cations.

However, as mentioned above, there is one serious difficulty

with this model. In order to explain the low conductivity

of CdF :Li, it is necessary for the substitutional-vacancy2
complexes to have a very large association energy. However,

an alternative explanation is to attribute the relaxation to

substitutional-interstitial lithium pairs. In support of

this model, the concentration of dipoles that would represent

the lithium peak is calculated to be 0.047 mol%, which would
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correspond to 0.095 mol% lithium ions. This is very close to

the nominal impurity concentration of 0.1 mol%. Further,

5
theoretical calculations for CaF 2  show that in the case of

,.. qthe small lithium ion, this complex is favored over the

substitutional-vacanc'y center. However, those calculations

P -also showed that the structure of the complex is a non-dipolar

(100) dumbbell, and thus it could not give rise to an

electrical relaxation. It may be that the smaller lattice

constant of CdF 2 gives rise to a dipolar substitutional-'."%

interstitial complex. However, in the event that such a

complex is formed, it is difficult to imagine a reorientation

mechanism by which lithium interstitials could move with an

activation energy as low as 0.25 eV. Consequently, the

situation for lithium doped CdF 2 is not clear.

For the potassium dopant, simple ion size considerations

rule out the possibility of potassium interstitials. Thus,

the more likely mode of solution for the

potassium dopant is replacing cadmium cations and

e22
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generating fluorine vacancies as charge compensators.

If both potassium peaks are assigned to vacancy-impurity

complexes, then either there are two different types of

complexes or only one complex with two alternative

reorientation mechanisms. The computer calculations

for CaF2  show that both nearest-neighbor (NN) and

next-nearest-neighbor (NNN) complexes have considerable

stability but that the NN is more stable. Also, it is

found that of the two possible vacancy jump directions

for the NN, <100> and <110>, the former is favored. In

addition, the calculations suggest that the

reorientation energies for the NNN would be lower than

for the NN. On the basis of the relative intensities

and activation energies the weaker peak (with lower

activation energy) can be assigned to NNN vacancy-

potassium complexes and the more intense to NN

complexes. However, the calculated total dipole

concentration (NN plus NNN) only amounts to about one

third of the total impurity concentration. One

possible explanation for this difference is that

potassium is not as soluble as sodium in CdF 2 and part

of the potassium dopant added during growth remains

precipitated. This might also explain why the

- conductivity for 0.1 mol% potassium falls below that

23
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for the same concentration of sodium.

Finally, the results are consistent with

previous results for alkali metal doped alkaline earth

fluorides, in that the largest activation energy, hfm,

is observed for the dopant (Na) whose size most closely

: .matches that of the host cation. Further, that

activation energy (0.32 eV) is close to that for the

motion of free vacancies (0.39-0.51 eV). This

represents further evidence that the effects of

distortion are to decrease the activation energies.

IIID. PRESSURE DEPENDENCE OF THE DIELECTRIC RELAXATION

Pressure data were taken isothermally at two

different temperatures in the vicinity of the sodium

peak. It is found that the peak position shifts to

lower frequencies with the application of pressure, as

shown in figure 8. The Ln(G/W) vs pressure data at

fixed temperature and pressure were analysed as a

function of frequency by fitting the Cole-Cole

expression:

G/ = (B/2) cos( an/2)/{cosh((l-e a)x) + sin( an/2)} (19)

" S All quantities in Eq (19) have the same meaning as in

equatiori (17)and B is a constant. Typical data and

best-fit curves are shown in figure 8. At the peak
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4.

pus ition o =l. x This condition enables us to obtain

directly the relaxation time T at each pressure.

Figure 9 shows the plot of LnT against pressure. The

activation volume for bound vacancy motion can be

calculated from the pressure derivative of LnT

Starting from equation (10) with g being the Gibbs free

energy for bound motion, and using the notation of

Nowick 2 2  to relate the relaxation time to the

approach frequency,

T = (i/2 va)exp(gbm/kT) (20)

we obtain,

vbm kT {SLnr/ P + YaXT} (21)

which is similar to expression (13). The actual

attempt mode for bound vacancy motion is not %nown,

however as in the case of the conductivity, the values

of Ya and XT are not very important for the

calculation of Vbm, as the second term in this equation

amounts at most to 3% of the first term. However, for

the purpose of this calculation, dynamical diffusion

16theory was used to obtain the working equation:

v = kT ( iLni T/ DP)/{l - kT/2hbm (22)
bm

where hbm is the enthalpy for bound motion. The
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L11
values of the activation volumes calculated from this

expression are listed in table 4. Indeed, the

activation volume for bound vacancy motion, V=2.6-

2.9cm 3/mol, is somewhat larger than that reported for

3
CaF 2 :Na (1.73 cm /mol). This difference is reasonable

since the lattice constant is smaller for CdF 2 , and

consequently volume changes in the crystal due to the

motion of a given diffusing species would be expected

to be larger in CdF2 . Further, the activation volumes

and activation energies for bound vacancy motion may be

compared with the corresponding values for free vacancy

imotion. Assuming the value of hfm=0. 39 eV as reported
~15

by Suptitz et al. and the value vfm= 3 .1 cm /mol of

29i Oberschmidt and Lazarus1 9 it is found that the ratio of

activation energies hbm/hfm= 0.83 is approximately the

same as the ratio of activation volumes, Vbm/Vfm*= 0.85. A
'-'I

similar result is found for the alkaline earth

fluorides. This relationship has also been found in the

AEF and is expected on the basis of dynamical diffusion

S 23
theory or similar models. However, this result is

remarkable, considering the fact that the present

measurements were carried out at low temperatures

.. ( 160K ) whereas free vacancy motion occurs above 500K.

In this high temperature regime, the vacancies are

jumping several orders of magnitude faster than in the

case of bound vacancy motion.
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Next, it is noted that the activation volume decreases

as temperature increases. This result has been noted

. previously for bound complexes in alkali metal doped alkaline
i--?"2425 24

earth fluorides.2 ' An explanation is given elsewhere.

Finally, a few comments are appropriate concerning

the attempt mode Gruneisen parameter, y a In previous papers

- I which were concerned with alkali metal doped alkaline earth
"' 25

fluorides, y a for vacancies was successfully approximated

by the Raman mode, yR' particularly when the size of the alkali

metal is the same as the alkaline earth. For CdF2 :Na, however,

it does not appear that this approximation is valid.

Specifically, using the calculated activation volume in

equation (15) requires a value of y a=3 .9 . This is substantially

larger than the measured value for the Raman mode, yR=1.4. 17

The most likely explanation for the failure is that because

CdF 2 has a small lattice constant, the distortions associated

with the local transport (attempt) mode are so large, that the

approximation to a lattice mode is invalid.

-
4
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IV. CONCLUSIONS

E'rom measurements of electrical conductivity and

relaxation at high pressures, several important

- features concerning the defect complexes in CdF can be
2

observed:

i. The conductivity in the association region

can be interpreted in terms of the incorporation of

alkali-metal ions in the CdF 2 matrix at normal cation

sites or at interstitial positions, depending on the

ionic radius of the impurity. It appears that for

sodium and potassium the preferred mode of solution is

a substitutional cation-anion vacancy complex.

The situation is not so clear for lithium. It may be

that for the smaller lithium ions, a cation substitutional-d. ope peerd

cation-interstitial complex is preferred.

. ii. A single relaxation peak was observed in

the sodium doped samples. This was associated with the

motion of NN fluorine vacancies around substitutional

sodium ions. For the potassium doped material the

existence of two peaks is explained by the presence of

NN and NNN fluorine vacancy-potassium substitutional

-4. complexes. The peak observed for lithium is attributed

either to the motion of lithium interstitials adjacent

to lithium substitutional ions or to the motion of NN

fluorine vacancies around substitutional lithium ions.

iii. The trends in the variation of the

28
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activation energies with impurity sizes are very

similar to those for the activation volumes, in that

all energies and volumes are larger for the smaller

cat ions.

iv. The activation energy for bound vacancy

motion was found to be greatest for the sodium doped

CdF 2 , and this value is closest to the activation

energy for free vacancy motion. This indicates that

the lattice distortion, due to mismatch in ion size

between tle dopant and the host cation, reduces the

potential energy barrier for reorientation. This

agrees with previous results in the alkaline earth

fluorides.

v. The activation volume is found to scale with

the Gibbs energy in good agreement with theory and with

previous results in the alkaline earth fluorides.
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TABLE I - Activation parameters for the DC conductivity
in the association region of alkali metal-doped
CdF 2 •

Crystal E(eV) Lno (Q- cm-iK) h (eV)

undoped 0.715 14.34 0 .6 5 b
a

Tan and Krampa 0.69

Lithium (0.1 mol%) 0.715 13.74 0 6 5 b

Sodium (0.01 mol%) 0.679 12.61 0.58

Sodium (0.1 mol%) 0.671 15.06 0.56

- Tan and Kramp a 0.66

Potassium (0.1 mol%) 0.628 11.86 0.48

*a. Reference 12

b. Included for the purpose of comparison. See text.
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TABLE 2 - Best fit parameters describing the conductivity as a

"-* function of pressure and activation volumes for alkali-
.5

metal doped cadmium fluoride

.5. Cstl (K _dLnG -13 3Crystal T(K) d (GPa-) V(cm /mol) V (cm /mol)Sd P a

Undoped 291 1.618 3.99 i 78'
a

285 1.628 3.92 1.64

Lithium (0.1 mol%) 291 1.655 4.08 1 .9 6a

285 1.616 3.90 1 .6Ca

Sodium (0.1 mol%) 291 1.597 3.94 1.68
285 1.64 3.96 1.72

Potassium (0.1 mol%) 291 1.226 3.03 -0.14

285 1.238 2.99 -0.22

5'.

...

a. Included for the purpose of comparison. See text.
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TABLE 3 -Activation parameters for the relaxation

peaks in alkali metal doped CdF 2

Crystal h bm(eV) T (10-14s) A(K) a rms errobm o

Lithium (0.1 mol%) 0.251 8.47 61.27 0.069 0.021

Kunze and Muller8 (ITC) 0.26 3.62

Sodium (0.01 mol%) 0.322 1.62 9.47 0.061 0.014

Sodium (0.1 mol%) 0.323 1.49 69.3 0.028 0.007

Kunze and Muller 8 (ITC) 0.31 7.66

Kessler and Pflugger
9 (ITC) 0.15 106

*44 Potassium (0.1 mol%) 0.128 45.3 8.26 0.021 0.005

0.18 25.2 24.9 0.013 0.005

."
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TABLE 4 -Best fit parameters describing the relaxation time

as a function of pressure and activation volumes

S.'for vacancy bound motion in Na-doped CdF 2

.,

Crystal T(K) d-- (GPa- 1 Vbm(cm 3/mol)

CdF 2 0.1 mol% Na 161 1.972 2.69

169 1.809 2.60
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FIGURE CAPTIONS

FIGURE 1. Representation of possible configurations for univalent

ions and the associated charge - compensating defects in

the fluorite lattice.

Open circles - divalent cations M 2 +

Solid circles - univalent impurity ions M+

Cross hatch (grey) circles- fluorine ions F

Cube - fluorine vacancy Fv

.: FIGURE 2. Log (oT((- cm K)) against 1000/T(K - ) for 0.1 mol%

sodium-doped cadmium fluoride. The lines connect the datum

points and the curves from bottom to top are at 102 , 102.5

03, 103 .5 , and 104 Hz.
- .

FIGURE 3. Log (aT (- Icm K)) against 1000/T (K - ) for undoped and

alkali-metal doped CdF 2.

FIGURE 4. Ln (G/w (pF)) versus pressure (GPa) for 0.1 mol% potassium

doped CdF 2 . The datum points are shown along with the best

straight line. 0 decreasing pressure; X increasing

pressure.

FIGURE 5. c" versus temperature at 1000 Hz for alkali-metal-doped

cadmium fluoride.
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C%.

FIGURE CAPTIONS

FIGURE 6. E" versus temperature at 1000 Hz for undoped and sodium

doped cadmium fluoride. Note that the E" values for the

undoped and the 0.01 mol% doped samples have been

multiplied by a factor of 4.

FIGURE 7. Data and best fit curves for e" versus temperatures for 0.1

mol% potassium-doped cadmium fluoride. Only the curves for the

frequencies 10 2, 103 and 104 Hz are shown.

FIGURE 8. G/w (pF) versus Ln f(Hz) for the sodium peak at two dif-

ferent pressures.

,..

FIGURE 9. Ln(T(s)) versus pressure (GPa) for the sodium peak at two dif-

ferent temperatures.
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