PHYSICAL REVIEW B

VOLUME 21, NUMBER 2

15 JANUARY 1980

Activation volume for interstitial motion in strontium fluoride
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The complex dielectric constant for erbium-doped strontium fluoride has been measured at pressures up to
0.4 GPa over the temperature range 300-360 K. Consequently, the reorientation of a type-II dipole
(substitutional rare-earth and next-nearest-neighbor interstitial-flourine charge compensator) has been
studied. The activation volume for the motion is found to be 4.734-0.1 cm®/mol. It is argued that this value
should be similar to the migration volume for “free” interstitials. Excellent agreement is found between a
value for the migration volume calculated from Flynn’s dynamical-diffusion model and the experimental
value for bound interstitials. Finally, the compressibility of the activation volume is found to be more than
an order of magnitude greater than the compressibility of the host lattice, and the thermal-expansion
coefficient for the activation volume is found to be negative.

INTRODUCTION

In recent years, there has been increased inter-
est in interstitial and vacancy motion for the alkal-
ine-earth fluorides. One reason is that the alkal-
ine-earth fluorides are isomorphous with UQO, and
ThO,, the diffusion properties for which are of
practical importance. Another reason is that the
alkaline-earth fluorides are fluorine-anion super-
ionic conductors at elevated temperatures and
hence the diffusion properties for those materials
are of interest in themselves.

The most straightforward approach to this prob-
lem is, of course, ionic conductivity, and careful
experiments have recently been carried out using
this technique.'** However, useful information
concerning ion motion can also be obtained by
studying the motion of bound interstitials (or vac-
ancies). A mobile bound ion (or vacancy) usually
exists as the charge compensator for a substitutional
aliovalent ion, and this pair of charges forms a
dipole. The two techniques most often used to
study such dipoles in solids are ionic thermocur-
rents (ITC) and dielectric relaxation (DR). Exten-
sive studies of dipolar defects in alkaline-earth
fluorides have been carried out in recent years
using these techniques as exemplified by Refs.
3-9 and references therein,

The present work represents the first study of
bound interstitial motion in alkaline-earth fluor-
ides at elevated pressures. Both the activation
volume for local migration and its variation with
temperature and pressure are determined for the
type-II dipole in erbium-doped strontium fluoride.
The results are discussed by comparison with
available information concerning the motion of
“free” interstitials.

EXPERIMENTAL PROCEDURE

The sample studied was strontium fluoride doped
with 0.1 mol % of erbium and is the same crystal
as studied previously'® at zero pressure, For the
present high-pressure experiments, DR tech-
niques were used once again.

Pressures up to 0.4 GPa were generated using
an Enerpac pump, and Spinesstic 38 was used as
the pressure fluid. The pressure bomb and multi-
ple sample holder were similar to that described
elsewhere.!! Temperatures from 300 to 360 K
were achieved using an oil path. The temperatures
were measured in sifu by monitoring the capacit-
ance of a “pure” strontium fluoride sample which
occupied one of the positions in the sample holder.
The temperatures were then calculated from the
capacitance since the variation of the capacitance
of strontium fluoride with temperature at zero
pressure is well known.'?"** Consequently, the
absolute temperatures were only obtained when
the system was at atmospheric pressure. How-
ever, the temperature was measured both at the
beginning and the end of a run, and the temper-
ature of the oil bath was monitored throughout the
run. It was concluded that the stability was better
than 0.1 K over the course of a run,

The pressures were measured using a CGA
Model 73 capacitive high-pressure gauge* which
was connected to the system outside the temper-
ature bath. In order to compensate for slight
changes in the pressure due to leaks while the
data were being taken, a short length of pressure
tubing connecting the pressure sensor with the
pressure bomb was heated using the pressure
gauge as a feedback controller. The pressures
were controlled and measured at about the 4 X 107°
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GPa level.

The conductance divided by the frequency, G/w, |
and the capacitance C were measured at each
temperature and pressure using a modified Gen-
eral Radio 1615 bridge operating at the five audio
frequencies 10%, 10%5, 10%, 105, and 10* Hz.
The generator-detector assembly was designed to
allow single knob switching between frequencies
and an interface was used which gave a digital
output once a manual balance was achieved. The
data were taken isothermally and were converted
to the complex dielectric constant at various tem-
peratures, pressures, and frequencies,

* - en
€F.pw=€7,Pw—JE€T,Pw (1)

as follows. The real part of the dielectric con-
stant at 1000 Hz, 300 K, and 1 atm has been deter-
mined to be'° :

€400.1,205 103 = 6.5204 £0.,0006 .

The dielectric constant at 300 K, atmospheric
pressure, and frequencies other than 1000 Hz was
then calculated assuming that the relative change
in dielectric constant with frequency is equal to
the relative change in capacitance. The real part
of the dielectric constant at 1 atm and temper-

~ atures other than 300 K was then calculated from

€ C T B
_’T_:_L-.m_ = —Telow exp __f = dT , (2)
€300,1,w 300,1,w 300 3

where 8 is the isobaric-volume thermal-expansion
coefficient for pure strontium fluoride!®due to the
lack of a value for rare-earth-doped material.
Next, the dielectric constant at pressures other
than atmospheric at each temperature was calcu-
lated from

€rpw - Crpa PoXz
Z = exp 3 dP), 3)
ET,I,w cT,l.w 1 atm

where

- ax ) <6x>
= +{=2-) P+(—=) (T-308)
X 1~ Xaos (BP i oT ) »

is the isothermal compressibility. The values for
X r and its pressure and temperature derivatives
are given elsewhere.'’ Finally, the imaginary
part of the dielectric constant at all pressures,
temperatures, and frequencies was calculated
from

€7 G
” = —TaP@ 7 T Prw 4
ET,P.t«: wCT,P,w * ( )
RESULTS AND DISCUSSION

It is known that the zero-pressure DR spectrum
for erbium-doped strontium fluoride consists of

one strong peak centered at about 1000 Hz and
320 K.!° This relaxation has been attributed to a
type-1II dipole'® consisting of a substitutional
rare-earth and next-nearest-neighbor (nnn) in-
terstitial-fluorine charge compensator. Further-
evidence in support of this identification has been
given recently.!°''"*® It is thought that the relax-
ation takes place via “jumps” of the nnn interstit-
ial-fluorine ion between equivalent sites.

In the present work, it is found that the peak
shifts to a higher temperature at a fixed frequency
or a lower frequency at fixed temperature with the
application of pressure.

Since the data were taken isothermally, it was
more convenient to analyze the data at a fixed
temperature and pressure by fitting the frequency
data. This is, of course, the conventional tech-
nique as opposed to the procedure followed by the
authors in all previous papers where the data were
analyzed at fixed frequencies. The advantage of
the conventional technique is that the position of
the peak gives the relaxation time of the dipole,

7, directly since wr=1 exactly at the peak position.
This relation is only approximately true for a peak
in temperature. However, the disadvantage of the
conventional technique is that dispersion becomes
an important uncertainty in the determination of -
the peak position,

In order to determine the peak position and hence
relaxation time in the present work, the data for
€%,p,, VS frequency was fit to a broadened Debye
peak using the Cole-Cole expression'®:

= (€, - €4) cos(an/2)
€7.Pw” 2{cosh[(1 - a)x]+sin(ar/2)}

6)

where x =In(w7) and in this case 7 represents the
most probable relaxation time. « is the Cole-Cole
parameter and €/, and €/, are the “low-" and
“high-" frequency limits of the dielectric constant
where low and high mean relative to the effects of
the relaxation only. Also, it is assumed that

€, —ey=A/T, (6)

where A is known as the dipole strength and is
proportional to the concentration and square of
the dipole moment, Typical data along with the
best fit to Eq. (5) are shown in Fig. 1.

It was found that for each temperature the most
probable relaxation time is well represented by a
polynomial of the form

InT=a+bP +cP?. (1)

The coefficients a, b, and ¢ are listed in Table I.
Typical results are shown in Fig. 2. For each
temperature and pressure, the best fit value of
A was 295+1 K. The value of o was found to be
slightly different for each temperature varying
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FIG. 1. €” vs In(w) for type-II dipoles in 0.1 mol %
SrF,:Er at 327.0 K and P= 10-% GPa and 0.304 GPa.

from 0.037 at the lowest temperature to 0.043 at
the highest. However, « did not change with pres-
sure at a given temperature.

In addition, the 1 atm data were found to be ex-
tremely well represented by the Arrhenius equa-
tion

InT=1nT,+E/ET, (8)

where E and 7, are constants known as the activ-
ation energy and reciprocal frequency factor,
respectively. % is Boltzmann’s constant. A best
fit of the data yielded the 1-atm activation para-
meters E =0.701 eV and 7,=3.0X 107'* s which are
in excellent agreement with the zero-pressure val-
ues reported previously!® using the alternative
procedure mentioned above and other apparatus.
The estimated uncertainty in both E and In7, is
1.0%.

It is to be emphasized that the activation energy
0.701 eV is reasonably close to that for “free”
interstitial migration in strontium fluoride which
lies in the range 0.74-0.95 eV.2° This is expected
since, as pointed out above, this relaxation is as-
sociated with “jumps” of a nnn interstitial-fluor-
ine ion, Consequently, the motion should be sim-
ilar to that for a free interstitial since the bound -
interstitial is relatively far from the substitutional
and hence the effects of distortion should be min-

TABLE I. Best-fit parameters describing the relax-
ation time as a function of pressure and the activation
volume at various temperatures for type-II dipoles in
erbium-doped strontium fluoride.

T a b(GPa)! c(GPa)-2 V,(cm®/mol)
321.47 —8.14789 1.77 —0.30 4.83
324.01 -8.35117 1.72 —-0.19 4.74
327.04 —8.57991 1.67 —0.13 4.63
332.92 -9.01728 1.67 -0.23 4.74
338.86 —9.45494 1.65 -0.16 4.75
341.35 —9.62315 1.61 —0.10 4.68
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FIG. 2. Ln(v) vs pressure for type-II dipoles in. 0.1
mol% SrF, :Er at various temperatures.

imal,

The pressure results allow an evaluation of the
pressure dependence of the activation parameters
since

(a0 - () L L (E) L @

A best fit of the data from Table I yields

9E \ _
(5?>T 0.066 eV/GPa

and
9
(ﬁ. (1nT0)>T =-0.62/GPa.

Care must be taken in the interpretation of these
results, however, since

_ 1
2u,,

T , (10a)
where a nnn—nnn jump is assumed since a nn site
does not exist for erbium-doped strontium fluor-
ide. The notation of Matthews and Crawford'’ is
used for the jump frequency w,, along with the re-
sults of Nowick.?* Consequently,

1
T= exp(g,/kT), (10b)
2v,
where v is the frequency with which the interstit-
ial ion approaches the energy barrier. Since
Gn=hp=TSy, (11)

Where h, isthe migration enthalpy and s, is the
migrational entropy, it follows that

7= (e7m'*/2v ) exp(h,/kT) (12)
and E actually is &, and
To:e'sm/k/zya. (13)

In order to calculate the effects of pressure on the
activation parameters theoretically, then, the ef-
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fects of pressure on the entropy must be evaluated.
Such calculations are currently in progress.?

However, the pressure data also allow a deter-
mination of the activation volume V,, which is de-
fined by

9g
=( Lm
(%),
which, by Eq. (10) can be calculated from
_ a(ln1) 3(lnw,)
v (0G5, + (G52 ] s
=RT(+ X7, (16)
where
3lnw
ve=- (50 an
T

is the approach-mode Gruneisen parameter. This
quantity is not known exactly. However, the ap-
proach mode should be similar to the long-wave-
length transverse-optic mode where the lattice of
positive ions vibrates in antiphase with the lattice
of negative ions. A similar situation has been
noted for impurity-vacancy dipoles in alkali hal-
ides.?® Consequently, it is concluded that w, =~ w;,
or vy, ~v.o. The existing experimental values for
Yro are 1.2 (Ref. 24) and 3.1 (Ref. 25) and conse-
quently there is considerable uncertainty in the
experimental value. However, it has been shown,?
under the assumption that the Szigeti effective
charge e* is volume independent, that y,,=2.61.
If the usual interpretation of ¢* as a measure of
distortion is correct, the actual value of v,
should be only slightly less than 2.61. This is
consistent with a shell-model calculation of y,
for calcium fluoride and barium fluoride where
values of 2.29 and 2.31 respectively are obtained,2®
In lieu of a reliable experimental value, it will be
assumed that y,=v;,=2.6. The values of V, cal-
culated on the basis of Eq, (16) are listed in Table
I. From the results it is concluded that the value
in the temperature range of interest is 4.73 +0.1
cm®/mol. '

It is of interest to compare the results with the
dynamical-diffusion model of Flynn?’ which leads
to a theoretical expression for the activation vol-
ume in the form

Va=2YX18&n - (18)
Using Egs. (11) and (13), Eq. (18) becomes
Va=2Y,Xp[hp+tkTIn(2v,75)]. (19)

Using the experimental values mentioned above
along with the value of v, (v;,) of Denham ef al.,?®
Eq. (19) yields V,=4.44 cm3/mol. Thus, good
agreement is obtained between the theory and the

experimental value for the motion of bound inter-
stitials,

The data also allow a calculation of the thermal
expansion coefficient of the activation volume,

_ 1 ey, '
Bn= Z ( o7 )P . (20)
From Eq. (11), it follows that
as ' 9g oh .
T —ln e | 2 —int 21
<WL'“PL%W>T 1)
oFE
= - + | — . 22
v, ( oD ) . (22)

In addition, it is known that?®

(57), ()

P T

from which it is calculated that g, ~-10"%/K.

Negative thermal-expansion coefficients for ac-

tivation volumes are not entirely unexpected.?®
Finally, the results allow a determination of

the pressure dependence of the activation volume
and hence a compressibility for the defect since

vV, 9%(InT) 8%(lnw,)
—_—l = a
(ap )T kT( op? |, " op? T) (24)

or

sprfacs( 2, -2 e (25)
9P TY“ XT 31n )

Only the last term is not known experimentally.

However, Ruppin and Roberts®® have shown the-

oretically that for alkali halides

9y
e )
G 2 )48,

Consequently, the last term in Eq. (25) is prob-
ably very small compared with the first term 2c.
Using a value of ¢=0.18/GPa?, Eq. (25) yields

( an> ooy cm?

8P ),  molGPa °

The compressibility for the migration volume is
thus .

1 /av
= — | —m ~
Xn== 5 ( Y2 >T 0.2/GPa (26)

and is about fifteen times greater than the bulk
compressibility.

This trend is consistent with a recent calculation
by Varotsos and Alexopolous® who conclude that
the compressibility of the migration volume of
vacancies in sodium chloride is about five times
that of the bulk compressibility.

SUMMARY

In summary, then, the effects of pressure on the
reorientation of dipolar complexes in alkaline-
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earth fluorides have been studied for the first
time. The activation volume for the motion of
bound interstitials is found to be 4.73 +0.1
cm®/mol. It is argued that this value should be
similar tothe migration volume for free interstitials.
Good agreement is found between a value for

the migration volume calculated from Flynn’s dy-
namical diffusion model and the experimental value
for bound interstitials.

Finally, the compressibility of the activation
volume is found to be more than an order of mag-
nitude greater than the compressibility of the host
lattice, and the thermal-expansion coefficient for

the activation volume is found to be negative.
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