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Dipole-dipole interactions in potassium chloride doped with hydroxyl

R. C. Potter and A. C. Anderson
Physics Department and Materials Research Laboratory,

University of Illinois at Urbana Ch-ampaign, Urbana, Illinois 6I80l
(Received 8 January 1981)

The dielectric constant e = e' —i e" of KC1 doped with OH or OD has been mea-

sured within the temperature range 0.1 —250 K, the frequency range 10'—10' Hz, and the

concentration range 0—4000 at. ppm. Discrete features appear in both e' and e" which are

related to a thermally activated, two-step reorientation of OH pairs. No evidence is

found for a phase transition.

INTRODUCTION

The low-temperature behavior of the OH substi-
tutional impurity in alkali halides has been studied
extensively, ' partly because an associated electric
dipole moment makes experimental observations re-
latively simple. In KC1 crystals the dipoles are con-
strained to align along [100] directions, but can
quantum-mechanically tunnel very rapidly between
these six orientations. KC1:OH is therefore
paraelectric at finite frequencies for temperatures
above = 5 K. At lower temperatures the energy of
the average dipole-dipole interaction exceeds kT„ the
dipoles are "frozen" by the local fields, and the
dielectric constant e' is observed to pass through a
maximum with decreasing temperature.

The question has been raised as to whether the di-

polar interaction can cause a phase transition. A
mean-random-field calculation has indicated that a
phase transition might occur for an OH concen-
tration of & 500 ppm. The signature of this transi-

tion would be a discontinuity in the temperature
derivative of e' somewhere near the maximum in e'.
Some evidence for a concentration-dependent
discontinuity in de /dT for KC1:OH did exist, '

and we therefore undertook an experimental study
of this question. We have indeed observed discon-
tinuities in de'/dT and have found these features to
be related to interactions between the OH impuri-
ties. But they do not provide evidence for a phase
transition. Rather, the features observed are caused

by the "freezing" of explicit sets of dipole pairs.

EXPERIMENTAL DETAILS

The crystals were cleaved or cut to the dimen-
sions of roughly 1 )& 1 && 0.05 cm, with the small-

est dimension parallel to a [100] direction. Elec-
trodes of silver paint or vapor-deposited indium
were applied to within =0.05 cm of each edge.
The crystals were mounted in a stress-free confi-
guration between spring-loaded electrical contacts
which also provided thermal contact. ' When not
in the cryostat, the crystals were stored in a desicca-
tor.

Both the capacitance C and the conductance G
were measured for each sample using a three-
terminal ratio-transformer capacitance bridge and a
dual synchronous detector. Coaxially guarded leads
ran from the bridge to the sample passing continu-
ously through all vacuum feedthroughs. Both inner
and outer conductors of each coax were thermally
grounded within the cryostat to prevent heat
leaks to the sample. Two sets of these electrical
leads permitted the measurement of two samples
during each cryogenic run. As a test of stability,
the capacitance of a crystalline sapphire sample was
measured' over a voltage range of 0.06—6 V, a fre-

quency range of 10 —10 Hz, and a temperature
range of 0.02 —10 K. The capacitance was found
to be constant to within 2 && 10 . During mea-.

surements on KCl:OH, the voltage was kept suffi-

ciently small so that the sample was not heated.
Temperatures were measured using a germanium

resistance thermometer. This was calibrated against
a set of superconducting fixed points" using a mag-
netic thermometer' for interpolation of the tem-
perature scale.

. The capacitance C and the conductance G were
measured as a function of temperature T and angu-
lar frequency co for a series of KCl crystals contain-
ing 80, 250, 500, 1500, or 4000 at. ppm OH, or
250 or 2000 ppm OD . The real and imaginary
parts, e' and e", of the complex dielectric constant

= e' —i e" were computed from the relations
I

24 677 1981 The American Physical Society



R. C. POTTER AND A. C. ANDERSON 24

e' = C/Cp and E" = G/coCp. The constant Cp is
the capacitance with the entire KC1 sample "re-
moved. " The determination of Cp will be discussed
below. As an example of our results, Fig. 1 shows
the temperature dependence of e' for a sample con-
taining 1500 ppm OH, The temperature depen-
dence of e" for this sample is shown in Fig. 2. For
"pure" KC1 with no intentional doping of OH, we
found e' to vary by less than 0.3% between 1 and
20 K.

We have used the temperature T „„atthe center
of the broad maximum in e' to gauge the OH
content of our samples. ' For the sample of Fig. 1

this temperature is 1.1 K. Figure 3 shows a plot of
T „versus OH concentration c obtained by
several workers. ' ' ' The solid line represents a
linear relationship between T,„and c, and is the
empirical relationship we have used to obtain c from
the T,„ofour samples. This linear dependence
between T,„and c is predicted theoretically, at
least in the limit of low frequencies.

A second measure of OH concentration is ob-
tained from the magnitude of the paraelectric
response of each sample. As will be discussed fur-
ther in the next section, the dielectric response of
KC1:OH is closely paraelectric over a range of tem-
peratures between roughly 5 and 100 K. That is,
within this temperature range C = C + PT
where C is the capacitance of the sample with no
contribution from OH and where P cc p2c, with p
being the electric dipole moment of an OH ion in

KC1. The slope of a plot of C versus T ' provides
values for P, and these values are indeed proportion-
al to T,„. In brief, the OH concentrations quot-
ed in this paper are linearly related to the actual
concentrations, and the constant of proportionality

I f I I I I I I 1
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is the average of those obtained by previous workers
who attempted to measure OH concentrations ex-
perimentally.

The intercepts from plots of C versus T ' at
T ' = 0 provide values of C . Using a value' of
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FIG. 2. Imaginary part e" of the dielectric constant of
a KC1 crystal doped with 1500 ppm OH, measured at a
frequency of 4 p 10 Hz. The peaks 3, B, C, and N are
discussed in the text.
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FIG. 1. Real part e' of the dielectric constant of a
KCl crystal containing 1500 ppm OH, measured at a
frequency of 4 )& 10 Hz. The inset shows a portion of
the curve near 70 K with the vertical scale expanded by a
factor of 160.
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FIG. 3. Temperature T,„at which a broad max-

imum occurs in e', versus concentration c or density n of
OH ions. 6, Ref. 16; 0, Ref. 14; +, Ref. 15; &(,
Ref. 7; 0, Ref. 5. These results were not obtained at the
same frequency. However, normalizing to the same fre-
quency does not change the scatter relative to the line
which is drawn with a slope of 1. The concentration and
density are related by the expression c = n/n c~ where
nc~ is the number of Cl sites, nc~ ——1.6 g 10 cm
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= 4.5 foi puie Kcl CQ = C~/4. 5.' This pro-
cedure for obtaining CD, the constant used in the
computation of e' and e", agrees within 5% with

values calculated from the measured dimensions of
the plated samples.

RESULTS AND DISCUSSION

The dielectric constant e' of Fig. 1 does behave

paraelectrically over much of the temperature range.
That is, for the restricted temperature range the
dielectric constant may be expressed in the simpli-
fied form

where e' is again the dielectric constant of pure
Kcl and b is proportional to the OH concentra-
tion. The T ' behavior breaks down at tempera-
tures below = 5 K because of interactions between
the electric dipole moments associated with the
OH sites. ' At temperatures above = 100 K, e'

begins to increase with inert:asing temperature. This
increase is a property of e' of Eq. (1) and is caused

by anharmonic effects. '

Closer scrutiny of the data of Fig. 1 reveals small
deviations from the temperature dependence of Eq.
(1). One example is shown by the inset of Fig. 1.
The magnitude of the temperature variation, shown

by the inset, decreases with decreasing OH con-
centration. This indicates that the phenomenon seen
in the inset is caused by the OH impurity and sug-

gests that motion of some small subset of the OH
population is being "frozen" as the temperature is

reduced below =66 K. The majority of OH ions
continue to behave paraelectrically and follow the

applied alternating electric field. Therefore a more
sensitive probe of the phenomenon is provided by
e", which detects only the subset of OH ions
which are being frozen within the time scale co

' of
the measurement. Indeed, Fig. 2 does show a peak
in e" at 66 K. Similar features are found in e" (and
in e') near 25, 11, and 3.9 K. The broad peak la-

beled cV in Fig. 2 is associated with the broad max-
imum in e near 1 K in Fig. 1. As will be shown

below, the narrow peaks labeled 3, 8, and C in Fig.
2 vary in magnitude with OH concentration. The
small peak near 25 K does not scale with OH
concentration, it is probably caused by some trace
impurity and will not be considered further. The
peaks labeled 8 an'd C in Fig. 2 also appear in the
data of Ref. 14.

The amplitudes of the three peaks labeled 3 —C

have been plotted in Fig. 4 as a function of OH or
OD concentration. The amplitudes 5e" have been
obtained by subtracting the background, the dotted
line in Fig. 2, from the measured e". From Fig. 4
it may be observed that 6e" oc c . This fact indi-
cates that the features under consideration are to be
associated with dipole pairs. The only significant
deviation is for the 4000 ppm OH sample, a con-
centration close to the limit for OH in Kcl. At
larger concentrations the shape of the maximum in
e' changes' indicating that a linear relationship
between T,„and c may not be valid at c ) 4000
ppm.

The temperatures T& at which the peaks 3 —C
occur are not a function of concentration, but they
are a function of frequency. Figure 5 shows the
temperature measured at the center of peak 8 of the
1500 ppm OH sample as a function of the
measuring frequency. The data obey the Arrhenius—h~/T
relation co = coo e suggesting that the dipole

pairs attempt to follow the direction of the applied
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FIG. 4. The magnitude 5e" of the peak in Fig. 2,
versus concentration of OH or OD . For OH
peak 3; V, peak 8; 0, peak C, For OD, 0 is the

equivalent of peak C. All data are for a measuring fre-

quency of 10" Hz. The solid lines are drawn with a slope
of 2.
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FIG. 5. Angular frequency co at which peak B of Fig.
2 appears at temperature T& for the 1500-ppm OH
sample.

time-dependent electric field via a thermally activat-

ed reorientation process. That is, the relaxation
time of the dipole pair may be expressed as

EJ /T
70 e8

. with co7& —1 at the peak in 5e". The "barrier
height" for the reorientation process is Az in units

of kelvin. Values of 6, the prefactor 7o, and the
temperature Tz at which the peak occurs are listed
in Table I for peaks 3, 8, and C.

We attempt to model the frequency and tempera-
ture dependence of the features in e' and in E"
through the dispersion relation'

are contained both in the T ' factors and in the
temperature dependence of r, Eq. (2).

Using Eq. (4), Des —(as/T)(rors)(1 + ro rs)
has been calculated for peak 8 of the 1500 ppm
sample. The results of this computation are com-
pared with the measured data in Fig. 6. The only
adjustable parameter in Fig. 6 is the constant az.
The fit to the data is sufficiently good that we do
not use alternative schemes employing additional
adjustable parameters. The fit for peak 3 of Fig.
2 is similar to that of peak 8; the fit for peak C is
not as satisfactory and will be discussed later in this

paper. The constants a; and 5; for peaks A, 8, and
C of the 1500 ppm sample are listed in Table I.
These same constants, a; and b;, can be used in Eq.
(3) to compute E'. The results of the computation
agree satisfactorily with the data (such as the insert
in Fig. 1), though, as explained previously, the 3, B,
and C features in e' are less well resolved than in
e". The fact that the dispersion relations of Eqs. (3)
and (4) agree with the data implies that dipole pairs
do not interact with other dipole pairs. In view of
the small concentration of dipole pairs, this is not a
surprising result.

To determine the influence of strain and disloca-
tions on e' and e", a crystal was intentionally de-
formed uniaxially by 4%. The peaks seen in Fig. 2
and labeled 3, 8, and C did not shift in tempera-
ture, but did decrease in magnitude by a factor of
=2 when plotted versus T,„on a curve such as
Fig. 4. Thus the introduction of dislocations re-
moves a portion of the OH pairs from participa-
tion in the relaxation phenomena responsible for the
peaks in e". A 9-h anneal in argon of an unde-
formed crystal at a temperature of 1010 K, which is

e'=e +g—(1+cur;) +— (3)

and

(4)

obtained from t."by the Kramers-Kronig relation.
The constants a; are proportional to the concentra-
tions of particular pairs of configurations. The sub-

scripts i identify the subset of OH pairs responsi-
ble for peak i = 3, B, or C. The term b/T of Eq.
(3) is used somewhat arbitrarily to represent all
"free" dipoles essentially not interacting with a
neighboring OH ion in the temperature range of
interest. The temperature dependencies of e' and e"

08 IO l2 l4

FIG. 6. Comparison between 5e" calculated from Eq.
{4) and the measured values for the 1SOO-ppm sample of
KC1:OH. 0, Cl, 6, and V were measured at frequencies
of 200, 10', 4 p 10', and 2 X 10 Hz, respectively.
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TABLE I. Parameters of the peaks 3, 8, and C found in Fig. 2 for a 1500 (at. ) ppm sample of KCl:OH. For the
frequency-dependent parameters T~ and 5e", a frequency of 4 X 10 Hz was used. The constant b is 12.4 K for this sam-
ple.

Peak
Tp

(K)
70

(sec)

Experimental
5e"

(K) (K)
a/b c;/c

Theoretical
(pair)

2.0 &&
10-'4

11.2 4.4 && 10 " 205 7.2 X 10-' 0.16

1400 8 )& 10 ' 1.07 8.6 y, 10 0.6 y 10

1,3y10 2 0.6g10 2

(d/2, d/2, 0)

(d,d, Q)

3.9 3.6 &&
10-" 4.1 y, 10—' 0.31 2.5 &&

10-' 2.4 X 10-'
1.8 y 10-'
0.6 X 10-'
0.6 y 10-'

(d /2, d, 3d /2)
(d /2, d /2, d)
(3d /2, 3d /2, 0)
(d,d,d)

32
24

8

8

close to the melting temperature of 1050 K, did not
alter significantly the low-temperature dielectric
behavior.

Substitution of OD for OH did not alter the
observed behavior of KCl near the peaks 3, 8, and
C. This indicates that quantum-mechanical tunnel-

ing need not be considered explicitly in a descrip-
tion of the pair reorientation process.

Summarizing, the series of peaks seen in Fig. 2 is

caused by dipole pairs which reorient in the applied
electric field by thermal activation, and which obey
the dispersion relations of Eqs. (3) and (4). To
proceed further we need a model of the dipole pair.
The model discussed below is speculative, but does
produce a dielectric response which is in qualitative
and nearly quantitative agreement with the experi-
rnental results.

The OH ion is known to enter substitutionally '

for the Cl ion in KC1 for concentrations less than
=5000 ppm. Such a defect experiences a crystal
field having potential minima in the six [100] direc-
tions. The OH can tunnel between these mini-

rna, hence the sixfold degeneracy of the ground state
is lifted. The existence of these tunneling states is

consistent with results obtained from paraelectric
resonance, thermal conductivity, and specific-
heat' ' measurements. The tunneling states them-
selves are not important in the present context.
What is important is that the dipoles in KC1 orient
along [100] directions in the presence of small elec-
tric or stress fields, and can tunnel very rapidly
through the intermediate barriers by 90' steps.
This explains the paraelectric behavior of the nonin-
teracting dipoles in KC1 at temperatures above = 5

K.
Both electric and stress fields arise from the pres-

ence of an OH impurity, and hence there will be
interactions between neighboring pairs of OH ions.

0)
tO

O

UJ

-40—

4

la

2b
X

la
3a

elastic electric tata I

FIG. 7. Splitting of the energy levels of the nearest-
neighbor OH -OH pair in KCl caused by elastic and
electric interactions (Ref. 28).

The resulting energy levels of an interacting pair of
OH ions having an interdipolar axis of [110]are
shown in Fig. 7 using the notation and computed
energies given in Ref. 28. This notation is shown

pictorially in Fig. 8. We will identify a particular
configuration of dipoles by giving the position of
one relative to the other. Thus the nearest-neighbor
pair having an interdipole axis of [110]will be desig-
nated (d/2, d/2, 0) where d is the Cl -Cl separa-
tion along [100] in KCl.

It may be seen from Fig. 8 that the ground state

l
3a ) of a (d/2, d/2, 0) pair has a net dipole mo-

ment of ~p along [100], the same moment as a sin-

gle, OH ion in KC1. Furthermore, at least two
discrete 90' jumps are required, one for each dipole,
for the dipole pair to reorient into a second

l
3a )

ground state with the dipole moment aligned in the
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Energy State
Ib)

3a) la)

Phonon absorption
of energy (h, -pE)

+ pE.
—pE

Phonon e rn i ssi on
of energy (6 + pE)

-3a)
3a)

Ib)
f'

2b)
r I

4)
FIG. 10. The reorientation process of Fig. 9 is

represented here on an energy-level diagram, The degen-
erate ground states

~

3a ) have been slightly split by 2pE
where p is the net electric dipole moment of the pair and
E is the magnitude of the applied electric field.

3b)
I

2a)

opposite direction. This reorientation process is
shown in Fig. 9. There are other possible inter
mediate states, but those shown require the least en-

ergy. The reorientation is shown on an energy dia-

gram in Fig. 10. Note that the intermediate state
for the pair is

~

lb ), not the lowest excited state

~

la ) of Fig. 7.

FIG. 8. Orientations of the two electric dipole mo-
rnents for the nearest-neighbor OH -OH pair in KCl.
The notation is the same as that used in Fig. 7. Keeping
one ion at the origin, there exist 1 1 other nearest-

neighbor positions for the second ion. Each would have

the same set of dipolar orientations shown here.

Not all dipole pairs can reorient via a two-step
process. For example, the ground state of the next-
nearest-neighbor pair (d,0,0) having an interdipolar
axis of [100] has both dipoles aligned in the same
direction. This configuration requires four steps to
reorient from one ground state to another in which
the net dipole moment is reversed in direction.
Such a high-order process is less probable. We
therefore expect to detect only dipole pairs which
reorient by two 90' steps.

The two-step relaxation process of Fig. 10, which
involves a real intermediate state, has been con-
sidered theoretically. It can occur by the absorp-
tion of a phonon having energy 6 —pE and the
emission of a phonon having energy 6 +pE . For
T & 6 the relaxation time for this process is

g g —3 lL/T (5)

where 8 is a constant. Comparison with Eq. (2)

gives 7 p = 86 . The empirical values of ~o and 6
have been listed in Table I. A plot of ~0 versus 6 is
shown in Fig. 1 1 . The line is drawn with a slope of

Ib)

-3a&
+pE

3a)
-pE

0
IO—

lb)
2IO—

FIG. 9. Assuming an applied electric field directed to
the right, this shows the process whereby a dipole pair
reorients, via one of two degenerate intermediate states

~

lb ), so that its electric dipole moment may be directed
to the right. This process is shown on an energy-level

diagram in Fig. 10.

)
O-l4

I

)
O- I I

(
O- l 0

FIG. 1 1. Activation energy 6 .versus prefactor wo for
peaks 3, B, and C found in Fig. 2. The solid line shows
the relationship between rp and b expected from Eq. (5).
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—3, and it may be seen that Eq. (5) gives a reason-

able explanation for the factor of =2000 range in

the prefactor ro of Eq. (2). It would be awkward to
explain this range of values for very similar defects
in terms of an "attempt" frequency as is often done
for other relaxation mechanisms. It will be noted in

Fig. 11 that the datum for peak 3 lies above the
line. This is to be expected since Eq. (5) is valid

only for 4 & 8&, where 8D is the Debye tempera-
ture of =240 K for KCl. When 6 g 8D as for
peak 3, the temperature dependence of ~ becomes
less rapid. ' Thus wo should indeed fall above the

line on Fig. 11.
Based on the foregoing discussion, we will assume

that the peaks in Fig. 2 are caused by the two-step

reorientation of dipole pairs, and will proceed next

to inquire whether the number and magnitude of
observed peaks is reasonable within this assumption.

For the nearest-neighbor (d/2, d/2, 0) pair, the en-

ergy 6 has been calculated in Ref. 28 and is shown

in Fig. 7 as the difference between the
~

3a ) and

~

lb ) levels. The calculation gives 6 = 400 K, and

the values for pairs having OH ions of greater
separation would be smaller. Yet the measured
value for peak 3 is 1400 K. We will comment later
on this difference in energies.

Since the computation presented in Ref. 28 does
not provide numerical results consistent with the
present data, we will compute approximate- energy
levels using three simplifying assumptions. First, it
is assumed that the electric dipole-dipole interaction
dominates over the elastic interaction and so the
elastic contribution will be ignored. This avoids a
significant complexity in the computation.
Second, we assume that the electric interaction
scales as r and that the energy of interaction is

given by

4meoe

Pi' P2

p
3

pi' r P2' r3-
5

(6)

where eo is the free-space value of e' and r is the
separation between the two OH ions of the pair.
Third, it is assumed that peak 3 is caused by the
(d/2, d/2, 0) pair, and the product p'/e' in Eq. '(6)
is adjusted to give a

~

3a ) to
~

lb ) energy separa-
tion close to the measured 6 of Table I. . With these
assumptions the 6 listed in Table II have been ob-
tained from Eq. (6). Using these values of b and
Eq. (5), the temperatures Tz at which peaks should
occur have been calculated and are included in
Table II. Certain pairs, such as (d,0,0), are not list-
ed in this table since they do not reorient by
processes involving only two 90' steps.

From Table II it will be observed that discrete
peaks in e" might be expected at temperatures near
61 and 10 K, while possibly four peaks fall near 4
K. These are close to the temperatures observed ex-
perimentally and listed in Table I. At greater physi-
cal separation of the OH ions (n ) 3 in Table II)
the peaks in e" become close together and cannot be
resolved. They coalesce into peak E of Fig. 2. For
reference purposes, note that a concentration of
1000 ppm corresponds to an average GH separa-
tion of n = 10 in Table II, At separations even
somewhat less than n = 10, the pair interaction
would cease to dominate and the influence of elec-
tric (and elastic) fields from other OH ions would
have to be included. A mean-random-field approxi-
mation" has attempted to do this.

The peak labeled C in Fig. 2 is replotted in Fig.
12 with the background subtracted. The data have
been fitted to Eq. (4) as shown by the lines, the
parameters 6 and ~o are listed in Table I. The
peaks measured experimentally are much broader

TABLE II. Estimates of activation energy 6 computed assuming electric dipole-dipole in-
teractions, and the corresponding temperature T at which a peak appears in e" as computed
from Eq. (5) using 8 = 4.74 )& 10 sec K' and a frequency of 4 &( 10' Hz. Units are K.
Since 1470 K & 8D, Eq. (5) should not be used for that activation energy. The constant 8 has
the same value for KCl:OD as for KCl:OH.

pair
2 8(n,n, 0)1

Tp

—d (n,n, 2n)
1

T~

2
d (2n, 2n, 2n)

Tp

—d (n,2n, 3n)

T~

184 10 8.9 1.0
55 3.9 2.3 0.5
23 20
12 1.3
6.8 0.9
4.3 0.7

6,3 0.8 5.7
1.9 0.5 1.7

1470 (61) 71 4.8 50 3.6 46 3.4
0.8
0.5
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FIG. 12. Comparison between 6e" of peak C, calcu-
lated from Eq. (4), and the measured values for the
1500-ppm sample of KCl:OH. 6, o, and E were mea-
sured at frequencies of 200, 4 p 10, and 2 p 10 Hz,
respectively. The computation assumed a single relaxa-
tion mechanism, whereas Table II suggests three or four
mechanisms. The presence of more than one relaxation
mechanism could account for the widths of the peaks.

than the calculated peaks. This may be caused by
the presence of two or more peaks near the same
temperature as suggested in the last columns of
Table I. But it must also be recognized that it is
more difficult to estimate the background contribu-
tion under peak C, and hence subtraction of the
background may widen (or narrow) the peak in 6e".

We should also be able to estimate the magnitude
of 6E, that is, the constants a; of Table I. In mak-
ing this calculation, we assume initially that all Cl
sites are equally probable for the substitution of an
OH impurity. Not aH ground-state configurations
of pairs produce a net dipole moment in the direc-
tion of the applied field. For example, in Fig. 8 the
ground state

~

3a ) does not have a net dipole mo-
ment in the vertical direction. The number of sites
which contribute to the dielectric response in a
given direction are listed as M in Table I. The con-
centration c; of dipole pairs which contribute to e"
is thus c; = c ~/2, where again c is the concentra-
tion of OH ions. The calculated ratios of
c;/c = c ~/2 are listed in Table I where they may
be compared with the same ratio measured experi-
mentally, namely a;/b.

The computed ratio c;/c for peak B is in reason-
able agreement with the ratio a/b for that peak.

. For peak C, the ratio a/b =. 2.6 g 10, whereas
the ratio c;/c might range from 2.4 && 10 to
5.4 )& 10 depending on how precisely the four
possible peaks listed in Table I fall near the same
temperature. We note that the value of a/b for

peak 3 is a factor of 6.6 larger than for peak 8,
while the computed values of c;/c suggest the ratio
should be unity. This means that the (d/2, d/2, 0)
sites may have a higher probability of occupation
than we have assumed. Part of the difference could
occur during crystallization, since the (d /2, d /2, 0)
nearest-neighbor pair has an attractive interaction
much larger than for other pairs. Taking this ener-

gy to be of order Az —1400 K, the Boltzmann fac-
tor is =e' ' = 4, where 1050 K is the melting
(growth) temperature of KCl. Thus the population
of (d/2, d/2, 0) sites should be a factor of =4 larger
than if calculated under the assumption that all Cl
sites are equally probable for occupation by OH
ions.

We have found that our model has provided a
reasonable, nearly quantitative explanation for the
series of peaks occurring in Fig. 2. All quantities
are in agreement with previous data if available.
For example, b of Eq. (1) may be written as

b = np /3@ok,

where n is the density of OH ions and k is the
Boltzmann constant. Using our data we obtain

p = 4. 1 + 0.3 D (1.38 + 0.1 )& 10 9 C m), which is
close to that quoted in the literature. ' This value
is, however, smaller by =35% than the value ofp
obtained from Eq. (6) using e' = 4.5 and adjusting

p /e~ so as to obtain the 6 values listed in Table
II. It is not clear to us if the apparent enhancement
ofp /e' by a factor of 2.4 deduced from the
dipole-dipole interaction is consistent with local-field
corrections for substitutional impurities separated
by a distance of =d, or if it reflects the complicated
influence of elastic interactions between OH di-
poles.

In completing this section, we wish to direct the
readers attention to an analogous situation in sys-
tems of interacting magnetic dipoles. Crystalline
(Eu„Srt )S is a magnetic spin-glass for x ~ 0.13,
the percolation threshold. Provided x & 0.13, a
frequency- and concentration-dependent peak ap-
pears in the magnetic susceptibility. The peak obeys
an Arrhenius law as for KCl:OH. The authors
account for this peak by assuming the freezing of
nearest-neighbor magnetic dipole pairs.

SUMMARY

The reorientation of a pair of neighboring OH
ions in KCl occurs via a thermally activated pro-
cess. For certain pairs this appears to be a two-
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phonon process, with each ion of the pair making
one 90' step. A simple computation assuming an
electric dipole-dipole interaction within the pair pro-
vides good agreement with the measured tempera-
ture, frequency, and concentration dependence, and

apparently good agreement with the interion separa-
tion. The diAiculty with this computation is the un-

certain local-field correction for electric and elastic
dipoles separated by a distance of order the lattice
parameter. A subtle change in dielectric constant

associated with a low-temperature phase transition '
has not been observed.
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