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In alkali halide crystals, hydroxl ions can be
substituted for halide ions. Concentrations up
to the order of 10*® ¢cm™2 can be achieved by
adding hydroxide to the melt. Kuhn and Liity*
have recently observed by means of optical
techniques that the hydroxyl ions can be aligned
by an electric field at low temperatures. They
concluded that the electric dipole moment has
six equilibrium orientations, namely along the
[100] axes of the crystal. The externally ap-
plied electric field lifts the sixfold orientational
degeneracy. The Boltzmann distribution thus
corresponds to an alignment of the (OH)™ di-
poles. Assuming a Lorentz internal field, Kuhn
and Liity were able to determine the dipole mo-
ment as p,=1.82x10"'® cgs units. (Note that
their determination does not involve a measure-
ment of the concentration.)

Independently we have studied the dielectric
behavior of KCl crystals doped with various con-
centrations of KOH, in the temperature range
from 0.29°K to 90°K at 102, 10°, and 10* cps.
Whereas the dielectric constant of a zone-re-
fined alkali halide crystal is temperature inde-
pendent below 15°K, the dielectric constant of
hydroxyl-doped KClI increases with decreasing
temperature,? passes through a maximum, and
then decreases again (Fig. 1). The tempera-
ture at which the peak occurs is almost indepen-
dent of the frequency, and it increases with in-
creasing (OH)™ concentration, indicating that

the decrease on the low-temperature side is due
to interaction between the dipoles and not to re-
laxation. Presumably, a kind of a ferroelectric
state results. The measurement of the dielec-
tric losses seems to support this view. The loss
angle 6 has a maximum at a temperature which
is lower than the temperature of the peak of the
dielectric constant, and it does not depend sig-
nificantly upon the frequency (Fig. 2). This be-
havior is typical for a ferroelectric.

The dielectric constant on the high-tempera-
ture side of the peak was analyzed on the basis
of the Clausius-Mossotti expression, according
to which the polarizability Njo g of the dipole
system is given by
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Here Nj is the number of dipoles per ¢cm?® and
a4 is the polarizability attributed to a dipole.
The dielectric constants of the doped sample and
of a pure (zone-refined) sample are designated
by € and €,,, respectively. The quantity Njag
was found to be inversely proportional to the
temperature at temperatures sufficiently above
the peaks of the dielectric constant. For a
classical permanent dipole one expects Nga g
=Ngpo®/3kT. Using the dipole moment p, of
Kuhn and Liity,' the concentration Nj can thus
be determined from the dielectric behavior. It
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-

FIG. 1. Temperature dependence of dielectric constant of KCl crystals containing different concentrations Ny

of hydroxyl dipoles (measured at 10% cps and 15 V/crn).

is interesting to compare this number with the
(OH)™ concentration Nchem obtained from pH
measurements, For samples with a very low
content of divalent impurities, the agreement

is within the experimental error of the chemical
concentration measurement (+20%). With in-
creasing content of divalent impurities [such as
Ba*" and (CO,4)™ 7], the ratio Nj/Nyopem drops,

€
0
nL
]
i

indicating that the random electric fields due to
these impurities immobilize a fraction of the
(OH)™ dipoles in the temperature range con-
sidered (see Table I).

Using the concentration Nj of the “mobile” di-
poles as determined from the dielectric mea-
surements and the known dipole moment p,, a
Curie temperature T, can be calculated on the
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FIG. 2. Dielectric constant and loss angle of sample No. 4 for various frequencies.
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Table I. Characteristics of the various samples. The sample numbers correspond with Fig. 1.
Concentration of (OH)™ Carbonate Calculated Temperature
(1018 cm™3) content Curie at
Sample Chemical Dielectric (arbitrary temperature maximum
No. Nihem Ng units) (°K) €
1 5 6.09 <0.001 0.432 0.32
2 11 8.17 0.03 0.580 0.385
3 67 18.3 1.9 1.30 0.74
4 36 28.6 0.13 2.03 1.2
52 140 72.5 0.8 5.15 4
6 undoped 0.04 see 0.003 <0.29
(Harshaw)

3This sample was doped with BaCl,.

basis of the Clausius-Mossotti approximation.
One finds

Tc = (417/27)Ndp 02(€m +2)/k.

There is a systematic correlation between the
calculated Curie temperature T, and the tem-

perature corresponding to the peak of € (Table I).

The fact that the calculated Curie temperatures
are somewhat higher indicates that the decrease
of the dielectric constant toward low tempera-
tures is not due to the electric fields arising
from impurities and other imperfections.® In
contrast to conventional ferroelectrics the hy-
droxyl-doped alkali halides do not exhibit a
sharp Curie point. We believe that this is due
to the randomness of the distribution of the di-
poles. The width of the transition region on a
logarithmic temperature scale is almost inde-
pendent of the (OH)™ concentration and pre-
sumably reflects a property of a random array
of interacting dipoles (see Fig. 1; note that sam-
ple No. 5 is not typical, since a mole fraction of
2X107* BaCl, had been added to the melt in or-
der to study the influence of divalent impurities).
In the paraelectric region the (OH) ™ -doped
alkali halide crystals might be useful for cool-
ing.! The relaxation frequency in this region is
far above the audio range and seems to be dom-
inated by one-phonon processes.* However, the
cooperative effects introduce in the vicinity of
the Curie temperature a low-frequency compo-
nent which manifests itself in the audio-frequen-
cy range (Fig. 2). Cooling experiments were
carried out in the paraelectric region with sam-

ple No. 2. The temperature changes observed
upon changing the externally applied electric
field are reversible and agree with those cal-
culated.

In very dilute ideal samples the zero-field
splitting should correspond to the energy differ-
ence between the totally symmetric ground state
T’y of the proton in the six-well potential and the
less symmetric states T, and T',;. A detailed
investigation of sample 6 (Nj=4%10' cm™°,
T.=3%1072°K) showed that the zero-field split-
ting is below 0.3°K. Experiments at still lower
temperatures are underway.
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1U. Kuhn and F. Liity, to be published.

2This increase has also been observed by M. C.
Robinson and A. C. Hollis Hallett, Proceedings of
the Ninth International Conference on Low Temperature
Physics, Columbus, Ohio, 1964 (to be published).

SWerner Kinzig, in Solid State Physics, edited by
Frederick Seitz and David Turnbull (Academic Press,
Inc., New York, 1957), Vol. 4, p. 1.

4Measurements of the dielectric dispersion are in
progress at the Swiss Federal Institute of Technology
in Ziirich.
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