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ABSTRACT .

We report dielectric measurements as a function of temperature and frequency
In single crystal K 2

O s C 16 u l t U defects containing protons. The results are
consistent with a model which assumes the defect state to be a simple interstitial
proton which is hydrogen bonded tn the nearest neighbor chlorine ions. We find
for temperatures greater than 180 K, that proton diffusion is thermally activated
with a nobility of 10'2cm2/V-sec whereas below this temperature it Is determined
by quantum tunneling between localized states.

IKTRODUCTION

Recently there has been a renewed interest
in the various conductivity mechanise? in ionic
crystals. In this paper we report low frequency
dielectric measurements in single crystal
I^CaClg which has large concentrations of
hydrogen containing defects- The results are
sonsistent with the defect state being a simple
interstitial proton in the fee octahedral
position and that this proton diffuses through
the crystal. In the classical picture of
diffusion, the interstitial jumps between
preferred sites by passing over a barrier. If,
however, the interstitial is light enough,
tunneling through the barrier and the s ;r- .
rounding lattice distortion must also be
considered. This type of motion is referred to
as quantum diffusion. Two types of quantum
tunneling of self-trapped light interstitials
can be distinguished [1,2]. The motion is
called coherent if tunneling is elastic. This
process should not necessarily be regarded
as the propagation of a Bloch particle since
the band width will be greatly reduced by
self-trapping, Interaction effects, and crystal
perfection. Tunneling which is phonon assisted
Is referred to as incoherent tunneling. At
high temperatures this takes the form of a
prefactor multiplying an exponential just
as in the e1»!*5v.cal case but the activation
energy is not necessarily related to the
barrier height nor is the prefactor a simple
attempt frequency.. As * function of temperature
one expects to see a transition,from predom-
inantly: incoherent to coherent diffusion as the,
temperature is lowered. Vfe feel we have
observed this change over in the conductivity
mechanism in this system. "Yon the frequency
dependence we find the response of the systea
to be characteristic of a hopping type motion
of self trapped f& interstitials.
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EXPERIMENTAL

To date our only detailed knowledge of the
defect state 'in these crystals derives fron 8MR
measurements [3]• These indicate very large
concentrations (C - 0.25) of protons. It was
also found that the KMR longitudinal and
transverse relaxation times are essentially the
same at room temperature. This Indicates that
the protons are in a state of rapid motion
characteristic of a liquid rather than a solid
medium. Further evidence for a high concen-
tration defect state is found in the specific
heat 14] and KQR measurements [5].

Since these crystals are grown from a.
slightly acidic solution, the possible defect
centers to be considered are H2O molecules
trapped in the lattice, (this is a remote
possibility considering the concentration
and the integrity of the crystal structure),
OH" molecules substltutionally replacing
Cl~ ions and protons in the fee octahedral
sites hydrogen bonded {6] to the chlorine
ions. (This is the only interstitial position
in this Structure and is about 1A in size.

Three terminal capacitance and conductance
measurements (using a GR 1615 transformer
bridge) were measured in the <111> direction as
a function of frequency and temperature.
Electrodes and guard ring (1000 A Cz) were
evaporated onto polished surfaces forming
blocking electrodes. We do not report results '
below 100 Hz, since below about 10 Hz the
measurements are starting to be dominated by
the contact resitance and capacitance of the
electrodes. Samples were kept in vacuun for
several days at room temperature and low -
temperature cycled before measurement. Since
the concentration of defects can be made to
v*ry for a sample or from sample to sample
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depending on history, we report measurements on
' one particular concentration (C - 0.1) In •' :
this paper. The direct measurements of
capacitance and conductance are presented in
tents of the dielectric constant c* and the
conductivity c » at".

RESULTS

The,results for the temperature dependence
of the conductivity, a - 2*ve", and the di-
electric constant, e', both at a frequency v of
1 KHz are shown in Fig. 1. The most noticeable
feature of the results is the dramatic change
In the conductivity mechanism at about 180 K.
For temperatures greater than 180 K the con-
ductivity is thermally activated with an energy
of 0.25 eV. Below 180 K both the conductivity
and the dielectric constant are essentially
Independent of temperature.

Fig. 1. The conductivity and dielectric
constant of K2OsClg at a frequency
of 1 KHz as a function of inverse
temperature.

The' magnitude of both quantities over
the entire temperature range are much larger
than expected for a simple dielectric. From
the opticaly active mode frequencies,' the
Lyddane-Sachs-Teller relation and the Pauling
polarlzabili'kies we estimate the dielectric
constant to be about 4 Vhich is much smaller
than'bur smallest measured value of 12. This
Indicates defect states are preset* in l?rge
numbers. As to the magnitude of the con-
ductivity, it should be noted that.it is
inconsistent with a simple ionic conductivity
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due to vacancy motion. The primary equilibrium
defect appears to be a Freottel defect involving
the chlorine ion, which at least In K^SnClg
has an activation energy of 0.8 eV (?J. A
similar figure in this crystal would lead to a
conductivity orders of magnitude lower at all
temperatures.

The temperature independence of £* and 0
below 180 K is characteristic enough to rule
out a dipole reorientation mechanism [91
between several equivalent sites. This
type of defect would lead to an approximate 1/T
dependence for ? and a. This rules out
the presence of H20 molecules trapped in the
lattice OE the reorientation of 0H~ dipoles.

This conclusion can also be arrived at
from the frequency dependence. A defect state
involving a fixed dipsle should give a Debye
type relaxation response. Ve do not observe
this but rather find a response indicative of
charge carrier motion. In Fig. 2 we show
results characteristic of the high temperature
response.

F i g . 2 .
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FREQUENCY ( H i )

The frequency dependence of the
dielectric response of K20sClg at
room temperature.

to5

; I
The fact that c"(v) below about 1 KHZ

varies as l/»ls a signature of charge carriers
exhibiting extended motion. The enhanced
dielectric constant at low freuqencies arises
fron the blocking electrodes and space
polarization effects [9J whereby the charge
carriers screen out the externally applied
field (50 V/cm). This reduction of the internal
field also leads to a reduction of the measured
conductvity. The effectiveness of this pheno-
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mena depends on two factors; the dielectric
screening length, i,, and the carrier lifetime
TR as compared to the intrinsic scattering ,
time ta. For frequencies v < 1/T R the
response is domianted by traps and:space j
polarization effects while for v > 1/T R we {
see the Intrinsic response determined by Tg. j
We find the intrinsic conductivity varying as '
a - v 6 characteristic of hopping notion 110]
and the intrinsic dielectric constant to be
about 12 and essentially frequency independent,
Indicative of the displacement type of polar-
ization. From the frequency dependence of the
space polarization we estimate a carrier
lifetime of t R - 4 x 10~

3 sec and a dielectric
screening length of Lp - 1.5 x ID"2 cm.
Froia our model to be discussed latter we
estimate an intrinsic scattering time of 10"?
sec. This leads to a room temperature mobility
of about 10~2 cm2/V-sec and a diffusion
constant of about 2 x 10"* cmVsec.
We estimate the DC conductivity to be about

• , ' ;

We estim
10-* a"! cm

th
"1.

At temperatures less than - 180 K the
response is not thermally activated and the
characteristic frequency dependence is shown
in Fig. 3. We find the conductivity is linear
in frequency (i.e. e"Cv) sheas a flat band
absorption) and e*(v) decreases logarithmically
with frequency. This is a signature of charge
carriers randomly tunneling between localized
states [11]. Note also that the dielectric
constant, is essentially equal to its intrinsic
value of 12 indicating space polarization
effects are not important and that the motion
is quite restricted.

Fig. 3.

fREQUENOT (Hi)

The frequency dependence of the
dielectric constant and conductivity
of K 2OsCl 6 at low temperatures.

In sucmary we find the dielectric response
is not due to defect states involving fixed
dlpoles but rather it is due to charge carriers
exhibiting a hopping motion which is thermally
activated a high temperatures and temperature
Independent at lower temperatures.

DISCUSSION AND CONCLOSIOHS •

We find that the following model is.
consistent with our results. .The defect state
is a simple interstitial proton located in the
fee octahedral site and hydrogen bonded to the
six nearest neighbor chlorine ions. (The
tetrahedral site is 'occupied by the K*" ion).
The proposed structure is showu in Fig. 4(a).
To maintain charge neutrality the ipnization
state of the 0s must be changed from A + to 3
in the vicinity of the proton. The potential
experienced by the proton is shown schematically
in Tig. 4(b). It is about \k in size in which
the zero point energy is of order 10** Hz and
is much larger than typical important phor.on
energies - 1 0 1 2 Hz [12].

D
OK*

(Q)

(b)

Fig. 4> (a) The proposed local defect structure:
X2lI0sCl6. (b) Schematic of the
proton environment. - •
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This lapliea that the proton Beea an essentially
static-lattice. For diffusion the class) al
attempt frequency would be - 101* Hz but
from our high temperature results, the prefactor
of the conductivity gives a frequency of order
1012 Hz showing it to be non-classical
diffusion. The intersite distance is 6A and
the tunneling rate rt is given by

r - — - (1- C) v exp (-2aR) (1)

where vo - 10
1 2 Hz is the characteristic

frequency, R Is the hopping range and a -
(2ME)l'2/h describes the decay of the particle
wave function in the barrier:. This leids to a
tunneling rateA-lO'"Hz. ' . • '

In this model the enhanced intrinsic
dielectric constant which, is essentially
frequency and temperature independent arises •
from the displacement polarization of proton in
its Well. The conductivity at temperature
greater than the Debyc temperature (6D - 60 K)
is thermally activated with a reduced prefactor
determined by phonon assisted tunneling. At
temperature's near the Debye temperature we
expect 12] a cross over to a temperature
independent coherent tunneling of self-trapped
protons. At still lower temperature (< 20 K)
we expect another change over to a band con-
ductivity, but' as pointed out this "Is" severely
limited to ideal systems.

The essential features of our results are
consistent with this picture but further work
Is required. - •'-•
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