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When an initially unpolarized HF doped ice specimen is warmed at a constant rate in an
applied electric field two peaks are observed in the current. The low temperature peak occurs
near 100°K and the temperature at which this peak occurs is seen to increase asthe HF con-
centration decreases. The second peak appears to occur randomly in the temperature range
125—135°K. These peaks are also observed if the sample is cooled in an applied electric field
and then warmed at a constant rate with the field removed. It is suggested that the first peak
is due to a dielectric relaxation process which is governed by the L defects released from the
HF molecules. This release of L defects is shown to obey the law of mass action with an
activation energy for liberation of an L defect of 0.12 4-0.06 eV and a dissociation constant
k&~ 1029 m-3,

A simple theoretical model of ice is also developed which predicts the current reversal
phenomenon observed by Dengel et al. [11] suggesting that it is due to dipole relaxation and
not to ferroelectric ordering.

Wenn eine anfinglich unpolarisierte, HF-dotierte Eisprobe mit konstanter Aufheizrate
bei angelegtem elektrischem Feld erwéirmt wird, beobachtet man zwei Maxima des Stromes.
Der temperaturmiBig tieferliegende Hochstwert tritt bei etwa 100°K auf, nimlich bei einer
Temperatur, welche mit sinkender HF-Konzentration zunimmt. Das hoherliegende Strom-
Maximum tritt ungesetzméfBig im Temperaturbereich von 125—135°K auf. Beide Maxima
werden auch dann beobachtet, wenn eine in einem elektrischen Felde abgekiihlte Eisprobe
nach Abschalten des Feldes mit konstanter Aufheizrate erwiirmt wird.

Das untere Strom-Maximum wird einem dielektrischen RelaxationsprozeB zugeschrieben,
welcher durch L-Defekte bestimmt wird, die von HF-Molekiilen stammen. Es wird gezeigt,
daB die Freisetzung der L-Defekte dem Massenwirkungsgesetz gehorcht mit einer Aktivie-
rungsenergie fiir die Freisetzung eines L-Defekts von 0.12 4-0.06 ¢V und einer Dissoziations-
konstanten k% ~ 1029 m-3,

Ein einfaches theoretisches Modell fir Eis wird entwickelt, welches die von Dengel et al.
{11] beobachtete Vorzeichenumkehr des Stromes voraussagt und darauf hindeutet, daB sie
einer Dipolrelaxation und nicht einem ferroelektrisch geordneten Zustand zuzuschreiben ist.

Quand un spécimen de glace initialement non-polarisé et doté de HF se chauffe & un taux
constant dans un champ électrique appliqué, on observe deux pics dans le courant. La pic &
la température la plus basse se produit & environ 100°K et la température & laquelle ce pic se
produit augmente & mesure que la concentration de HF diminue. La deuxiéme pic parait se
produire au hasard entre les températures 125—135°K. On observe aussi ces pics si 'échan-
tillon se refoidit dans un champ électrique appliqué et puis se réchauffe & un taux constant
aprés l'enlévement de ce champ. On suggére que la premier pic est dfie 4 un processus de re-
laxation diélectrique que régissent les défauts L libérés des molecules HF. On prouve que
cette libération de défauts L obéit 3 la loi d’action de masse, avec une énergie d’activation
pour la libération d’ un défaut L de 0.12 4- 0.06 €V et une constante de dissociation ki~ 1029
m-3,

On développe aussi un simple modéle de glace théorique qui prédit le phenoméne de ren-
versement de courant observé par Dengel ef al. [11], ce qui suggére que ce phénoméne est dit
a la relaxation dipolaire et non pas & la mise en ordre ferroélectrique.
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Intreduction

The question of a possible ferroelectric ordering in ice has been considered
since Pauling [1] calculated the zero-point entropy in terms of proton disorder.
He assumed that the energy differences between all the possible molecular con-
figurations are so small that they may be all considered equally probable and
obtained a zero-point entropy in excellent agreement with the experimentally
determined value of Giauque and Stout [2]. Nevertheless the possibility exists
that at low enough temperatures the energy differences may be large enough
compared with &7 to promote ordering before the molecular configurations are
frozen in. Bjerrum [3] attempted to calculate the energy differences between
several different types of configurations but his results were largely negated by
Pitzer and Polissar [4]. Rundle [5, 6, 7] proposed a partially disordered model in
which only protons along the c-axis bonds were ordered. Peterson and Levy [8]
however carried out neutron diffraction studies on D20 at 223 °K and 123 °K
which confirmed the Pauling model and showed the Rundle model to be untenable.
They also found no evidence of superlattice lines.

The observation of proton ordering in two of the high pressure polymorphs of
ice [9,10] and the observation of ferroelectric type behaviour [11] has created a
recent upsurge of interest in a possible ferroelectric transition in ice Iy near 100 °K.
Anomalies have been observed near this temperature in the specific heat [12, 13},
the longitudinal elastic constants [14] and the electrical polarization [15—19] of
both pure and HF doped ice.
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Fig. 1. Current observed in a slowly heated ice sample with an applied field of 40 kV m~1.
Dashed line indicates current in the reverse direction (after [11])
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In particular the report of Dengel et al. [11] warrants further consideration.
Unfortunately this work has been reported in outline only and so is difficult to
completely assess. Their experiments consisted of warming or cooling, at a con-
stant rate, an ice sample in an applied electric field. How closely this constant
rate was realized is not apparent since the times given on their experimental
plot, reproduced in Fig. 1, appear to contradict this. Nevertheless the current
which flows was seen to reverse sign and flow against the direction of the applied
field in the temperature range 120—145°K. As a supplement to these ex-
periments the dielectric constant of the sample was measured over the temperature
range 75—150 °K by evaluating the time integral of the charging and discharging
currents which occurred when an electric field was applied or removed. The
dielectrie constant was observed to have a peak value of about 300 at 100 °K.
However the authors noted that the above effects only occurred when the samples
were “not extremely pure” and so could not decide whether the behaviour was
due to the impurity atoms themselves or whether they merely reduced the re-
laxation time for ferroelectric ordering in ice. Onsager [20] has recently suggested
that the addition of HF may also promote this ordering process.

Experimental Procedure

As a further study of the polarization effects in ice at low temperatures we
have carried ont a series of experiments similar to those of Dengel et al. [11] and
of Bishop and Glen [15] on samples with varying HF content.

The ice samples were grown from water which had been distilled and de-
ionized (conductivity at 50 Hz < 5 x 10-7Q-lem~1 at 20 °C). This water was
then added to a stock solution of A.R. grade HF and the solution diluted to the
desired HF concentration. The HF concentration in the stock solution was de-
termined by titration against NaOH. The solution was carefully outgassed by
boiling under vacuum and then poured into the growth vessel. This vessel had
a gold-plated brass base of 2.2 cm diameter and perspex walls 2.5 cm high and
0.2 cm thick. The brass was held at 256 °K in a freezer and a polycrystalline
sample was grown. Polycrystalline samples were used because the HF content
of the sample is known much more accurately than with single crystals. However
it was realised that the effects observed could be due to grain boundary effects
and so several measurements were made on a single crystal specimen with a
nominal HF concentration of 1024 m~3. The behaviour cbserved was similar to
that of polycrystalline samples. During growth the ice interface moved from the
bottom upwards and much of the HF segregated at the top of the sample. This
meant that the crystal had to be annealed for at least four days after growth
to allow the HF to become approximately uniformly distributed throughout the
crystal. The diffusion coefficient of HF in ice is ~ 10~7c¢m? s~1[21, 22] and cal-
culations show that the concentration variation along the sample after four days
should not be greater than about 5%,

After all the water had been frozen, another gold plated brass disc was frozen
onto the top of the sample. The sample thickness was usually about 0.75 cm.
The whole assembly was then placed in the measuring apparatus shown in Fig. 2.
This apparatus was placed in a Dewar flask and the aluminium rod could be

13%
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Fig. 2. Apparatus used for current measurements

immersed in liquid nitrogen up to the thermocouple insert. The temperature of
the specimen was set by a motorized fixed-point temperature controller which
powered the heating coils.

Before commencing any experimental work, the temperature gradient across
a typical sample was measured when held at different steady temperatures and
also when heated or cooled at different rates. For a sample 1 cm thick the tem-
perature gradient did not exceed 2 °K em~1 when held at a constant temperature
in the range 80—150 °K. When warming or cooling at rates up to 1.5 °K min-1,
temperature gradients of up to 10 °K cm~1 were obtained. However if the sample
was allowed to stand at 77 °K for at least 30 minutes before warming was com-
menced, then for heating rates up to 1.5 °K min—! the temperature gradient did
not exceed 2°K em~1 at temperatures below 130 °K. The polarization or de-
polarization current was determined by measuring, with an electrometer, the
voltage developed across a 1010 Q) resistor in series with the crystal. Since the
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internal resistance of the crystals is > 1012 Q at 77 °K, then any thermoelectric
voltages should be essentially shorted out. The main effect of a femperature
gradient should therefore only be to broaden the observed peaks.

The experiments performed were of two types:

(1) The sample was cooled to 77 °K and left at that temperature for 30 minutes.
An electric field was then applied and the sample warmed at approximately
1.5 °K min—1. The current-temperature curve was plotted on an X-Y recorder
while the heating rate was monitored on a single channel X-t recorder.

(ii) The sample was cooled to a fixed temperature and an electric field
~ 100 kVm-1 was applied. The sample was then cooled at approximately
10 °K min—1 to 77 °K, when the field was removed and the sample connected
to the electrometer. The sample was then warmed at a rate of approximately
1.5° K min~1 and & current-temperature plot recorded, the heating rate again
being monitored as in (i).

In both cases the current was recorded over the temperature interval 77 to
150 °K and the rate of temperature rise was constant to within 4 0.1 °K min—1.

Experimental Results

When an initially unpolarized sample is warmed in an applied electric field,
two peaks are observed in the current as shown in Fig. 8. After the second peak
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Fig. 3. Typical curve, on & logarithmic scale, for a HF doped ice sample warmed at 1.5°K min—1
in an applied field of 40 kV m—1 ((HF] = 9.2X1022 m-3)

Tig. 4. HF concentration versus temperature at which the current peak occurs for specimens
warmed at 1.5°K min—1
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Fig. 5. Typical plots of log eurrent versus reciprocal temperature for the low temperature

tails of the current peaks. The samples were warmed at 1.5°K min~1 in a field of 40 KV m~1.

Curve I: HF concentration in sample = 9 X 1020 m—3; Curve IT: HF concentration in sample
= 9x1022 m~-3

Fig. 6. A plot of log current versus reciprocal temperature at temperatures above the current
peaks. The sample was warmed in an applied field of 10kV m~1 at 1.5°K min—! and contained
1025 m-3 HF

the current continues to rise exponentially. The second peak occurs apparently
randomly over the temperature range 125—135 °K and is also observed in pure
ice specimens. The first peak however appears reproducibly near 100 °K. The
area under the peak and hence the charge released for a given field is constant
over the range of HF concentrations 1020—1025 m~3 and, for a field of 40 kV m~1,
corresponds to a surface charge density of about 3 X 10-5 C m=2. The temper-
ature at which the peak occurs depends on the HF concentration and increases
as the HF concentration is decreased (see Fig. 4).

The charge release was also observed to vary linearly with applied fields up
to 40 kV m—1. If fields much larger than this were applied then large current
pulses (~ 5 x 10712 A) were observed to occur over all the temperature range
considered. This effect appeared to increase with increasing HF concentration.

If the charge release process is assumed to obey first order kinetics, then a
plot of the logarithm of the current, I, versus reciprocal temperature for the low
temperature tail of the peak should be a straight line [23]. Fig. 5 shows two such
plots and, from a series of these, an activation energy of 0.304-0.03 eV is ob-
tained. Further, a plot of the logarithm of the current after the second peak
versus reciprocal temperature also yields a straight line (Fig. 6) and the activa-
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Fig. 7. A typical depolarization curve for ice doped with HF ([HF] = 9 x 1022 m~3) after being
cooled at 10°K/min in an applied field of 100 kV m—1, The sample was warmed at 1.5°K min-1.
The dashed line indicates current in the reverse direction

tion energy calculated from the slope is 0.34 1-0.03 eV. However the absolute
magnitude of this current was observed to vary by as much as an order of mag-
nitude for samples with nominally the same HI concentration.

If the sample was cooled from 130 °K in an applied field, so that it became
polarized, and was then warmed with the field removed, two peaks were again
observed at about 100 °K and 125 °K. The charge release associated with the
low temperature peak was constant over the HF concentration range 1020 to
1025 m—3 and the temperature at which the peak occurred increased as the HF
concentration was decreased. A typical plot on a logarithmic scale is shown in
Fig. 7. The surface charge density associated with the first peak for an applied
field during cooling of 100 kV m-1 is about 6 x 10-5 Cm~2. A plot of the log-
arithm of the current versus reciprocal temperature for the low temperature tail
of this peak also gives a straight line and an activation energy of 0.30 4-0.03 eV.

Another interesting phenomenon observed in this second type of experiment
is the current reversal which occurs for most HF doped samples. This reversal
is seen to occur in Fig. 7 over the temperature range 135—145 °K. The temper-
ature at which this reversal occurs increases as the HF content of the sample
decreases but as yet no explanation can be offered — it may well be just an
electrode effect.

If the measurements are commenced only a day after sample growth, then the
polarization associated with both peaks is much smaller than that observed after
four days. The low temperature peak also occurs at a lower temperature but
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moves up to higher temperatures over following days. If the peak position and
polarization are reproducible from one day to the next then it is assumed that
the HF has diffused uniformly throughout the crystal. This generally occurs
after four days. This behaviour agrees qualitatively with observations of Bishop
and Glen [15] and seems to indicate that the effect giving rise to the main peaks
is a bulk property of the ice but localized to the HF doped region.

Discussion and Theory

The experimental results have led us to believe that the observed effects, at
least for the peak at ~ 100 °K are due to a bulk property of the ice. This probably
means that the water molecules are being oriented in the applied electric field,
the relaxation time for this process being governed by the L defect concentration
which is determined by the HF concentration.

To analyse the situation more fully, let us consider a simple model for an ice
crystal. Let us suppose it is a solid containing permanent dipoles of moment u
which may be oriented by an applied electric field E with a characteristic re-
laxation time 7 which has a classical activation energy W so that

7 =T100Xp(W[ET). (1)
The equilibrium polarization P, of such a solid in an applied field & at tem-
perature T is given by the Langevin-Debye equation as

Nou2E
P = k’;— 2)

provided that uE < k7. Typically u~3 Debye, E=40kVm~ and 7'=100°K
so uB|kT ~ 3 x 10~4. N is the dipole concentration, in this case just the con-
centration of water molecules in ice, % is Boltzmann’s constant and « is a factor
taking account of the freedom of the dipoles to rotate and also their mutual
interaction.

To estimate o we note that the static dielectric constant ¢s may be expressed as

P, Nop?
8s = Eoo = sk = e kT (3)

where &g is the permittivity of free space, and &« is the high-frequency permittivity.
Frohlich [24] has developed a general formnlation to calculate the dielectric
constant of a material. He considered a spherical region inside the specimen large
enough for the material outside to be treated macroscopically. Within this sphere
is chosen a smaller region in any position not near the surface, the moment of
the region being m (z;) when the elementary charges within it are fixed in positions
characterized by z;. The average moment of the sphere immersed in its own
medium, with z; fixed, is called m*(x;). The average value of mm* for all pos-
sible ;, taking account of the probability of each configuration, is calculated and
the static dielectric constant is then given as
3s N (n? 4+ 22 {mm*
88_”'2=(2es+sn2)'380< ; ) <kT> )

where = is the refractive index of the material.
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This is the form used by Powles [25] and is only strictly true if (mm*) is
calculated in terms of the vacuum dipole moments of the molecules under con-
sideration. The model for a molecule in this treatment is taken as a point dipole
immersed in a sphere of dielectric constant n2.

Powles caloulated mm* taking as his unit of moment m (z;) a water molecule.
Using a point charge model of the water molecule to calculate the energies of
interaction between the molecules he obtained for a group of seventeen molecules
a value of ¢mm*) = 3.5 u2 where uy is the vacuum dipole moment of a water
molecule. This result agrees reasonably well with the experimental results of
Auty and Cole [26] which gave values of {mm*)>/u2 between 3.15 and 3.54 in
the temperature interval 207—273 °K.

Now from (4), adopting Powles’ value for {mm*,

3e N [n2 + 232 352
:2es+n2'3go< 3 ) kT (5)

85—7]/2

If we allow for atomic and molecular vibrational contributions to the dielectric
constant then we may replace n2 by &, the high-frequency dielectrie constant,
and, since g5 > e for ice, (5) becomes

3. N [emt22 354
(85—300)2? 3—80 ( 3 ) kT (6)

Comparing (6) and (3) we obtain
1l 22, b
« =5 (5] 3545
Now u, the moment of the molecule in the solid is given [24] by

Eoo -2

and hence y = 3.23 Debye and « = 1.75.

In view of the simple model used for a molecule in the treatment of Frohlich,
these results can only be regarded as approximations but nevertheless, they prove
useful for comparison between theory and experiment.

Suppose that an electric field £ is applied to a previously unpolarized sample
at a time { = 0 when the sample temperature is To. The sample is then warmed
or cooled at a constant rate b and we wish to determine the current density j
and polarization P at any temperature T'. The differential equation governing the
polarization process is

. dpP dpP P.—P
=g =bg="7" (@)
Using (1) and (2) this can be put in the form
dy _ 4
a7 +Bye T = — 7 (8)
where
_ Nap?E 1 4
A=—F— B=y,, CO=+

and y = (4/T) — P.
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Fig. 8. Theoretical current and polarization curves for an ice sample warmed in an applied

field of 40 XV m~! with 7o = 10-11 sec. Curve I — current density for b = 0.12°K min—1;

Curve Ja — polarization for b = 0.12°K min~1; Curve II — current density for b = 1.2°K min~1;

Curve ITa — polarization for b = 1.2°K min~1. The dashed lines indicate current in the reverse
direction to the applied field

The integrating factor for (8) is
R(T) = exp[{ Be~%TdT]

which can be expressed as

R(T) = exp[BT exp(— C|T) ~ BOE(C|T)] ©)

where Eq(x) is the exponential integral

Ei(z) = — Bi(—a) = [t-le-tds
which may be readily evaluated [27]. Using (9) as the integrating factor for (8)
now gives

T
Y= [R(To) yo— Tf 75 R(D) dT} (10)
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Fig. 9. Theoretical current and polarization curves for an ice sample cooled in an applied field

of 40 kV m~1 with 7o = 1015 8. Curve I — current density for & = 0.12°K min—1; Curve IT

current density for 6 = 1.2°K min-1; Curve III — current density for & = 12°K min-!;

Curve IV — polarization curves. Note that the polarization becomes “frozen-in”. The smallest
“frozen-in’’ polarization corresponds to the highest cooling rate

where yo is the value of y when ¢ = 0 and 7' = T'y. From (7) the experimental
quantity j is given in terms of y by

. dP Y
j=bor== (11)
and the instantaneous polarization P at temperature 7' is given by
A

To evaluate (10) and hence (11) and (12), values for W and 79 were derived
from the experimental low temperature peaks in HF doped ice. Typical plots of
behaviour for both rising and falling temperatures are shown in Figs. 8 and 9.
The theoretical curves show that the current reverses direction somewhere in the
temperature range 98—130 °K depending on the value of 7o and the heating rate.
This is what was observed by Dengel et al. [11] and it is tempting to speculate
that these authors were seeing the expected behaviour of a material containing
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permanent dipoles having a characteristic relaxation time for orientation, when
warmed in an applied electric field. The theory however does not prediet a cur-
rent reversal when the material is cooled in an applied field and also cannot ex-
plain why the dielectric constant near 100 °K should decrease so rapidly above
this temperature [11], a 1/T type variation being expected. Hence the possibility
of some type of ordering process occurring near 100 °K is not excluded.

We did not observe the current reversal on warming probably because it was
obscured by the second peak and the exponentially inereasing current after this
peak. This current is probably protonic in nature. Since positive ion states are
always present in much smaller humbers than L-defects at the temperatures
under consideration then their motion is the mechanism which limits the current.
The activation energy measured should thus be just half the energy of formation
of an ion from a HF molecule, since the activation energy for diffusion of an
ion-state is zero, it being a quantum mechanical tunmelling process [28]. The
measured activation energy of 0.344-0.03 eV agrees very well with half the ac-
tivation energy for release of an ion from HF which is estimated by Jaccard [28]
to be 0.651+0.01 eV.

Substituting our experimentally determined values for the polarization, P,
in the Langevin-Debye equation yielded a dipole concentration of between 139,
and 169, of the water molecule concentration. Calculation of the protonic current
density at 140 °K for a sample containing 1023 m—3 HF, following Jaccard [28],
gave a value of 2.7 X 1073 A m—2 whereas the experimentally determined value
is 1.2 x 106 A m~2, i.e. about 4%, of the theoretical value. It may well be that
the electric field in the crystal is substantially affected by space-charge shielding
by protons. Potential probe measurements on pure polycrystalline ice samples at
203 °K by Cross [29] show the field in the crystal to be non-linear. Macdonald
[80, 31] has calculated the theoretical potential distributions for a material con-
taining mobile charge carriers of one sign only, which may combine with fixed
charge centres of opposite sign. These curves show that the fields in the bulk of
the material may be greatly reduced for blocking electrodes and since this is
approximately the case in our measurements it may explain the low values of
dipole concentration and current measured.

The function describing the depolarization current in the second type of ex-
periment, assuming monomolecular kinetics are obeyed, has already been derived
by Bucci et al. [23]. The depolarization current § is given by

i (T) = Z‘;";’f [voexp (W [k T)]-1 exp [—f{b roexp(W/kT)}1dT"|. (13)

This can be readily evaluated since the term
exp[— [{broexp(W/kT')} 1dT"']

can be seen to be similar to the integrating factor R(7") for (8) and can be
evaluated using (9). T'p is the temperature at which the polarization is “frozen-in”
and depends upon the rate at which the sample is cooled in the applied field.
This behaviour can be seen for different heating rates in Fig. 9. Fig. 10 shows
a plot of (13) for two different heating rates.
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Fig. 10. Theoretical depolarization curves for a sample cooled in an applied field of 100 kV m~1
assuming 79 = 1011 s, Curve I — depolarization current for & = 0.12°K min-1; Curve IT —
depolarization current for b = 1.2°K min—1

The observed current after the first peak did not decrease as rapidly as (13)
predicts but this may have been due to a temperature gradient along the specimen
broadening the peak, as mentioned before, or to interference by the mechanism
producing the second peak. The area under the first peak gave a dipole concen-
tration of about 169, of the water molecule concentration in good agreement
with the first type of experiment. The value of the relaxation time 7 at the cur-
rent peak was found to be in the range 100—150 s, depending on the HF con-
centration, for both types of experiment.

Jaccard [28] has developed a theory to explain the observed dielectric be-
haviour of ice. He derived an expression for the relaxation time 7 for orientation
of the water molecules in terms of the contribution from each defect present in
ice. The expression is

1 RET 32 (e\2 3Y3 [ 2¢\2

r=ta e o gy (e B E]] ae
where o is the high frequency conductivity of species ¢ and ¢* = ein?u? where
et is the effective charge transported by species ¢, n? is the concentration of

species ¢, y! is the mobility of species ¢, B is the oxygen - oxygen distance in
the ice lattice and e is the electronic charge.
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For HF doped ice the L defects and positive ion states are by far the majority
defects and so (14) may be reduced to
{1 RET[ _ 32 (e} 3y3 . 4e 11
=" ot () + o e = (15)
Let us first calculate the temperature range over which the positive ion states
could be expected to produce a dielectric relaxation peak. From (15) we see
1 .32 (e RET
o 0 3/3 (e+ e -
Now (16) is only strictly true if classical transfer of the positive ion states is
considered. Since at 100 °K it is almost certainly a quantum mechanical tunnelling
process, then (16) becomes [28]
1 32 R AEy )

1
- gt _—
e A Y7o AEgcoth(2kT

(16)

(17)

where AE is the energy difference between the two lowest levels in the potential
well occupied by the proton. Using (17), values of 7. were calculated for HF
concentrations of 1020 m—23 and 1025 m—3, respectively. For HF concentration of
1020 m—3 7, was found to be 3.8 X 106s at 120 °K and 3.4 X 102s at 130 °K.
For HF concentration of 1025 m—3 7, was found to be 1.2 x 102 s at 120 °K and
11 s at 130 °K. Hence we would expect the positive ion states to produce a di-
electric relaxation peak near 120 °K for the highest HF concentrations used but
for lower concentrations the peak would appear at higher temperatures. If the
peak which occurs near 100 °K is due to dielectric relaxation then the L defects
must be the mechanism controlling the relaxation time of the process. If this is
the case then (15) becomes

2
izL=R72TGLiVE. 402 _ 3YSRETulul (18)
T 7L e 4 (eI)2 el
Assuming the Einstein relation is obeyed i.e.
kT
e o
then (18) becomes
1
—=3]/3RDLaL. (19)

Now the L defects will be liberated from the HF molecules according to the law
of mass action. Accordingly we can consider two cases:

(i) If the activation energy for release of an L defect from HF, WL, is very
much less than kT at the temperatures considered, then essentially the L defect
concentration will equal the HF concentration and (19) will become

7 = [3]/3 RDZngr]! (20)

where ngy if the HF concentration.
Assuming DL = D exp(— W§/kT) then (20) can be expressed as

7= [3)3 RDf nux] L exp(WH/k T) = roexp(W/[kT) (21)

where 7¢ = constant/ngy and W = WL = 0.235 eV, the activation energy for
diffusion of L defects [28].
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Fig. 11. 7o versus HF concentration for low temperature peak in H¥ doped ice samples

(i) If WL > kT then L defect concentration, ny,, will be given by
ni/(ngp — ny) = kL = ki exp (— WLk T)

or approximately
ny = (kL ngp)}/?

where kU is the dissociation constant for liberation of L defects from HF. (19)
then becomes

7 =[3 /3 RD§ (k§ nur)/?] L exp[(WE + 4 WL) [k T] = 1gexp(W'[kT)

where
Ty = constant/(ngy)1/2
and
W'=W§+ ;WL =0.235 - 3 WL.

Now if we calculate 7o from our experimental curves and plot log 7y versus
log nar we should obtain a straight line. If the slope is 1 then Wy € kT and
if the slope is 0.5 then Wy, = k1.

A plot of log 7o versus log nmy is shown in Fig. 11. The slope is 0.54 4-0.03
which rather clearly indicates that WL > k7. To estimate WL we have

L
W' =0.30 + 0.03 eV = 0.235 + ’W;_
S0 WL =0.12 + 0.06 ¢V.
Substituting for DY from Jaccard [28] we obtain a value for &% of 6.3 X 1028m=3,

However it should be remembered that o and hence k¥ are very sensitive fune-
tions of W. For W = 0.27€V, kf = 2 x 1026 m~3 and for W = 0.33 eV, &y =
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3 X 1032 m~3 so before an accurate value of kf can be found a much more ac-
curate determination of W is needed.

Now Jaccard [28] has found that at a temperature of 219 °K the L defect
concentration is essentially equal to the HF concentration. To check our results
against his we calculated the L defect concentration using our values for 4§ and
WTL and the results are plotted in Fig. 12. For temperatures = 200 °K each HF
molecule essentially liberates an L defect in good agreement with Jaccard’s result.

Our calculated values of &y and WL predict that the L defect concentration
deviates from the square root dependence for HF concentrations < 1022 m—3
(see Fig. 12). This should be reflected in Fig. 11 by an increase in slope for HF
concentrations < 1022 m—3. This increase in slope is not observed and it may
well be that some modification of the theory at these temperatures is needed.

Conclusion

The current peak observed near 100 °K when HF doped ice is warmed in an
applied field appears to be due to a dielectric relaxation process involving the
orientation of water molecules in ice. This process occurs because HIF releases
sufficient L defects to reduce the relaxation time for orientation to the order of
100 s, which is necessary to observe such a peak. The L defects are liberated from
the HF according to the law of mass action with an activation energy for liberation
of 0.12 1-0.06 eV and a dissociation constant ~ 1029 m-3, '

The conclusion of Dengel ef al. [11] that the current reversal phenomenon on
warming constitutes ferroelectric behaviour appears dubious in view of our
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theoretical predictions for a simple model of ice. However our model does not
predict a current reversal on cooling nor can it explain the peak in dielectric
constant observed by these authors and so the possibility of a ferroelectric order-
ing process near 100 °K cannot be ruled out.

If the peak at 100 °K is due to dielectric relaxation governed by the L defects
then an alternative explanation must be sought for the peaks observed at higher
temperatures. Since positive ion states are the only other major defect present
in HF doped ice it may well be that the peak observed near 125 °K is due to
their release from some type of trap, as has been suggested previously [16].
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