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When an initially unpolarized H F  doped ice specimen is warmed at a constant rate in an 
applied electric field two peaks are observed in the current. The tow temperature peak occurs 
near 100~ and the temperature at which this peak occurs is seen to increase as the H F  con- 
centration decreases. The second peak appears to occur randomly in the temperature range 
125--135~ 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. I t  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 
/c~ ~, 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 a~ff/inglich unpolarisierte, HF-dotierte Eisprobe mit  konstanter Aufheizrate 
bei angelegtem elektrischem Feld erwarmt wird, beobachtet man zwci Maxima des Stromes. 
Der temperaturm/iBig tieferliegende HSchstwert t r i t t  bei etwa 100~ auf, n~imlich bei einer 
Temperatur, welche mit  sinkender HF-Konzentration zunimmt. Das hSherliegende Strom- 
Maximum tr i t t  ungcsetzm~13ig im Temperaturbereich yon 125--135~ auf. Beide Maxima 
werden auch dann bcobachtet, wenn eine in einem elektrisehen Felde abgekiihlte Eisprobe 
nach Abschalten des Feldes mit  konstanter Aufhcizrate erwarmt wird. 

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

Ein einfaches theoretisches Modell fiir Eis wird entwiekelt, welches die van Dengel et al. 
[11] beobachtete Vorzeichenumkehr des Stromes voraussagt und darauf hindeutet, dab sic 
eincr Dipolrelaxation und nicht eincm ferroelektrisch geordneten Zustand zuzuschreiben ist. 

Quand un sp6cimen de glace inibialement non-polaris6 et dot6 de H F  se chauffe s un taux 
constant dans un champ 61ectrique appliqu6, on observe deux pies dans le courant. La pie s 
la temp6rature la plus basse se produit ~ environ 100~ et la temp6rature ~ laquelle ce pie se 
produit augmente s mesure que la concentration de I-IF diminue. La deuxibme pie parait se 
prodnire au hasard entre les temp6ratures 125--135~ On observe aussi ces pies si l'6chan- 
tillon se refoidit dans un champ 61ectrique appliqu6 et puis se r6chauffe s un taux constant 
aprbs l 'enl~vement de ce champ. On suggSre que la premier pic est dfie ~ un processus de re- 
laxation di61ectrique que r6gissent les d6fauts L lib6r6s des molecules HF. On prouve ClUe 
cette lib6ration de d6fauts L ob6it s la Ioi d'action de masse, avec une 6nergie d'activation 
pour la lib6ration d' tm d6faut L de 0.12 • 0.06 e V e t  une constante de dissociation k ~  1029 
m-3. 

On d6veloppe anssi un simple module de glace th~orique qui pr~dit le phenom~ne de ren- 
versement de courant observ6 par Dengel et al. [11], ce qui suggbre que ee ph6nom~ne est dfi 

la relaxation dipolaire et non pas ~ la mise en ordre ferro~lectrique. 
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I n t r o d u c t i o n  

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 kT 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 e-axis bonds were ordered. Peterson and Levy [8] 
however carried out neutron diffraction studies on D20 at 223 ~ and 123 ~ 
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 Ih near 100 ~ 
Anomalies have been observed near this temperature in the specific heat [12, 13], 
the longitudinal elastic constants [t4] 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 - i .  
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. l~evertheless the current 
which flows was seen to reverse sign and flow against the direction of the applied 
field in the temperature range 120--145 ~ As a supplement to these ex- 
periments the dielectric constant of the sample was measured over the temperature 
range 75--150 ~ by evaluating the time integral of the charging and discharging 
currents which occurred when an electric field was applied or removed. The 
dielectric constant was observed to have a peak value of about 300 at 100 ~ 
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 I-IF may also promote this ordering process. 

Experimental Procedure 

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

The ice samples were grown from water which had been distilled and de- 
ionized (conductivity at 50 Hz =< 5 • 10-7~-1cm -1 at 20 ~ This water was 
then added to a stock solution of A.I~. grade H F  and the solution diluted to the 
desired I-IF concentration. The H F  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 ~ in a freezer and a polyerystalline 
sample was grown. Polycrystalline samples were used because the I-IF 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 I-IF concentration of 1024 m-a. The behaviour observed was similar to 
that  of polycrystalline samples. During growth the ice interface moved from the 
bottom upwards and much of the I-IF segregated at the top of the sample. This 
meant tha t  the crystal had to be annealed for at least four days after growth 
to allow the H F  to become approximately uniformly distributed throughout the 
crystal. The diffusion coefficient of HF  in ice is ~ 10-7em 2 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 em. 
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 
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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 s teady temperatures and 
also when heated or cooled a t  different rates. For a sample 1 cm thick the tem- 
perature gradient did not exceed 2 ~ em - i  when held a t  a constant temperature  
in the range 80-- 150 ~ When warming or cooling at  rates up to 1.5 ~ min- i ,  
temperature  gradients of up to 10 ~ em - i  were obtained. However ff the sample 
was allowed to stand at  77 ~ for a t  least 30 minutes before warming was com- 
menced, then for heating rates up to 1.5 ~ min- i  the temperature  gradient did 
not exceed 2 ~ cm- i  at  temperatures below 130 ~ The polarization or de- 
polarization current was determined by  measuring, with an electrometer, the 
voltage developed across a 10 i~ s resistor in series with the crystal. Since the 
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s  

internal resistance of the crystals is >~ 1012 ~ at 77 ~ then any thermoelectric 
voltages should be essentially shorted out. The main effect of a temperature 
gradient should therefore only be to broaden the observed peaks. 

The experiments performed were of two types: 

(i) The sample was cooled to 77 ~ and left at that  temperature for 30 minutes. 
An electric field was then applied and the sample warmed at approximately 
1.5 ~ 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 
~ 100kVm -1 was applied. The sample was then cooled at approximately 
10 ~ rain -1 to 77 ~ when the field was removed and the sample connected 
to the electrometer. The sample was then warmed at a rate of approximately 
1.5 ~ min-1 and a 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 ~ and the rate of temperature rise was constant to within • 0.1 ~ 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. 3. After the second peak 
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Fig. 3. Typical curve, on a logarithmic scale, for a HF doped ice sample warmed at 1.5~ min -1 
in an applied field of 40 kV m -1 ([H~] = 9.2 • 1022 m -s) 

Fig. 4. I-IF concentration versus temperature at which the current peak occurs for specimens 
warmed at 1.5~ rain-1 
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Fig. 5. Typical plots of log current versus reciprocal temperature for the low temperature 
tails of the current peaks. The samples were warmed at 1.5~ rain -1 in a field of 40 kV m-L 
Curve I: HF concentration in sample = 9 • l0 go m-a; Curve II:  I-IF concentration in sample 

= 9 • 1022 m -a 

Fig. 6. A plot of log current  versus reciprocal tempera ture  a t  temperatures  above the current  
peaks. The sample was warmed in an  applied field of 10 kV m -1 a t  1.5 ~ rain -1 and  contained 

1025 m -S H F  

the current continues to rise exponentially. The second peak occurs apparently 
randomly over the temperature range 125--135 ~ and is also observed in pure 
ice specimens. The first peak however appears reproducibly near 100 ~ The 
area under the peak and hence the charge released for a given field is constant 
over the range of HI~ concentrations i0 z ~  1025 m -s 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 H F  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. I f  fields much larger than this were applied then large current 
pulses (~ 5 x 10 -12 A) were observed to occur over all the temperature range 
considered. This effect appeared to increase with increasing H F  concentration. 

I f  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 0.30 ~- 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 • 1022 m -a) after being 
cooled at 10 ~ in an applied field of 100 kV m -1. The sample was warmed at 1.5 ~ min -1. 

The dashed line indicates current in the reverse direction 

tion energy calculated from the slope is 0.34 • 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 HF  concentration. 

I f  the sample was cooled from 130 ~ 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 ~ and 125 ~ 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 C m -2. A plot of the log- 
arithm of the current versus reciprocal temperature for the low temperature taft 
of this peak also gives a straight line and an activation energy of 0.30 • 0.03 eV. 

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

I f  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. I f  the peak position and 
polarization are reproducible from one day to the next  then it is assumed tha t  
the H F  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 tha t  the effect giving rise to the main peaks 
is a bulk proper ty  of the ice but  localized to the H F  doped region. 

Discussion and Theory 

The experimental  results have led us to believe tha t  the observed effects, a t  
least for the peak at N i00 ~ are due to a bulk proper ty  of the ice. This probably 
means tha t  the water  molecules are being oriented in the applied electric field, 
the relaxation t ime for this process being governed by  the L defect concentration 
which is determined by  the H F  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  # 
which may  be oriented by  an applied electric field E with a characteristic re- 
laxation t ime ~ which has a classical activation energy W so tha t  

---- T0 exp (W/leT). (1) 

The equilibrium polarization Poo of such a solid in an applied field E at  tem- 
perature T is given by  the Langevin-Debye equation as 

Poo ---- = ~ E  �9 ~ T  C2) 

provided tha t  # E  ~ kT. Typical ly/z  ~ 3 I)ebye, E----40 k V m  -1 and T ---- 100 ~ 
so laE/]cT ~ 3 • 10 -4. N is the dipole concentration, in this case just the con- 
eentration of water  molecules in ice, k 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 ~ we note tha t  the static dielectric constant es may  be expressed as 

Poo hr~/~ ~ (3) 
~ s - - 8 ~  s0E - -  e0]cT 

where ~0 is the permit t iv i ty  of free space, and ~o is the high-frequency permitt ivity.  
Fr6hlich [24] has developed a general formulation to calculate the dielectric 

constant of a material. He  considered a spherical region inside the specimen large 
enough for the material  outside to be t reated maeroscopically. Within this sphere 
is chosen a smaller region in any  position not near the surface, the moment  of 
the region being m (xj) when the elementary charges within it  are fixed in positions 
characterized by  xj. The average moment  of the sphere immersed in its own 
medium, with x 1 fixed, is called m* (x]). The average value of mm* for all pos- 
sible xj, taking account of the probabil i ty of each configuration, is calculated and 
the static dielectric constant is then given as 

8 s -  n 2 ---- 3es /V ( ~ ) 2  (ram*) 
(2 ~ § n~) " 3 ~o k T (4) 

where n is the refractive index of the material. 
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This is the form used by Powles [25] and is only strictly true ff <ram*> 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 n 2. 

Powles calculated r a m *  taking as his unit of moment m @1) 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 #2 v where jUv 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*>//Uev between 3.15 and 3.54 in 
the temperature interval 207--273 ~ 

Now from (4), adopting Powles' value for < m m * > ,  

3es N ( ~ ) 2  3.5/~ 
~s--n2 ~ 

2 e s - } - n  ~ 3e0 k T  " (5) 

I f  we allow for atomic and molecular vibrational contributions to the dielectric 
constant then we may replace n 2 by eoo, the high-frequency dielectric constant, 
and, since es >> eo~ for ice, (5) becomes 

3 N ( ~ ) 2  3.5p~ 
(es--eoo)----~-" 3co" " k T  (6) 

Comparing (6) and (3) we obtain 

~ = - ~ -  

Now/~, the moment of the moleenle in the solid is given [24] by 

e ~ + 2  
#-- 3 /~v 

and hence ju = 3.23 Debye and ~ ---- 1.75. 
In view of the simple model used for a molecule in the treatment of Fr6hlich, 

these results can only be regarded as approximations but  nevertheless, they prove 
useful for comparison between theory and experiment. 

Suppose that  an electric field E is applied to a previously unpolarized sample 
at a time t ---- 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 

d P  d P  P~ - -  P 
] ---- dt = b" d T  - -  v (7) 

Using (1) and (2) this can be put  in the form 

dy B y e _ C / ~  A 
d T  -}- ---~- T2 (8) 

where 

and y -= ( A / T )  - -  P .  

A Na#2E 1 W 
-- k ' B----- b~o' O - - ~ -  
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d i rec t ion  to  the  appl ied  field 

The integrat ing factor  for (8) is 

R (T) ----- exp [S Be-ClTdT] 

which can be expressed as 

R (T) = exp [B T exp (-- C/T) -- B C El (C/T)] (9) 

where E 1 (x) is the exponent ia l  integral  
e o  

E1 (x) = --  Ei  (--  x) = S t -1 e - t  dt 
X 

which m a y  be readily evalua ted  [27]. Using (9) as the  integrat ing factor  for (8) 
now gives 

Y -  I~(T) R(To)yo-- 
To 
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"frozen-in" polarization corresponds to the highest cooling rate 

where yo is the  va lue  of  y when t ---- 0 and  T = To. F r o m  (7) the  exper imenta l  
q u a n t i t y  j is g iven in t e rms  of  y b y  

dP y (11) 
i-----b d T - -  

and  the  ins t an taneous  po la r iza t ion  P a t  t e m p e r a t u r e  T is g iven b y  

A 
P = ~ -  - -  y .  (12) 

To eva lua te  (10) and  hence (11) and  (12), values  for W and  T0 were der ived  
f rom the  expe r imen ta l  low t e m p e r a t u r e  peaks  in H F  doped  ice. Typ ica l  p lots  of  
behav ionr  for bo th  r ising and  fall ing t empera tu re s  are  shown in Figs.  8 and  9. 
The theore t ica l  curves show t h a t  the  current  reverses  d i rec t ion  somewhere  in the  
t e m p e r a t u r e  range 98- -130  ~ depending  on the  value  of  To a n d  the  hea t ing  ra te .  
This is wha t  was observed  b y  Dengel  et al. [11] and  i t  is t e m p t i n g  to  specula te  
t h a t  these  au thors  were seeing the  expec ted  behav iour  of  a ma te r i a l  conta in ing 
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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  predict a cur- 
rent reversal when the material is cooled in an applied field and also cannot ex- 
plain why the dielectric constant near 100 ~ 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 ~ is not excluded. 

We did not observe the current reversal on warming probably because it  was 
obscured by  the second peak and the exponentially increasing current after this 
peak. This current is probably protonie in nature. Since positive ion states are 
always present in much smaller numbers 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 I-IF molecule, since the activation energy for diffusion of an 
ion-state is zero, it  being a quantum mechanical tunnelling process [28]. The 
measured activation energy of 0.34 i 0.03 eV agrees very well with half the ac- 
tivation energy for release of an ion from H F  which is estimated by Jaceard [28] 
to be 0.65 -4- 0.01 eV. 

Substituting our experimentally determined values for the polarization, Poo, 
in the Langevin-Debye equation yielded a dipole concentration of between 13% 
and 16~/o of the water molecule concentration. Calculation of the protonic current 
density at  140 ~ for a sample containing l0 sS m-a HF,  following gaccard [28], 
gave a value of 2.7 • 10 -5 A m -s whereas the experimentally determined value 
is 1.2 • 10 -6 A m -s, i.e. about 4~/o of the theoretical value. I t  may well be that  
the electric field in the crystal is substantially affected by  space-charge shielding 
by  protons. Potential  probe measurements on pure polyerystalline ice samples at  
203 ~ by  Cross [29] show the field in the crystal to be non-linear. Macdonald 
[30, 31] has calculated the theoretical potential distributions for a material con- 
raining 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 monomoleeular kinetics are obeyed, has already been derived 
by Bucci et al. [23]. The depolarization current ] is given by  

N ~  [~oexp(W/kT)] - lexp  --  {b~oexp(W/kT ' )} - idT  ' �9 (13) i ( T ) - -  kTp 

This can be readily evaluated since the term 

exp [-- ~ {b "c6 exp (W/k T')} -I dT'] 

can be seen to be similar to the integrating factor R(T) for (8) and can be 
evaluated using (9). Tp 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 bchaviour can be seen for different heating rates in l~ig. 9. Fig. 10 shows 
a plot of (13) for two different heating rates. 



Low Temperature Polarization Effects in Ice 

10-5 

205 

10-5 

&-- 

10 -7 
> ~  

lo-S 
3 

10-9 

10-10 I 
80 90 100 110 120 130 140 

Temperature {~ 

Fig. 20. Theoretical depolarization curves for a sample cooled in an applied fieM of 200 kV m -I 
assuming 3o = 10 -11 s. Curve I -- depolarization current for b = 0.12~ rain-l; Curve I I  -- 

depolarization current for b = 1.2~ rain -1 

The observed current after the first peak did not  decrease as rapidly as (13) 
predicts bu t  this m a y  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- 
t rat ion of  about  16% of the water  molecule concentrat ion in good agreement  
with the  first type  of  experiment.  The value of  the relaxation t ime T at  the cur- 
rent  peak was found to be in the range 100--150 s, depending on the  H F  con- 
centration, for both  types  of  experiment. 

Jaccard  [28] has developed a theory  to explain the observed dielectric bc- 
haviour  of  ice. He  derived an  expression for the relaxation t ime ~ for orientation 
of  the water  molecules in terms of  the contr ibution from each defect present in 
ice. The expression is 

(14) 

where ~ is the high frequency conduct iv i ty  of  species i and  a i ~ ein~# ~ where 
e i is the effective charge t ranspor ted  by  species i, n~ is the concentrat ion of  
species i, ~u ~ is the mobil i ty of  species i, R is the oxygen - oxygen distance in 
the  ice lattice and e is the  electronic charge. 
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For I-IF doped ice the L defects and positive ion states are by  far the majori ty 
defects and so (14) m a y  be reduced to 

1 .RkT[ 32 [e \2  3V~ 4e2 ] l 1 
+8 +~ + . . . .  + . (15) 

- -  4 ( eL)~  - -  T+ + ~L  

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 ) 2 R k T  (16) 

Now (16) is only strictly true if  classical transfer of the positive ion states is 
considered. Since a t  100 ~ it is almost certainly a quantum mechanical tunnelling 
process, then (16) becomes [28] 

1 + 32 /~ 1 AE0coth {~AE~ (17) 

where AEo is the energy difference between the two lowest levels in the potential 
well occupied by  the proton. Using (17), values of 3+ were calculated for I-IF 
concentrations of 1020 m -8 and 1025 m -3, respectively. For H F  concentration of 
1020 m -8 3+ was found to be 3.8 • 106 s at  120 ~ and 3.4 • 102 s at  130 ~ 
For H F  concentration of 102~ m -8 3+ was found to be 1.2 • 102 s at  120 ~ and 
11 s a t  130 ~ Hence we would expect the positive ion states to produce a di- 
electric relaxation peak near 120 ~ for the highest I-IF concentrations used but  
for lower concentrations the peak would appear at  higher temperatures.  I f  the 
peak which occurs near 100 ~ is due to dielectric relaxation then the L defects 
must  be the mechanism controlling the relaxation t ime of the process. I f  this is 
the case then (15) becomes 

1 1 .RkT ffL 3V~ 4e2 3V3RkTnL,uL (18) 
r - -  ~:L e 2 4 (eL)2  eL 

Assuming the Einstein relation is obeyed i.e. 

DL kT L = ~ Z - #  

then (18) becomes 

1 _ 3 V 3 R D L n L .  (19) 

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

(i) I f  the activation energy for release of an L defect from I-IF, W L, is very 
much less than  k T a t  the temperatures considered, then essentially the L defect 
concentration will equal the I-IF concentration and (19) will become 

3 : [3 V3RDLn~F] -1 (20) 

where nHF if the H F  concentration. 
Assuming D L ----Do L e x p ( - - W ~ / k  T) then (20) can be expressed as 

3 = [3 l/ R D0  HF] -1 exp T) = 30 exp (W/k T) (21) 

where 30 = constant/nHF and W = W~ = 0.235 eV, the activation energy for 
diffusion of L defects [28]. 



Low Temperature Polarization Effects in Ice 

10-10 

207 

10-11 

10-12 

10-13 

10-1Z, 

10-15 I I I 1 
1020 1021 1022 1023 102h 1025 

HF Concentration (rn -3) 

!~ig. i 1. vo versus HF concentration for low temperature peak in HF doped ice samples 

(ii) I f  W L ~> k T then  L defect concentrat ion,  nL, will be given by  

or approximate ly  
n~ = (k~nHF)l/2 

where k L is the dissociation constant  for l iberation of  L defects f rom HF .  (19) 
then becomes 

7: = [3 V3RD~o(k~n.F)i/2] -1 exp[(W~ Jr �89 WL)/kT]  = 7:'o e x p ( W ' / k T )  

where 
t 

7:0 -~ constant/(nitF)l/2 
and 

W ' - ~  W E -~ �89 W L = 0.235 ~- �89 W L. 

Now if we calculate 7:0 from our experimental  curves and plot log 7:0 versus 
log nHF we should obtain a s traight  line. I f  the slope is 1 then WT. ~ k T and 
ff the slope is 0.5 then WL ~> k T. 

A plot  of  log 7:0 versus log nHF is shown in Fig. 11. The slope is 0 . 5 4 ~ 0 . 0 3  
which ra ther  clearly indicates t h a t  W L ~> k T. To estimate W L we have 

W L 
W' = 0.30 =J= 0.03 eV --~ 0.235 A- 2 

so W L : 0.12 • 0.06 eV. 

Subst i tut ing for Do L from Jaccard  [28] we obtain a value for/Co L of  6.3 • 1028m -3. 
However  it should be remembered tha t  7:o and hence k0 ~ are very  sensitive func- 
tions of  W. For  W = 0.27 eV, ko L : 2 x 1026 m -a and for W = 0.33 eV, /Co L = 



10 25 

1024 

Curve I - T= 100~ / / /  
Curve l!- T = 150 ~ / / /  
Cor,,  / / /  

$ 
1023 

8 
8 
It 

1022 

208 g.S. Chamberlain and N. H. Fletcher: 

f I I 
1021 1022 1023 1024 10 25 

L Defect concentration (m -3) 

Fig. 12. HF concentration versus L defect concentration at various temperatures for 
doped ice samples 

3 X 10 a2 m -8 so before an accurate value of k0 L can be found a much more ac- 
curate determination of W is needed. 

Now Jaceard [28] has found that  at  a temperature of 219 ~ the L defect 
concentration is essentially equal to the H F  concentration. To check our results 
against his we calculated the L defect concentration using our values for k0 L and 
W L and the results are plotted in Fig. 12. For temperatures >~ 200 ~ each H F  
molecule essentially liberates an L defect in good agreement with Jaccard's result. 

Our calculated values of k0 L and W L 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 H F  
concentrations ~< 1022 m -8. 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 ~ 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 I-IF 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 I-IF according to the law of mass action with an activation energy for liberation 
of 0.12 q- 0.06 eV and a dissociation constant N 1029 m-8. 

The conclusion of Dengel et al. [11] that  the current reversal phenomenon on 
warming constitutes ferroelectrie behaviour appears dubious in view of our 
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theore t ica l  p red ic t ions  for a s imple  model  of  ice. However  our  model  does no t  
p red ic t  a cur rent  reversa l  on cooling nor  can i t  exp la in  the  p e a k  in dielectr ic  
cons tan t  observed  b y  these au thors  and  so the  poss ib i l i ty  o f  a ferroeleetr ic  order-  
ing process near  100 ~  cannot  be ru led  out.  

I f  the  peak  a t  100 ~  is due to  dielectr ic  r e l axa t ion  governed  b y  the  L defects  
t hen  an  a l t e rna t ive  exp lana t ion  mus t  be sought  for the  peaks  observed  a t  higher  
t empera tu res .  Since pos i t ive  ion s ta tes  are  the  only  o ther  m a j o r  defect  p resen t  
in H F  doped  ice i t  m a y  well be t h a t  the  peak  observed  nea r  125 ~  is due to  
thei r  release f rom some t y p e  of  t rap ,  as has  been sugges ted  prev ious ly  [16]. 
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