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ABSTRACT. To understand the recent d ielectric m easurements mad e on HF-doped ice single crys tal s 
requ ires a fu lL knowledge of the concentration of e lec tri cal defects present in ice and their subsequent inter­
actions. Previous in terpretations of the behaviour o f HF-doped ice h ave concentrated upon sp ec ific features 
in isola tion , whereas this paper p resents ana lyses of a data se t of 139 te mperature and impurity combina tions 
from 17 HF-doped ice single c rysta ls. The inte rpre ta tion of the behaviour of these crysta ls is in terms of 
several poss ibl e theore ti cal m odels. All models are based upon the common ass umptions that HF molecules 
enter the ice lattice substitutiona ll y a nd th a t excess Bj el'l'um a nd ioni c defects can be fo rmed at the HF sites. 
They a Lso use the theory of electricaL cond uction in ice by j accard ( 1959) a nd the defect equi li bria ana lys is 
in ice by Kriiger (1974). 

Al l models yield values for th e concent ra tion, mobil ity, energy of fo rmation and charges for the different 
types of electri cal defect considered to be generated. 

From the model which ass u m es tha t only three flu orine centres ex is t, the approximate d eri ved "alues of 
the mobi lity a nd charge for the L-defect a nd p os iti ve ionic defect are as fo llows: I"T" = 5 X IO- B m' \I - I S- I 

at 273 K , eD L = 0.44e; 1" + = 2.7 X 10- B m' V - I S- I at 273 K , e± = 0.73e. 
Fina lly, using the derived d efect conducti viti es and the .l accard theory of electrical conduction, the 

relaxat ion tim e of HF-doped ice has been successfull y predicted over a wide range of temperature a nd 
nuoride concentration. 

R ESUME. Inter/Heta lion du comporlemenl dii leclriqlle de la glace dopee avec HF; modeles lhioriqlles. L a comprehen­
sion des m esurcs dielectriques fa ites recemm cnt sur d es mon ocrista ux d e g lace dopes avec HF, necess itc La 
connaissance precise de la concentra tion en defauts co nd itionnant les proprie tes eleclriques d e la glace. et de 
leurs interactions. Les interpreta tions anterieures du comportement de la g lace dopee avec H F reposcn t 
genera Lem ent sur certa ins fa its experimenta ux particuliers ; nous presentons au contrai re, d a ns ce trava il , 
l'a nalyse d'un ensemble de donnees pOt·tant sur 1 39 combinai~ons temperatures-impuretes e t correspondant 
it 17 monocrista ux de glace dopes avec HF. Cette analyse est fa ite it partir de plusieurs modeles theoriques 
possibles . Tous les modeles reposa nt sur l' hyp othese commune suiva nt laq uclle la molecul e H F entre en 
substitution d a ns le res eau de la g lace, un defaut de Bjerrum ou un d c faut ionique pouvant se former au 
noeud du resea u ou se tro uve HF. lis sont cgal em cnt li es it la thcorie d e la co nduction elec trique de la glace 
de j accard ( 1959) et it l'ana lyse des equilibres entre d efa uts dans la g lace, d e Kriiger ( 1974) . 

Tous les modeles permettent d 'obtenir des va leurs de la concentra tion , de la mobiL ite , d e l'energie de 
formation e t de la charge des differents types de d efauts conditionnant les proprietes elec t riques et dont on 
suppose la crea tion. 

A pa rtir du modele retena nt la seule existence de tro is cen tres fluo r on d eduit les va leurs a pproxima ti ves 
de la mobili te e t de La cha rge d es defa uts L e t d es defauts ioniques p ositifs, sui vantes: I-'L = 5 x IO- B 

m' V - I S- I it 273 K, eDL = 0,44e ; 1"+ = 2,7 X 10- 8 m ' V - I S- I it 273 K , e± = 0 ,73e. 
Enfin, en appliqua nt la theorie d e j accard d e la conduction elect rique au cas de ces defauts, le temps de 

relaxation d e la g lace dopee a vec HF a ete obtenu correctemen t dans un la rge domaine d e temperature et de 
concentration en HF. 

Z USAMMENFASSUNG. Theorelische M odelle flir die D elllwlg des dieleklrischen Verhallens VOn HF-dolierlellZ Eis. 
Um die jLingsten dielektrischen r-1essungen an HF-dotie r ten Eis-Einkristallen zu ve l'stehen, ist es erforderli ch , 
die Konzentrat ion del' im Eis vorhandenen elektrisch en Fehler und ihre Wechselwirkung zu kennen. 
F rlihere Deutungen des Verhaltens von HF -doti ertem E is ha ben sich a uf besondere, vereinzel te K ennzeichen 
gerich te t; diese Arbeit legt Untersuchungen eines D atensatzes von 139 T emperatur- und Fremdstoffkombina­
tionen a us siebzehn HF-dotie r ten Eis-E inkristallen vor. Die Deutung d es V erhaltens d iesel' Kristall e erfolgt 
in Form von mehreren miiglich en theoretischen Mod ellen. Alle Modell e beruhen a uf del' gemeinsamen 
Annahme, d ass HF-MolekLil e substitutionc ll in das E isg ittcr eingcba ut werden und, dass LiberschLiss ige 
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Bjerrum- und Ionenfehler a n den HF-Stelkn gebi ldet werden konnen. Sie benutzen ebenso die Theorie 
von J acca rd (1959) uber die elektrische Leitung in Eis und die Ana lyse der Feh lergleichgewichte in Eis von 
Kroger (1974), 

Alle M odelle liefern Werte ftir die K onzentration, Bewegl ichkeit, Bildungsenergie und Ladung d er 
verschiedenen Arten d er betrachteten elektrischen Fehler. 

Fur das Modell mit nur drei Fluor-Zentren lauten die abgeleiteten Naherungswerte ftir die Beweglichkeit 
und Ladung des L-Fehlers und positiven I onenfehlers: fL L = 5 X 10 - 8 m' V - I S- I b ei 273 K, eDL = o,44e; 
1-'+ = 2,7 X 10-8 m' V - I S- I bei 273 K , e± = 0,73e. - c·, 

Unter Bentitzung der abgeleiteten Fehlerleitfahigkeiten und der J accard-Theorie der elektrischen 
Leitung wurde schliesslich die Relaxationszei t von HF-dotiertem Eis erfolgreich uber einen wei ten Bereich 
der T emperatur und der Fluoridkonzentra tion vorhergesagt. 

10-3 r-_2,73_ 2,63=--=-2-r-=53--=2,4-=-3 --=-2r33=---2=-:;2~3_-=2T13=-----.:2::..:;0=-=3_--=-1:;.:93::......., 

T/K 
v ven H ippel (1 972) 

• 5 10·" 

• 5 17·31 

o 5 15·11 

_v~v~ v~ 
v-

- . -_. --------. ---. 

Fig. I . 

(a) T emperature dependence of t7e Debye low-frequency conductivity,for pure and HF-doped monocrystals. The concentrations 
of the crystals are given in T able I . Three samplesfrom Von Hippel and others ( 1972) areshown forcomparison; symbol V. 
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INTRODUCTION 

The a.c. response of HF -doped ice single crystals has been analysed in terms of three 
dispersions, the space-charge dispersion, the usua l Debye dispersion as observed in " pure" 
ice, a nd the high-frequency dispersion which was observed a t low temperatures and high 
frequencies (Camplin and Glen, 1973)' In the analysis, use of the complex conduc tivity plot 
(Grant, 1958) and a numerical fitting technique (Camplin, unpublished) produced values for 
the low-frequency conductivity, the high-frequency conductivity, and relaxation time of each 
dispersion. 

10~~_2~73 __ 2~63 __ 2~5_3_2~4~3 __ 2~3_3 __ 2~2_3 __ ~21_3 ___ 2~0_3 ____ 19~3-. 
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+ 5 22·11 

• 523 ·11 
v 5 23 21 

• 5 25·21 
6 52011 
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3-5 4·0 4·5 5·0 
Fig . I. 

(b) T emperatllre dependence of the high-frequency conductivity , for pure and HF-do/lcd 11l0nocrystals. The concentrations of the 
crystals arc given ill T able I . Three sam/lles from Von H ip/lel alld others ( 1972) arc sllOwn for comparison; a oo was 
calculated from measurements of ao, T and 6. •. 
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T h e temperature dependence of the low-frequency and high-frequency conductivities for 
the dominant dispersion observed (identified with the usual Debye dispersion), O"oD and 0" 00 

respectively, are presented in Figure I. For reasons of clarity, only about half of the data 
set of 139 temperature and impurity combinations from I7 HF-doped ice single crystals are 
shown. The fluorine concentrations of all the samples investigated are shown in Table I. 
These are the concentrations obtained from the melted samples immediately after the electrical 
measurements were completed on each crystal. For experimental details see Camplin and 
Glen (1973). 

TABLE I. FLUORIDE CONCENTRATION OF EACH CRYSTAL 

Sample numb" Fluoride concentration N umber of HF molecules 
molm- 3 per rn3 

10. 11 "pure" 
2 1. 21 (2.4 ± 0.2 ) X 10- 4 ( 1. 3± 0.1 ) X 1020 

22 .1 I (3 .0 ± 0.2) X 10- 4 ( I. 7 ± o. I ) X 1020 

2 I. I I (S.S ± 0.2 ) X 10- 4 (3. 1± 0. I )X 1020 

23.1 I ( 1.1 ± 0.2)X 10- 3 (6.0 ± 1.0) X 1020 

23 .2 1 (2.0 ± 0.2 ) X 10- 3 ( I.I ± O.I ) X 102l 
2S. 1 I (3 .2 ± 0.2) X 10- 3 ( 1.8± 0. I)X 1021 

2S·2 1 (3.6 ± 0.2 ) X 10- 3 (2.0 ± O.I ) X 102l 
20.2 1 (7.0 ± 0.2 ) X 10- 3 (3.8 ± 0.1 ) X 102l 
20.1 I (8.0 ± 0.2 ) X 10- 3 (4.4 ± O.I ) X 102 1 

I I. I 2 (2 .7 ± 0.S) X 10- 2 ( I.S ± O.3) X 1022 

17.41 (3.S ± 0.2 ) X 10- 2 ( l.g ± O.I )X 1022 

18. 12 (4 .S ± 0.2 ) X 10- 2 (2.5 ± 0. 1) X 1022 

'7 .21 (4.g ± 0.2) X 10-2 (2.7 ± O. I )X 1022 

17.31 (S.I ± 0.2 ) X 10- 2 (2.8 ± 0.1 ) X 1022 

12 .21 ( 1.8 ± 0.5 ) X 10- 1 ( 1.0 ± 0.3 ) X 1023 

15.1 I (3.0 ± 1.0) X 10- 1 ( 1.7 ± 0.6) X 1023 

a : Normal Ice b: (HFL)X 

c: (FL)' d: (HF)X 

Fig. 2. Fluorine-centre configurations in ice doped w ith HF (b, c, d and e) ; the situation in pure ice (a) is given for comparison. 
Thefourth bond of each molecllle, which has Iwt been shown, is normal and has its proton distant from the molecule. From 
Kr6ger (1974 ). 
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D E FECT R E ACTIONS 

T o understand our observations on HF -doped ice r equires a full knowledge of the con­
centra tion of electrical defects tha t are introduced into ice by doping and their subsequent 
interactions. This paper will follow the terminology, notation and analysis of Kroger (1974) 
and assume that in ice the HF molecule may be found in any of four fluorine centre configura­
tions (Fig . 2) . The Bjerrum L defects and ionic OH; d efects genera ted from each centre 
and the dissociation equations which determine their concentra tions are shown in Table 11. 

TABLE n . DEFECT GENERATION 

Centre Types of defect Dissociation relations 

(HFL)X N one None 

(FLY OHj K'F = 
[OHj][ (FL')] 

[ (HFL) X] 

(HF)X L KOF = 
[ (HF)X][L] 
[ (HFL)X] 

F' OHj L Ko. r = 
[F'][OHj] 

[ (HF)X] 

(OHj, L) - OHj - L KOH3L = 
[ (OHj), L] 
[OHj][L] 

H zO LD Ko = [L][D] 

Kroger (1974) also considered the formation of complexes ofOHj a nd L defects forming 
a close association (OH;, L ) . In addition to these equations, three further relationships exist 
to ensure charge neutrality a nd the D- L bala nce and to equate the HF content to the sum of 
the individual fluorine cen tres. Therefore, the concentra tions of L, D , OH;, OH' and 
(OHj, L ) defects may be d erived for any temperature and HF concentration if the dissocia tion 
constants for the forma tion of the HF configura tions and for the forma tion of Bjerrum and 
ionic defects are known. 

In addition, since the theory of electrical conduction in ice by J accard (1959) basically 
predicts a dielectric response of the single D ebye dispersion form, then a ll the parameters of 
this dispersion, ( £8 - £ 00), 0'0 ' 0' 00, and T may be determined once the concentra tion, mobility, 
and cha rges of the Bjerrum and ionic defects are known. 

Therefore, it is our objective to de termine from our o bservations the concentra tion, 
mobility, and charges of the Bjerrum and ionic defects using the theory of Jaccard, and then 
to estima te the dissocia tion constants for the possible reactions of HF in the ice la ttice using 
the a nalysis of Kroger. 

THEORETICA L MODE LS FOR INTE RPRETING OBSER VATIONS 

T o develop in full a theoretical description of the behaviour ofHF-doped ice based on the 
analyses of Kroger and J a ccard requires the knowledge of 24 parameters. W e have simplified 
the ana lysis and taken advan tage of two features which have been recognized before as being 
realistic of the behaviour of pure and doped ice. 

W e assume that the dissocia tion constant for ionic defects in pure ice is very low a nd, in 
comparison with the defects introduced in la boratory " pure" or HF -doped ice, the intrinsic 
ions can be disregarded . 

We a lso assume tha t the m obility of D defects is much less than that for L defects in the 
entire tempera ture range. Nevertheless, this condition is only important a t high temperatures 
and low H F concentra tions where L and D defects have comparable concentra tions. 
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There is no doubt that 0"0 of the J accard theory should be identified with the low-frequency 
conductivity of the dominant dispersion, the Debye dispersion. However, there is an option 
of whether CI oo of the Jaccard theory should be identified with the high-frequency conductivity 
of the Debye dispersion or the high-frequency conductivity of the third dispersion when 
observed. We have decided to identify 0" 00 of the Jaccard theory with the limit of the highest 
frequency dispersion measured in our experiments on the assumption that the higher-frequency 
dispersion is related to some interaction between defects not allowed for in the Jaccard theory, 
and that, in the absence of such interactions, the dispersion strength would be the sum of the 
strengths observed. 

In addition, we decided in the first instance to ignore the relaxation time predicted by the 
Jaccard model when comparing our data with theory because of the uncertainty in fitting 
his theory to our observations when two dispersions are present. However, as will be seen 
later, we found good agreement between the observed relaxation time of the dominant Debye 
dispersion and that calculated using the J accard theory. 

These simplifications given above reduce the parameters needed in the Jaccard formula­
tion from ten to six (see Table Ill). One parameter, the activation energy for the mobility 
of OHj ions, we set equal to zero. The OHj mobility, IL+, is weakly temperature dependent, 
increasing at low temperatures. A constant value for IL+ T has been discussed by Camp and 
others (1969) and by Chen and others (1974), 

Symbol 

JDLe 

fL +m 
fLLm 

EL 
E + 

TABLE Ill. JACCARD THEORY PARAMETERS 

Description 
Charge on an OHj ion. 
Charge on an L defect. 
Mobility of an OHj ion at the ice point. 
Mobility of an L defect at the ice point. 
Activation energy for the mobility of L defects. 
Activation energy for the mobility of OH; ions (= 0). 

If T m is the ice point, the mobility ILL ofL defects and IL+ ofOHj ions at any temperature T 
are given by 

ILLmTm :r 
ILL = - T- exp [- (EL/K)( I / T -I / T m)], 

and 

IL+ = IL+mTm/ T . 

We define the ionic conductivity CI± and the Bjerrum conductivity CIDL by 

O"± = 0"+ = [OHj] j±eIL+, 
O"DL = O"L = [L]jDLeILL; 

and, from the J accard theory, 

CIoo = CI±+CIDL, 
I/CIo = jDL2/O"DL+j±2/0"±. 

The calculation of [L], [OHj], and [(OHj, L)] from values of the simultaneous dissocia­
tion relations given in Table 11 is an extremely lengthy affair. 

We have simplified the calculations by deciding a priori that two or more of the fluorine 
configuration centres do not occur throughout the temperature range and therefore we fit 
the data with fewer variables. 
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J accard 's theory does not consider (OHJ , L ) associates. Such associates have been 
discussed a t length by Onsager and Dupuis (1962), who argued that they are "sessile" and 
locked in the lattice. Therefore, they effectively remove mobile Land OHj defects which 
could otherwise have contributed to the dielectri c polarization and conductivity. 

We concur with this view a nd take issue with Bilgra m and Granicher (1974) who believed 
that the associates have the properties originally attributed to the OHj ion and can under 
certain circumstances be the dominant mechanism in dielectric relaxa tion, despite the fact 
that L defects a re essentially involved in their movem ent. 

Therefore by comparing the bes t predictions of simpler models (see below) we would hope 
to decide the reactions through which Bjerrum L defects and OH j ions are generated in 
HF -doped ice. 

Model I 

The simplest model to consider is the one for which only the fluorine centre configurations 
(HF)X and F' exist. In this case, each HF molecule incorporated into the ice lattice generates 
a free L defect and the OH; concentration satisfies the equation 

[OHj]2/(FTOT - [OH;]) = Ko . I, 

where F TOT is the fluoride concentration. 
[OH j] ex (FTOT)I. 

At high concentration this leads to 

Model 2 

In this model we assume that the three fluorine centre configurations (HF) x, F' and 
(HFL) x exist. This means there may be fewer extrinsic L defects than the total HF concentra­
tion depending on the value of the dissociation constant K OF. The dissociation constant 
Ko. I determines the OH; concentration, but the r elationship between [OH;] , Ko, I , and 
F TOT only becom es more complicated than that in model (I) at the highest doping levels. 

Model 3 

This model is one which is favoured by Bilgram and Granicher ( 1974) and is a develop­
ment of model ( I ) . Only the fluorine centre configurations (HF) x and F' exist, but the 
associated defects (OHj, L) are a lso found . This results (as in model (2)) in the extrinsic L 
defect concentration being less than FTOT . Bilgram and Granicher (1974) also proposed that 
the formation of Bjerrum defects in ice is given by 

([L] + [(OH j, L)]} . [D] = Ko. 

W e believe there are strong reasons for not modifying [L]. [D] = Ko a nd so the unmodified 
equation is incorporated into model (3a) and the modified equation into model (3b ) . 

RESULTS 

We used a computer to vary the values of the unknown parameters in each m odel so as 
to minimize the devia tion observed between experimental and model values of conductivity 
when conductivities are plotted logarithmically against I / T. W e therefore chose to minimize 
the RMS devia tion , ] , given by 

] = { (1/2N) L [In (cr:::::::d)rr, 
for the N (normally 139) values each of 0'0 and 0' 00 ' D ata taken from samples 23.2 I , 25. I I and 
25.2 I were inconsistent with data from neighbouring samples and a ppeared to have twice the 
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HF content expected by interpolation. Thus, for the curve fitting, we assumed their concen­
trations to be half the recorded values. 

The values obtained for the variables in the differ ent models are shown in Table IV. All 
temperature-dependent variables are r epresented by the value at ooe; the subscript m r efers 
to this temperature . The quality of the fitting is given by the minimum value of] for each 
model, J min' and this has been converted to the RMS percentage error in the conductivity 
values, also tabulated in Table IV, by the expression 100 (exp Jmin - I ) . Models (2) and 
(3) fit better than the simplest model (I), yet the difference in the overall error is small, 
being 22 % for model ( I) and 20 % for model (2). There are only small differences b etween 
the values derived for the nine parameters common to the three models, and essentially no 
difference between the common parameters of models (2) and (3) . 

TABLE IV. BEST-FIT PARAMETERS 

M odel 2 

KO F m WOF 

Models 3 Error Error Error 
M odel KOnt Wo IkLm E L I-L+ rn jDL j ± K O .lm W O. l K OR3 Lm- 1 M/ OA l L (7o, Oao 0 00 0 0 

m - 6 eV m 2 V - I 5 - 1 eV m 2 V - I S- I nl- l eV nl- J eV % % % 
l 2.89 X 10'44 0.657 4 .54 X 10- 8 0.323 2.80 X 10 - 8 0·379 0.776 1.21 X 1023 0.592 22 23 22 
2 I.44 X 10'" 0.656 5.32 x 10 - 8 0.3 18 2 .65 X 10- 8 0·453 0 · 702 3.00 X 1021 0.619 3.7 7 X 1022 - 0.036 20 21 20 
3a 1.69 X 10H 0.678 5.17 X 10- 8 0.3 19 2 .87 X 10 - 8 0.458 0·702 I.g8 X 1023 0.597 1.14 X 10 :13 - 0.046 22 23 2 1 
3b 1. 29 X TOH 0.634 5.92 X 10- 8 0·335 2 .81 X 10- 8 0-444 0·702 2 .12 X 1021 0.602 9.62 X 10 11 - 0. 0 41 2 1 22 21 
2· 1.49 X IQ". 0.664 5 . 19 X 10- 8 0.3 15 2.65 X 10- 8 0.458 0·702 2 .94 X 1021 0.6 19 5.62 X 10" -0.02 0 20 20 19 

STATISTICS D ESC RIBING TH E PREC ISlON OF TH E P ARAM ETERS 

A 16% 4. 1% 6. 1% 3.3 % 4-4 % 6.1 % 4-4 % 1.3% 2-4% 3 1% 141 % M odel 2 

6.eV 
23% 65 % Models 3 

0.027 O.OIr 0.0 15 0 .0 5 2 Model 2 
0.028 Models 3 

• Sample 12.2 1 has been neg lected in this filting, T h is sample gave the greatest error and, as Figure 6 (b ) shows, the predictions for am 
are consistently higher tha n that observed. The parameters obtained f O I' m odel 2· have been used in all subsequent discussion and 
an alys is. 

It is worth considering the relative precision of the parameters tha t have been obtained 
in the analysis. Let X be the best-fitting value of one parameter x . When x = X, ] = J min' 
In the neighbourhood of the residual minimum we have investigated the expected parabolic 
relationship of 

[(X-x) /XJ2 = K[(J-Jmin)/Jmin] , 

where K is a constant of proportiona lity. From values of K for each parameter, we have 
determined the percentage changes (A) in the temperature-dependent parameters (actually 
calculated at the m ean reciprocal temperature of our data (226 K )-I) and the activa tion 
energies and charges that would increase the value of J by 1 % above the minimum ]min' We 
have calculated these data for each model and find that the common parameters follow very 
similar statistics. The mean statistica l values are displayed in T a ble IV. When examining 
the effect of altering the activation energy of a temperature-dependent process alone, the 
fitting constrained the process rate at 226 K to be unchanged. The activation energy changes 
( ~ ) that are derived from values of A a re also tabulated. The range in the values of activation 
energies found for the common para meters of all the models are of similar order to the ~ 
values derived for a I % change in], corresponding to the percentage error in fitting 0'0 and 
0' 00 increasing from 20.0% to 20.2 % . 

The dissociation constants KOF and KOH3 L of models (2) and (3) do not play a crucial role 
in determining the overall fitting of the data with A values of 31% and 23 %. Indeed , the 
absence of such interactions in model ( I) does not lead to a poor fit of the data . The dissocia­
tion constant Ko. I, with the A value of 1.3%, is the most sensitive parameter in the analysis 
of all the models, whereas the dissociation constant Ko, with the A value of 16%, determining 
the properties of pure ice, has far lower importance in this analysis of HF-doped ice. 
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The strength of the fitting programme is that we have considered the da ta as a whole. 
Previous interpreta tions of the behaviour of HF -doped ice h ave concentra ted on specific 
features in isolation; for example, the linear rela tionship between a ro and FTOT (Jaccard, 
1959) ; the squa re-root dependence of FTOT on ao a t high fluoride concentra tions (Jaccard, 
1959), the linear rela tionship between ao and FTOT at low concentra tions (Camplin a nd Glen, 
1973), and more recently, the tempera ture and HF -concentration d ependence of the cross-over 
p oint (Bilgra m and Granicher , 1974)' 

1~2 r-'-~~.-~~~m--'~~~-'~~~--~~~ 

- . - Gross(1965) 

- - -- Levi(1967) 

Fig. 3. Fluorine concentration dependence oJ the Debye low-frequency conductivity. T he results Jrom direct-current measurements 
made by Gross ( [965) and Levi ( [967) are shownJor comJJarisoll. 

To demonstra te the discrep a ncies that can occur when a specific feature is taken in isola­
tion, consider the following results taken from Figure 3. 

At 238 K, 

At 258 K , 

a oD = (4.3±o.l ) X 1Q-27N F, 
a oD = (r.6 ± o.3) X 1Q- 16N Fi , 

N F < 6 X 1 0 20 m - 3, 

6 X 1021 m - 3 < N F < 6 X 1 0 23 m - 3, 

a oD = (4·9± 0. I) X lQ- n N F, N F < 6 X 1020 m-J, 
a oD = (4·2 ± 0.2) X 1Q-16N Fi , 6 X I02I m - 3 < N F < 6 X ro 23 m -3, 

where NF is the number of HF m olecules per cubic metre. 
If the d .c. conductivity b eh a viour described by these equations is due solely to ionic 

d efects, then we would have immediately the values of (J.L+/ j ±) a nd Ko, I at these tempera­
tures, where a t low concentrations [OH;] = F T OT, at high concentrations [OH;] = 
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(Ko, I F TOT)I, and O"oD = e(J.t+jj±)[OH;]. In Table V we have compared the values 
obtained by this simple analysis with those obtained from the best fit of all the data using 
model (2) . 

TABLE V. COMPARISON OF ANALYSES FOR /-L ±Jj± AND Ko. I 

Specific feature cOllsidered Computer fitting for all data 
T emperature /-L±Jj± Ko , I 

m2 V - I S - I m- 3 
/-L±fj± Ko, I 

m 2 V - I S- I m - J 

2 .68 X IO- 8 I. 38 x 102! 4 .33 X 10- 8 6.04 X 1021 

3 .06 X 10- 8 7.35 X 1021 4.00 X IO- 8 6.27 X I022 

The difference between these two sets of (J.t±! j ±) and Ko, I is considerable and is due to 
the similar absolute values of 0"+ and O"L at 238 K and 258 K at fluoride concentrations 
above 1022 m- 3. This is clearly shown in Figure 4 for the temperatures 198 K, 218 K, 238 K, 
258 K, and 263 K using model (2) . 

263K 

258K 

238K 

218K 

198K 

10-3 

263K 
258K 

238K 
10-4 

218K 

10' 

198K 

10-6 

Fig. 4. Values of the difect conductivities as afunction of fluoride concentratioll at temperatures I98 K , 218 K, 238 K , 258 K, 
alld 263 K, calculated using the best-fit reaction parameters in the theoretical model 2 * of Table IV. 
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The temperature dependence of the best-fit values of 0"+ and O"L using model (2) are given 
for four r epresentative fluoride concentrations, 1.3 X 1020 m - 3, 1.0 X 1021 m - 3, I.g X 1022 m -J, 
and 3 X 102 3 m - 3 in Figure 5. In Figure 6 the predicted values of troD and O" ct) are compared 
with those observed in nine of the 17 samples used in the fitting. To include all samples in 
such figures would make the association of points and curves unclear. Those shown are a 
representative sample. 

DISCUSSION OF ELECTRICAL PARAMETERS 

We now outline the major differences in the present values of the electrical parameters of 
HF-doped ice compared to those currently accepted. 

273 263 253 243 233 223 

4 ·0 4.5 

213 203 193 T/K 

G,,-INTRINSIC D- & L- DEFECTS 

G. - EXTRINSIC OH; IONS 

G, - EXTRINSIC L- DEFECTS 

a. 
15·" 

G, 

O. 

17.41 

Oc 

O. 

0. 

25 ·21 Gc 

21 21 aD' 

5·0 1000KIT 
Fig. 5. Values of the difect conductivities for four representative samples, 21.21, 25.2I, 17.41, and 15. 1 I , calculated using the 

best-fit reaction parameters ill the theoretical model 2* of Table IV. 
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273 ·263 253 243 233 223 213 203 193 T/K 

a, lohm-1m-1 
0 - THEORY 

° EXPERIMENT 

10-4 

'~ 

~ ~.~: • 
15·" 

10-5 
° 

- . --0--0 o 

o 
17·41 

---.--~ o 0 
o 

107 

21·" 

.l-
1 

10·" 21.21 

108 

4·0 4·5 5·0 1000KIT 
Fig. 6 

(a) Experimental alld calculated values of the Debye low:/requency conductivity for nine of the [7 samples investigated. The 
calculated values use the best-fit reactioll parameters ill the theoretical model 2* of T able IV. 

Charges of Bjerrum and ionic difects 

Our values ofjDL andj± have been obtained solely by analysis of the values of ero and (; 00 

in HF-doped ice. Another estimate is available from the measurements of Camp and others 
(1969) which showed clearly for the first time in one nominally pure ice sample the cross-over 
in the majority defect mechanism as the temperature was lowered. From the data of ero and (; 00 

supplied by Camp (personal communication) values of jDL = 0.423 and j ± = 0.796 are 
obtained. By comparison, an analysis of sample 23.11 of this study gave corresponding values 
of 0-402 and 0.773. 
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273 263 253 243 233 223 213 203 193 T/K 

_ THEORY 

• EXPERIMENT 

20·11 

• 

4·0 4·5 5·0 1000KIT 
Fig. 6. 

(b) Experimental alld calculated values of the highj"requency cOllductivity fo r nine of the [7 samples investigated. The calcula ted 
values use the best-fit reaction parameters in the theoretical model 2 * of Table I V. 

The value ofJoL currently accepted is based on the measured value of the static permitti­
vity of pure ice and that predicted by the J accard theory (Jaccard , 1959, 1964). Our 
calculation for JDL is wholly independent of such an argument. 

From the best-fit values ofjDL andj± of 0.458 and 0.702, respectively, we derive through 
equations 1.7.4 and 1.7.12 of Jaccard ( 1959) the effec tive charges of the Bjerrum and ionic 
defects as 0.438c and o .73oc. Jaccard himself derived COLic = 0.43 (er. equation 2.1.20; 
J accard, 1959) from measurements of the static permittivity in polycrystalline pure ice a nd 
by his theory required that c±le = l -coLle = 0.57. 
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No ice sample has been found for which at the cross-over temperature for majority defects 
there has been no dispersion in the audio-frequency range, yet the theory of Jaccard demands 
that there is no dispersion. Our higher value for e± reflects the observation that in practice a 
small dispersion is observed, and our value of eDL entirely agrees with Jaccard's value. 

L-defect mobility 

In figure 1 1 of J accard (1959), the linear dependence of 0' 00 and FTOT IS displayed at 
-55°C (218 K). Assuming 

0'00 = jDLeILLFToT, 

we obtain from these data at 218 K, 

jDLILL = (9.6±2.0) X 10- 10 m2 V - I S- I. 

From the computer analysis of our data (Table IV) we obtain 

ILL = 5· 19 X 1O- 8(T m I T) exp [ - 0·315eIK ( I / T -I I T m )], 

which at 218 K gives 

}DLILL = 1.02 X 10- 9 m2 V- I S-I. 

The agreement with Jaccard's value is excellent at this temperature of 218 K and, since 
the mean temperature of our data is 226 K, we have the greatest confidence in our predictions 
in this temperature range. Our samples were, however, more lightly doped and in our highest 
concentration range we did not observe a linear dependence of 0' 00, O'DL, or 0'+ on doping; 
rather O'DL was proportional to the (FTOT )""O.75. 

The activation energy for mobility in Equation (I) is 0.315 eV which may be alternatively 
written without the factor T ml T as 

ILL = 5· 19 X 10- 8 exp [-EL'eIK ( I / T - l i T m)] m 2 V-I S-I, 

where EL' = EL-o.023 eV. This EL' value of 0.292 eV can be compared directly with that 
of 0.235 e V found in figure 12 of Jaccard ( 1959) and there is a major difference between the 
two values that is difficult to resolve. 

Dissociation constant for Bjerrum defects, Ko 

The activation energy for 0' 00 in "pure" ice, Eu ", is given by 

Eu ", = EL' + !Wo. 

Our value of Wo is 0.664 e V, so Eu ", is 0.624 eV as found for our "pure" ice sample 10. I I. 

Such a value exceeds the value of Eu ", from Jaccard (1959) (0.575 eV) whereby Jaccard 
deduced 0.68 eV for Wo. Assuming D defects do not contribute to the Bjerrum conductivity, 
we calculate from Jaccard (1959) a value for Ko of 5.44 X 1044 m - 6 compared with I.49 X 1044 

m-6 at the melting point in our present analysis. The difference is small. 

Ionic defect formation 

At medium to high doping levels, all models lead to the ionic conductivity being propor­
tional to (FTOT)i and the activation energy for the ionic conductivity would be tWo, 1-0.023 
eV, which is 0.287 eV. This value is close to EL' = 0.292 eV, the activation energy for Bjerrum 
conductivity in the regime for which [L] = FToT. We can understand therefore the almost 
identical activation energies for 0'0 and 0' 00 in this doping range since both ionic and Bjerrum 
defect conductivities contribute to both measured conductivities. 

It has been found from Camplin (unpublished) that the function 0'00' 00 behaves very simply 
with temperature over a wide HF concentration range (Glen, 1973) ' 
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If we consider the product O"OLO"± , then at low concentrations when [H30 +] ~ F TOT , 

O"OLO"± is proportional to F TOT and the activation energy is 

tWO+ EL-2 (0.023 ) eV = 0.601 eV, 

at medium concentrations when [(HF) X] ~ F TOT , O"OLO"± is proportional to (FTOT)l and the 
activation energy is 

tWo, r+ EL - 2(0.023) eV = 0.579 eV, 

at the highest concentrations when [(HFL) X] ~ F TOT , O"DLO"± is proportional to (FTOT )i! and 
the activation energy is 

tWo, r+ !WoF+ EL-2 (O.023) eV = 0.564 eV. 

These values support the observations of similar activation energy for the product 0"00" 00 

throughout the doping range, yet the observed values for EO'oO' ,,> are lower than those calculated 
for O"OLO"± here. 

Relaxation time, T 

With the values of O"DL, O"± , eOL, and e± obtained from the computer fitting, we may 
calculate through equation 1.7.16 of J accard (1959) the relaxation time of the simple Debye 
dispersion anticipated by the J accard theory. In Figure 7 we compare these predictions with 
those of measurements from the dominant relaxation spectrum at the temperatures 218 K, 
238 K, and 263 K. The agreement is good, and in part should be no surprise since our value 
of eOL correctly predicts the static permittivity of " pure" ice. However, the agreement does 
extend into the regime where there is no clear-cut predominance of one defect, and there the 
value of e± plays an important role. 

t/s 

238K 

- Jaccard theory 

• Exp@riment 

o Ruepp(1973) 

Fig. 7. Experimental relaxatioll times of HF-doped ice at 2[8 K, 238 K , and 263 K compared with the predictions of the 
Jaccard theory. The observations at the fixed temperatures were inter/Jolated from measurements taken over a range of 
temperatures. Values found by Ruepp ([973) are also included/or comparison. 
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Model (2) predicts from Figure 7 for the fluoride concentration range 3 X 1022 m- 3 to 
2 X 102 3 m -3, 

and the activation energy ET = (0.3o ± 0.OI) eV. 
It is profitable at this stage to compare these results with data by Barnaal ( 1973) on the 

NMR relaxation time T, in samples containing in excess of 3 X 1022 m- 3 HF; T, et:. F-(O.74±o.,) 

and ET, = (0.2S ± 0.0IS) eV. 
W e can show further that the NMR and dielectric behaviours are self-consistent within 

limits. The observed value of T, is proportional to the NMR correlation time, Te. Once the 
constant of proportionality is known for the spectrometer used by Barnaal (1973), we may use 
his T, data to derive Te in HF-doped ice. To do this, we compare Barnaal's measurement of 
T, in pure ice of I.OS S at 263 K with an independently calculated value of T e, which for this 
analysis we take as (8± 2) X 10- 6 s. The value of 'Te at 263 K in pure ice has been calculated 
to be II.S X IO- 6 S by Siegle and Weithase ( 1969) and either 6.9 X IO- 6S or 9 .0 X IQ- 6S by 
W eithase and others (1971 ) . It is expected to be identical with the jump time found in 
diffusion experiments using isotope tracers: 7.S X 10- 6 s (Ramseier, 1967). 

We have used the T, data of figure 1 of Barnaal (1973) to produce the Te data in Figure 8 
where Te is compared with the derived relaxation times at 243 K. According to Siegle and 
Weithase ( 1969), 'Te = 'T in ice [or which electrical defects dominate the re-organization of 
neighbouring molecules. At corresponding HF concentrations in Figure 8 the ratio of'Te/T 
is between I.S and 1.6; nevertheless systematic errors of around ± 2S % are expected in the 
value of 'Te. 

Despite the difference in the observed value of Er and ET" which give a temperature 
dependence to 'Te / 'T (see Table VI) , it would seem reasonable to conclude that 'Te and T 

respond to the same internal motions. Measurements of T, and 'T on the same samples would, 
of course, clarify whether there is any further systematic error in the estimate of fluorine 
content in different laboratories. 

103,----------,--------,--______ -. ________ -. ________ -. ________ -. ______ --. 
I 

lIs Temperatu re 243 K 

,07L-______ ~ ______ ~ ________ L_ ______ ~ ______ _L ______ ~ ______ ~ 

,d9 

Fig. 8. NMR correlation time T e and dielectric relaxatioll time Td plotted as a function of HF cOllcentratioll at 213 K. 
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T ABLE V I. VALUES OF Tc / T AT DIF FERENT TEM P E R ATURES 

2.2} 
I. 7 For a sample con ta ini ng 3 X 1022 m - 3 fluoride 
1.4 

C O NCLUSION 

D espite the apparent good agreement between theory and experiment (Fig . 6), there is 
still considerabl e variation in b ehaviour obser ved between samples of adjacent fluoride 
concentration . T his fact makes it difficul t to differen tiate between the predictions of models 
(2) and (3) to th e extent we would have wished. This varia tion is especially crucia l in the 
higher concentration samples wh ere the predictions of the two m odels differ, and a n incorrect 
assessment of fluoride content could lead to unrealistic values for the dissocia tion constants of 
the specific fluoride centres of each m odel. It would be most useful , therefore, to have further 
da ta a t these hig her doping levels. Such samples would provide d ata for further comparison 
with the NMR da ta of Barnaal (1973) shown in Figure 8, a nd the conductivity data of 
J accard (1959) . 

A disappoin tm ent with this a nalysis must be the surprisingly hig h value of 0.292 eV for 
EL', the activation energy for th e mobility of L d efects. T his value exceeds J accard 's value of 
0.235 eV, and ou r observations in Figure 1 (b) of 0.24 eV for u oo in our most hig hly doped 
samples. In our fi t of the Uo and u oo data for a ll th e samples, the highes t discrepa ncy between 
m odels and observed data occur in this high-con cen tration range d espite the extra freedom 
a llowed in the fit by the choice of pa rameters describing the reactions of models (2) a nd (3) . 
All attempts to reduce the value of EL' significantly led to a poorer fi t of the da ta as a whole, 
a lthough every other parameter was free to acquire correspondingly new values. 

We feel that the defect conductivities derived from these models substantiate the theory of 
dielectric relaxa tion in ice proposed by J accard ( 1959). Inheren t in J accard 's theory is the 
fact that the sum of the Bj erru m a nd ionic cha rges is the electro nic charge, but the a nalyses 
of the data of Camp and others ( 1969) and that presented here d o give a value a ro und 1.2e. 

T his discrepancy could be expla ined in a number of ways. If the samples analysed contain a 
defect-concen tration gradien t, th en a dispersion would be observed , leading to e±+eDL > e. 
O n the other hand, the standard d eviation between the experimenta l values of Uo a nd uoo and 
those derived from our best mod els is 20%, and we feel that this aspect of J accard's theory has 
not been disproved because of this uncertainty. 
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DISCUSSION 

M . ELORUP: We believe we have shown that the vacancy concentration in ice is quite high. 
It may easily be higher than the concentrations of the defects you are discussing . Would 
interactions between vacancies and the defects which you discuss not change the r esults of 
your fit of your theory to the experiments? Would it introduce too many parameters to give 
useful results and thus confuse the situation rather than clarify it? 

G. C . CAMPLIN: We have not considered the interac tion between electrical point defects and 
vacancies, because we took the view that vacancies were less numerous. However, Kr6ger 
( 1974) has given the necessary equations to accommodate such interactions and it is possible 
that our failure to fit the da ta to better than 20 % in the three chosen models indicates that it is 
necessary to introduce further elements into the a na lysis. W e will consider the implications 
of your results. 

R . T AUBENBERGER: You claim that your defect models confirm to a certain extent] accard's 
model but the requirement eOL + e ± = e is poorly fulfilled. H ave you also plotted T6.£ 
versus (10 / (1 00 which should give you a r epresentation of dispersion data that are typica l for this 
model (Jaccard, 1959 ; Hubmann, 1978)? If this plot fulfilled the features required by 
]accard's model, you could work out e o L/e± in a more self-consistent way, especially if you 
had sufficient ionic m ajority, i. e. sufficient low values of (10/(1 00 (and high 6.£ values) after the 
first cross-over, and provided your 8.£ minima with their corresponding ( (10 / (1 00) m axima 
represented at all cross-overs, the sense of ]accard's model. 

CAMPLIN and]. G. PAREN: No. We have not plotted T6.£ versus (10 / (1 00 ' However, we agree 
that if one considers the two intercepts on the T8.£ axis, then this plot leads to values of 
eDL/ e ±. Nevertheless, absolute values of eDL and e± can only be derived if an additional 
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relationship (such as eDL + e± = e) is a lso assumed. In our analysis, we have derived eDL and 
e± independently of any additional relationship and our best-fit value of eDL/e± is 0.600 
compared to the value of Hubmann (unpublished) of 0.6 1 ± 2% derived from the diagra ms 
of T!lE against uo/uoo. The near identity of these two values of eDL/e± shows that the methods 
of analysis used by Hubmann and by us are self-consistent. Of especia l interest is that 
Hubmann's charge-ratio value comes from an analysis of NH3-doped ice, and ours from 
HF -doped ice. 

It is difficult to determine !:!.E at hig h concentrations a nd low temperatures because we 
have evidence for two dispersions instead of one predicted for the Jaccard model. Do we take 
the dispersion strength of both dispersions ? 
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