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THE ELECTRICAL PROPERTIES OF ICE SURFACES 

By NORIKAZU MAENO and HIROSHI NISHIMURA 

Institute of Low T emperature Science, Hokkaido University, Sapporo, Japan 060) 

ABSTRACT. The surface conductivity of monocrysta lline ice was measured as a fun ction of tempera ture, impurity concentration, fi eld-strength, a nd other variables. At temperatures below about - 6°C the surface conducti vity was found to follow the Arrhenius equation with an acti va tion energy of 33 ± 2 kcal m ol- ' ( 1.43 ± 0.09 eV). Small amounts of impurities con tained within the ice increased the surface conductivity and decreased the activation energy: for HF-doped ice the activation energy was reduced to 10.0 kcal mol- ' (0.44 eV). Mechanical trea tment of the ice surface increased the surface conduction . At temperatures above about _ 6°C the surface conductivity increased more rapidly with the rise in temperature; this is explained in terms of the a ppearance a nd d evelopment of a quasi-liquid layer on the ice surface. The electrical behaviour of sublimed ice surfaces was found to vary at a temperature around - gOC. At higher temperatures a sharp, instantaneous current increase was observed as evacuation began; this was considered to be caused by the formation of ionic states due to the rapid evapora tion of quasi-liquid layers. It was concluded that the temperature above which the ice surface was covered with a quasi-liquid layer lay in the range - 6 to - gOC. 
REsuME. Proprietes Iflectriqlles de la surface de la glace. La conductivite superfi cielle de la glace monocrista lline a ete m esuree en fonc tion de la temperature, de la concentra tion en impure tes, d e I'intensite du champ applique, . . . etc. A d es tempera tures inferieures it - 6°C, nous avons observe que cette conductivite suit une loi d'Arrhenius avec une energie d 'ac ti va tion de 33 ± 2 kcal mol- I ( 1,43± 0,09 eV) . Une teneur faible en impuretes dans la glace entraine une a ugmenta tion de la condu cti vi te superfi cielle e t une diminution d e I'energie d 'ac ti va tion: dans le cas de la glace dopee avec HF, I' energie d'activation est abaissee de 10,0 kcal m ol- ' (0,44 eV). Des traitements mecaniques de la surface de la glace accroissent egalement la con­duc tivite superficiclle. Au-dessus de - 6°C , la conducti vite superficielle croi t plus rapidement avec la temperature et nous avons attribue ce fa it it I'apparition et a u d eveloppement d ' une couche quasi-liquide sur la surface de la glace. Le comportement e lec trique de surfaces d e glace en cours de sublimation presente une variation aux e nvirons de - gOC: a ux temperatures plus e levees, nous observons une augmentation pratiquement instantanee du courant des que s'amorce la sublima tion et nous avons considere que cela est du it la forma tion d ' ions resultan t de I'evapora tion rapide de la couche quasi-liquide . Nous en avons conclu que la temperature critique au-dessus d e laq uelle la surface e t la glace se recouvre d 'une couche quas i liquide se situe en tre - 6 e t - gOC. 
ZUSAMMENFASSUNG. D ie elektrischen Eigenschaften von Eisoberjliichen. Die OberAachenleitfahigkeit von einkristallinem Eis wurde in Abhangigkeit d er Tempcratur, der Verunreinigungskonzentration, der F eld­starke und ande rer Grbssen gemessen. Es wurdc gefunden, d a ss sie bei T emperaturen unterhalb - 6°C der Arrhenius-Gleichung gehorcht, mit ciner Aktivierungsenergie von 33 ± 2 kcal mol- I (1,43 ± 0,09 eV) . Geringe Verunreinigungen im Eis erhohten die OberAachenleitfa higkei t und erniedrigten die Aktivierungs­energie: bei HF-dotiertem Eis wurde die Aktivierungsenergie a uf 10,0 kcal mol - ' (0,44 eV) hera bgese tzt. Mechanische Bearbeitung der EisoberAache vergrosserte di e OberAachenleitung. Bei Temperaturen oberhalb - 6°C wuchs die OberAachenleitfahigkeit mit steigender T empera tur schneller. Dies wurde mit dem Auftreten und der Ausbildung einer quasi-Aussigen OberAachenschicht auf dem Eis erklart. Es wurde festgestellt , dass das e lektrische Verhalten abdampfender Eisob erAachen sich bei einer T emperatur von rund - 9°C andert: bei hoheren T emperaturen wurde mit Beginn des Abpumpens ein sch a rfer, unverzuglich er Anstieg beobachtet. Als Ursache dafUr wurde die Bildung von Ionenzustanden durch die rasche Verdam­pfung d er quasi-Aussiben Schicht angesehen. Es wurde gefolgert, dass die kritisch e Temperatur, oberhalb derer die OberAac"" mit einer quas i-Aussigen Schicht bedeckt wa r, zwischen - 6 und - gOC lag. 

I. INTRODUCTION 

The physical properties of ice surfaces have been the subject of much study by ice researchers ever since the work of Faraday in 1860. The large amount of theoretical and experimental investigations in this field are reviewed by J ellinek (1967), who paid particular attention to the possibility of the existence of a quasi-liquid transition layer on the surface of ice crystals in equilibrium at temperatures below the melting point. However, essential problems remain unsolved mainly because the subject has been often treated only as an incidental phenomenon which appears during measurements of other bulk properties of ice. Few experiments have concentrated on the specific surface properties of ice by a systematic exclusion of these bulk properties. Mason and others ( 1963) found that the mean surface diffusion length of water molecules increased rapidly as the temperature approached the melting point of ice; Bullemer and Riehl ( 1966) separated the surface conduction from the 
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bulk conduction to obtain an activation energy for the surface effect of 30 kcal mol- I (1.30 
eV). Jaccard (1967) found the surface conductivity to be of the order of 10- 10 Q - I at - I 1°C. 
Maeno ( I973[a]) measured the surface conductivity of a flat surface of monocrystalline ice 
as a function of temperature and found that the mechanism of surface conduction changed at a 
temperature around _6°C suggesting the occurrence of a surface phase change at this 
temperature. K vlividze and others (1974) performed proton magnetic resonance studies on 
finely divided ice and found evidence that a mobile phase developed on the ice surface above 
- 10°C. 

In the present study the electrical properties of ice surfaces were investigated in more 
detail than previously (Maeno, 1973[a] ). The electrical surface conduction of mono crystalline 
ice was measured as a function of temperature, crystallographic orientation, impurity con­
centration, field strength, and other external conditions such as mechanical treatment and 
sublimation. The study was designed to investigate the detailed dependence of surface 
conductivity upon the temperature and purity, and it was hoped to obtain more information 
about the electrical properties of ice surfaces. 

2. ApPARATUS AND EXPERIMENTS 

The surface conductivity of monocrystalline ice was measured by using three chromium­
plated copper electrodes, which are designated A, B, and c in Figure I. The radii of the circular 
electrodes A and c were 6.0 and 2S.0 mm respectively. B was ring-shaped with an inner 
radius of I 1.0 mm, so that the distance between A and B on the test surface of an ice specimen 
was S.O mm. The thickness of an ice sample was smaller than half the distance between the 
electrodes A and B to eliminate bulk conduction from the surface measurement. When an 
electric potential was applied between A and B, an instantaneous surface current was observed 
which decreased with time. Surface conductivities were calculated from the surface con­
ductance when a steady state had been attained, usually one minute after the application of a 
potential difference. The d.c. power supply was provided by Takasago GPOSO-2, Toa SVI -A, 
and Metronix 66SB instruments, and the current measurements were made using an electronic 
picoammeter (Takeda TR-864I ) . 

The electrode system was set in an O-ring-sealed chamber of dimension o. I I S X O. 100 X 
0.100 m 3 which was made of brass 6.0 mm thick, and the chamber was immersed in a liquid­
filled thermostat, the temperature of which was maintained between 0 and - 30°C with an 
accuracy of ±o.OSoC. 

Three kinds of mono crystalline ice were used as specimens in the experiments: 

TRAP 

A, B, C : ELECTRODES 

O-R ING SE~. LED CHA,~BER 

Fig. I. The experimental apparatus. 
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(I) Pure a r tificial ice, which was grown from ion-excha nged distilled wa ter (electrical 
conductivity of 10- 4 Q- I m- I a t 25°C ) in an appara tus already described in Maeno 
( I973[b] ). 

(2) " Pure" natural ice, which was collected a t " O-ike" pond near the "Syowa" station in 
An tarctica. T he ice was formed from na tura lly frozen wa ter supplied from precipita­
tion a nd snow drifts, a nd was composed of monocrys talline grains roughly o. I m in 
dia m eter . Though the conductivity of its melt was as low as (3- 4 ) X 10- 4 Q- I m- I 
a nd was considered to be almost pure, some impurity effects were noted in the 
experiments as discussed below. 

(3) H F -doped ice, which was grown from a n H F aqueous solution in a simila r way to ( I ) . 
The fluorine concen tration in the ice was determined with a specific-ion electrode 
(Corning- Yanagimo to) after the electrical measurem ents were finished. 

Ice specimens were prepa red by pla ning with a fine blade and then polishing with fine 
emery paper a nd a gauze until their thickness was less tha n half the distance between the 
electrodes A a nd B (about 2 mm). T his was necessary to exclude the effects of bulk conduction 
from the m easurements of surface conduction. The crysta Ilographic orien tation of the test 
surface was d e termined by the evaporation etch-pit method. M ost of the measurements were 
carried out on basal (0001 ) pla nes. Ice specimens were fixed to the electrodes by a minima l 
a mount of thawing and refreezing. 

T he electrical properties of subliming ice surfaces were studied by evacuating the air 
a bove the ice surface with a vacuum pump. T he total pressure was measured with a Pira ni 
gauge and a utomatically recorded (Fig. I ) . M easurements were carried out a t a pressure of 
15 mm H g (0. I 13 Pa), in m ost cases. The surface tempera tures and the tempera tures within 
the subliming ice specimens were measured separately using o. I mm copper- constanta n 
thermocouples. T he accuracy of the temperature measurements was ± 0.05 d eg. 

3. E XPE RIMENT A L RESULTS 

(a) Surface conductivity 

Figure 2 shows the rela tionship between the surface conductivity and the reciprocal of the 
absolute temperature for the different types of monocrysta lIine ice. R esul ts for the pure 
artificial ice a re shown as a ha tched region : slight changes in the surface prepa ration causes 
small increases in the measured values a lthough the tempera ture dependence of each sample 
is similar. The temperature dependence for the pure monocrystalline ice follows the Arrhenius 
equation below about _ 6°C a nd its activation energy was 33±2 kcal mol- I ( 1.43±0.09 eV ). 
The boundaries of the ha tched region coincide with the m aximum and minimum values for 
natural monocrystalline ice collected from the Mendenha ll Glacier in A laska (Maeno, 
1973[a] ) . 

Surface conductivities of " pure" natura l (O-ike) ice are slightly larger tha n those of the 
pure artificia l a nd Mendenha ll Glacier ices, but their tempera ture dependences are similar: 
the activation energy below a bout - 6°C ra nged from 25 .5 kcal mol- I ( 1. I I eV ) to 33. I 
kcal mol- r ( 1.43 eV), the average being 27. 3 kcal mol- I ( 1.1 9 eV). The devia tions from the 
pure ice are considered to b e caused by the possible incorpora tion of slight am ounts ofimpuri­
ties during n a tural freezing . 

General fea tures for these three kinds of pure monocrystalline ice are that, at temperatures 
below about _ 6°C the surface conductivity follows the Arrhenius equa tion, but that at 
tempera tures a bove - 6°C it increases more rapidly as the temperature is ra ised, which 
suggests the important roles of the quasi-liquid layer in the surface conduction near the 
melting point of ice. 
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The surface conductivities of HF-doped ice are larger by two orders of magnitude than 
those of pure ice whereas the activation energies are smaller, i. e. 10.0 kcal mol- I (0.44 eV) 
on average. Some of the results are shown in Figure 2 for HF-doped ices of concentrations 
4.8 x 10- 5 M, 7.5 X 10- 5 M , and I.7 X 10- 4 M , where M denotes mol kg- I. Furthermore, 
rapid changes near the m elting point were not observed. 

TEMPERATURE (OC) 
o -5 -10 -15 -20 -25 

3.7 3.6 3.9 4.0, 
RECIPROCAL OF TEMPERATURE(1O·3K·) 

Fig. 2. Suiface conductivity versus the reciprocal of the absolute temperaturefor ( 000/ ) planes of various kinds of ice. 

(b) Effects of mechanical treatment 

The effects of mechanical treatments on the surface conductance were investigated. In 
these experiments, larger electrodes were used: the radius of the central electrode was 25.0 mm 
and the inner radius of the ring-shaped electrode was 35.0 mm. The ice surface was polished 
with an emery paper of grit number 320 and then a p.d. of 10.00 V (at - 16.0°C) was 
applied to the ice so that a steady current was passed through the surface. Figure 3 is a 
photomicrograph of the polished surface. Calculations indicate that the macroscopic surface 
area has increased by 20%, thus the electric current should decrease by the same amount. 
However, the current increased by 44% , which implies that the mechanical polishing has 
increased the number of electrically active ions and the thickness of the conduction layer on 
the ice surface. When the ice specimen was kept at - I6.0°C for five days, the mechanical 
disturbances relaxed and the current fell until it was 16% greater than the original value 
before polishing. 

An increase in the surface conduction was observed even when the ice surface was scratched 
with a fine needle, although the increase was only a few per cent. 
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Fig. 3. Photomicrograph showing the ice surface treated with an emery paper. 
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Fig. 4. Variations of surface conductance a.fter evacuation for "pure" natural ice (" O-ike" ). A potClltial of 5.00 V is applied 
with a steady conductance if Go. Dashed lines indicate expected variations of conductance calculatedfrom measured tempera­
ture of ice surface using the results of Figure 2. 
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(c) Effects of sublimation 

It has been reported that surface conduction increases if the ice surface is maintained under 
a reduced pressure (Jaccard, 1967; Maeno, 1973[a] ), but the results of the two authors were 
different. Figure 4 shows variations in the surface conductance after the evacuation of air 
above the surface of "pure" natural ice. Go is the surface conductance at atmospheric pressure. 

o -5 -10 -15 -20 
1O-7r----T-----....:.;::-----:..;:....---~-----. 

Fig. 5. Maximum variations of surface conductance versus the reciprocal of temperature for "pure" natural and HF-doped 
( I.7 X 10- · M ) ice. 
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Fig. 6. Variations of surface conductance after evacuation for HF-doped ice (1.7 X 10-4 M ). 10.00 V is applied with a 
steaqy conductance of Go. 
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The behaviour was found to change a t a temperature close to -gOC. At higher temperatures 
the surface conductance increased instanta neously and then decreased gradually. On the 
other hand, a t lower temperatures it did not show the initia l sharp increase but rose slowly, 
and then d ecreased more slowly. Maximum values of the change in the surface conductance 
were plotted against the reciprocal of the temperature (Fig. 5). It is noted that the tempera­
ture dependence changes at a critical temperature of about -gOC. 
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Fig. 7. Variations oJ temjJerature if subliming ice Jor 0.00, 0.30, and 3 .00 mmJrom the suiface. 
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The effects of sublimation were also investigated using HF-doped ice. Figure 6 shows 
some examples of surface-conductance variations, after evacuation, for a specimen containing 
1. 7 X 10- 4 M of fluorine. I ts behaviour was a lmost the same as that of pure ice at temperatures 
above -gOC, though the magnitudes were an order of magnitude larger than those of pure ice 
(Fig. 5). 

Figure 7 shows the change in temperature of "pure" ice after the evacuation had begun. 
Rapid changes occur within 10 s, and then the decrease of temperature becomes slower and 
almost steady as an equilibrium is set up with bulk thermal conduction. The decrease of the 
surface temperature 10 s after the evacuation was plotted against the reciprocal of temperature 
in Figure 8. 

(d) Field-strength dependence 
Most of the measurements quoted above were conducted on ice surfaces in which the 

electric fields were about 0.20 V m- I. Measurements were made at higher fields in order to 
find any saturation phenomena of current or charge in the surface conduction, as has been 
reported for bulk conduction by Eigen and others (1964) , and Maidique and others (197I ) . 
However, with the electric fields studied in this part of the present investigation ( ~300 

kV m - I) the surface currents were proportional to the applied field strength and no saturation 
effects were found . 

4. DISCUSSION 

Below a critical temperature of about -6°C, the surface conductivity of (0001) planes of 
pure ice crystals was represented fairly well by an Arrhenius equation with an activation 
energy of 33 ± 2 kcal mol- r (1.43 ± 0.09 eV). Small amounts of impurity caused an increase 
in the surface conductivity and a decrease in the activation energy: for HF-doped ice the 
activation energy was reduced to 10.0 kcal mol- I (0.44 eV). If it is assumed that, just as for 
the bulk conduction in pure ice, the surface conductivity is determined only by the concentra­
tion and mobility of charge carriers, presumably hydroxonium (H30 +) ions, the observed 
activation energy gives the sum of the formation and translation energies of the ions in the 
surface region. Since the activation energy for d.c. bulk conduction in pure ice is reported to 
range from 8.0 kcal mol- I (0.35 eV; Bullemer and others, 1969) to 14.0 kcal mol - I (0.6 1 eV; 
J accard, 1959), the experimental result here suggests that the ions in the surface region are 
two to four times more difficult to form and move than bulk ions, and that doping, especially 
by fluorine impurities, makes their formation and movement easier. This is also supported 
by the observation that the mechanical disturbance of an ice surface increases the surface 
conduction since it produces many lattice defects and electrically-mobile ion states in the 
surface region. An alternative explanation for the high activation energy is that the measured 
energy includes other temperature dependences, e.g. relaxation time for the replacement of 
surface molecules, drift distance of charge carriers, etc ., but we have no evidence to check 
which is the true mechanism. 

The experimental observation that the dependence of surface conductivity on temperature 
changed at about - 6°C, and that it increased more rapidly as the temperature approached 
the melting point gives strong evidence for the appearance and development of a quasi-liquid 
layer on the ice surface, because molecules in such a layer are more mobile and electrically 
active defects are more abundant. According to the semi-quantitative theory of F letcher 
(1968), the surface of ice is covered with a quasi-liquid layer at temperatures above about 
(-5 ± 3)OC and the density of ions in the layer may be estimated as 3.3 X 10 17 m- 2 at ooe 
(Fletcher, 1968, fig. I ) . Then, the surface conductivity is computed as roughly 1. I X 10- 8 Q - r 

assuming the mobility to be that of liquid water, namely '2. I X 10- 7 m 2 V - I S- I, which agrees 
well with our experimental result. 
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The time dependence of surface conduction in pure ice undergoing sublimation changed 
a t a temperature around - 9°C. The instanta neous, sha rp increase in surface conductance 
when evacuation began was only observed a t higher temperatures with pure ice, but HF­
doped ice showed an initial increase at a ll temperatures studied in the present investigation. 
W e consider that these increases in conductance are related to the presence of quasi-liquid 
layers on the ice surface. They cannot be explained as the rmal effects, the dashed lines in 
Figure 4 represent expected changes of surface conductance calculated from the measured 
temperature of the ice surface using the results of Figure 2. 

At hig her temperatures the instantaneous evaporation of the quasi-liquid layer should 
produce a strongly strained region on the surface which should in turn form momentary 
lattice d efec ts (especia ll y ionic and orientational defects), because the value of the sublima tion 
coefficient is probably hig her than that of solid ice. This strain causes the initia l sharp increase 
in surface conductance, which increase is then followed by a d ecrease due to the cooling by 
sublimation. At lower tempel'aturcs, such a sudden increase of conducta nce does not occur 
since either no quasi-liquid layers exist on the ice surfaces o r , if they do exist, their effects are 
negligibly small so that the sublimation is not strong enough to form electrically active defec ts 
instantaneously. Nevertheless, the surface conductance gradually increases to satura tion in 
about IQ s. It seems that the disagreement between the observations of J accard (1967) and 
Maeno ( 1973 [a] ) might be due to the temperature diffe l'ences between m easurements. 
J accard observed the beha viour of subliming ice at lower te mperatures, and Maeno at higher 
temperatures . 

The d ecrease in surface conductance fo llowing the initia l increase is a result of surface 
cooling due to sublimation; th e effect is greater at warmer temperatures a nd , if any impurities 
are incorpora ted in the specimen, at hig her concentrations. The ra te of sublimation was 
calculated from the tempera ture of the ice surface by assuming that surface molecules a re 
removed at a constant ra te a nd that the hea t flux across the surface is consta nt. The rate of 
sublima tion J (using the theory of hea t conduction (Carslaw a nd J aeger, 1959)) is written as 

= K (O- Oo ) (:!..)! 
J 2L IXt' 

whel'e IX a nd K are respectively the thermal diffusivity and conductivity of ice, L is the latent 
heat of sublimation of ice, (0- OD ) is the cha nge of the surface tempera ture a fter the evacua ­
tion, a nd t is the time. Fig ure 9 shows the results computed from Equation ( 1) using tempera­
tures a t 10 S a fter the initiation of evacuation. In the compu ta tions, the val ues of IX, K, a nd L 
were assumed not to change in the temperature range in question. It is seen in Figure 9 that 
values of J are smaller b y three orders of magnitude than the theoretical m aximum rate of 
sublimation Jm3., which can be estimated from the equilibrium vapour pressure P eq of ice as 

here NI is the molecula r weight of water, R the gas consta nt, T the absolu te temperature, Jo a 
constant, a nd H eq the equilibrium entha lpy of sublimation , which has the value 12.2 kcal mol- I 
(0.530 eV) . The deviatio n of the obta ined va lues of] from Jm3x might be pa rtl y because the 
vacuum was not low enough a nd partly because the sublimation coeffi cient of ice is sma ll 
(Delaney and others, 1964). The activation enthalpy of sublima tion H was estimated as 
8,3 kcal mol- I (0.36 1 eV ) from the straight lines in Figure 9. Although the value is rather 
la rger than one-ha lf of H eq it suggests that the rate-determining process in the sublima tion of 
ice in our temperature range is that of the formation of one-hydrogen-bonded molecules, 
which can be accomplished b y breaking one hydrogen bond of a two-bonded molecule in 
the surface region of ice crystals, as proposed by Davy and Sa morjai (1971 ) . 
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Fig. 9 . Rate of sublimation versus the reciprocal of temperature. 

In obtaining the r a te of sublimation a nd activation enthalpy we h ave used the sam e 
values a t a ll temperatures for cc, K, and L , but this is not precisely correct ; we must use a 
smaller value of L when the ice is covered w ith a quasi-liquid layer. Then , if we know correct 
values for the constants rel a ting to the quasi-liquid layer a nd apply them to Equation ( I ) , 
J and H would become la rger than shown in Figure g a t temperatures at which quasi-liquid 
layers exist, and a kink would appear in the curve of J at a temperature a round - gOe in 
accorda nce with the temperature dependence of surface conductance. 

The r eason that the electrical behaviour of ice under vacuum changed at a tempera ture 
about 3 deg lower than tha t a t which the surface conductivi ty began to increase more rapidly, 
may be that the transient properties under vacuum are more sensitive to the presence of 
quasi-liquid layers on the ice surfaces. Therefore, it is concluded from our r esults of electrica l 
measurem ents that the critical tempera ture above which the ice surface is covered with a 
stable quasi-liquid layer is between - 6 and - gOe. 

https://doi.org/10.3189/S0022143000033402 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000033402


ELECTRICAL PROP ERTIES OF ICE SU RFAC ES 

ACKNOWLEDGEMENT 

The authors are indebted to Hideki Narita of Hokkaido University for providing them 
with the specimens of ice which were collected at "O-ike" in Antarctica. 

REFERENCES 

Bullemer, B. , and Riehl , N. 1966. Bulk a nd surface conductivity of ice. Solid State Communications, Vo!. 4, No. 9, 
p. 447- 48. 

Bullemer, B .. alld others. 1969. Protonic conduction in ice. Pa rt J : high temperature region, [by] B. Bullemer, 
H. Engelha rdt, N. Rich!. (Ill Riehl , N., and olhers, ed. Physics oJ ice: proceedings cif the intematiollal symposium Oil 
physics cifice, lvIlmich, Germany, September [r 14, 1968. Edited by N. Riehl, B. Bul/emer, H. Engellwrdt . ew York, 
Plenum Press, p. 4 16- 29.) 

Carslaw, H . S., and J aeger, J. C. 1959. Conduction oJ heat ill solids. Second editioll . Oxford, Cla rendon Press. 
Davy, J. G., and SamOljai, G. H. 19 7 I. Studies of the vaporization mecha nism of ice single crystals. Journal cif 

Chemical Physics, Vol. 55, No. 8, p . 3624- 36. 
Dela ney, L.]. , and others. 1964. The rate of vapori za tion o f water and ice, by L. J. Delaney, R . VV. H ouston and 

L. C. Eagleton . Chemical Engineering Science, Vol. 19, No. 2, p. 105- 14. 
E igen, N., alld others. 1964. Uber das kinetische Verha lten von Protonen und D euteronen in Eiskristallen, von 

M. Eigen, L. D eMaeyer und H.-C. Spatz. Berichte der B llIlSellgesellschaftJiir ph)lsikalische Chemie, Bd. 68, I I'. I , 

p. 19- 29. 
F letcher, N. H. 1968. Surface structure of water a nd ice. n . A revised model. Philosophical Maga z ine, Eighth 

Ser. , Vol. 18, No. 156, p. 1287- 300. 
J acca rd , C. 1959. E tude theorique e t experimenta le d es propietes elec triques de la glace. H elvetica Physica 

Acta, Vo!. 32, Fasc. 2, p. 89- 128. 
jacca rd , C. 1967. E lectri cal conduc tivity of the surface layer of ice. (Ill Oura, H ., ed. Physics oJ snow and ice : 

inlernational cO/iference on low tem/lerature science . ... 1966 ... . Proceedings, Vo!. I , Pt. I. [Sapporo], Institute of 
Low T emperature Science, H okkaido Univers ity, p . 173- 79. ) 

jeJ li nek, H . H . G. 1967. Liquid-like (transition) layer of ice. J Ollrnal oJ Col/aid and Inlerface Science, Vol. 25, 
No. 2, p. 192- 205. 

K vlividze, V. I. , alld others. 1974. T he mobile water phase on ice surfaces , [by] V. J. Kvlivid ze, V. F. Kisclev, 
A. B. Kurzayev a nd L. A. Usha kova. Surface Science, Vol. 44, No. I , p. 60- 68. 

Maeno, N. 1973[a]. M easuremen ts o f surface and volum e cond uct ivi ti es of sing le ice crysta ls. (11/. vVhalley, E., 
and others, ed. Physics alld chemistry DJ ice: papers Imsellted at Ihe ~)lmposillln 011 the Physics and Chemist~)I oJ Jce, held ill 
Ottawa, Canada , 14- 18 August 1972. Edited b)1 E . Wlwlley, S. J. J ones, L. W. Gold. Ottawa, R oyal Society of 
Canada, p. 140- 43. ) 

]V[aeno, N. 1973[b]. Single crystals o f ice grown from K C l solution and their dielectric properties. Canadian 
JOllrllalaJ P/~ysics , Vol. 51, No. 10, p. 1045- 52. 

Ma id ique, M . A., and alhers. 197 1. T ra nsfer of pro tons through " pure" ice J", single crystals. J I I. Extrinsic 
versus intrinsic polari za tion; surface versuS volume conduction, [by] M. A. Maidique, A. [R.] Von Hippcl 
a nd W. B. vVes tphal. J Ollrnal oJChemical Physics, Vol. 54, No. I , p. 150- 60. 

lV[ason, B. J., alld others . 1963. The g rowth habits a nd surface structure of ice crystals, by B. j. Mason, G. W. 
Bryant and A. P. Van den H eu \·el. Philosophical Aifagazine, Eighth Ser. , Vol. 8, No. 87, p. 505- 26. 

DI SCUSS IO N 

J. G. PAREN: You have discussed the d.c. response of ice surfaces . Have you tried to measure 
the a.c . re ponse as well ? Do you know if ice surfaces have a dielectric response? 

N. MAENO: W e have tried to measure a.c. responses of the ice surface with the present electrode 
system, but the a nalyses are not completed yet. I think that ice surfaces have a dielectric 
response, and that it could g ive m ore information about the surface properties of ice. 

C. J ACCARD: What is the temperature dependence of the "anomalous" compon ent of the 
conductivity due to the quasi-l iquid layer between 0 and - IDOC? 
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M AENO: We think tha t the "anoma lous" excess component of the surface conduc tivity 
observed near the melting poin t is caused by the conduction in the quasi-liquid layer formed 
on the ice surface, so tha t the temperature dependence of the component is considered to be in 
accordance with tha t of the thickness of the layer. 

J. HALLETT: The structure of any liquid-like layer on the ice surface is a function of tempera­
ture a s has been suggested before, but would also be expected to be dependent on the outlying 
vapour pressure. Yo u have shown that it is sensitive to evaporation ra te through surface 
tempera ture. H ow good is your assessment of surface tempera ture a nd ambient va pour 
pressure? 

M AENO: I agree. W e m easured the surface tempera ture with a 0.1 mm diameter copper­
constantan thermocouple to an accuracy of 0 .05 deg, and all the experiments were conducted 
after saturation of wa ter vapour had been attained. W e do not think a ny supersatura ted 
wa ter va pour existed a bove the ice surface. 

K. I TAGAKI : Could you suggest some possible mech a nism for the abrupt increase of con­
ducta n ce coupled with the decrease in surface tempera ture? 

M AENO: The increase of surface conduction on the subliming ice surface is considered to be 
a ttributable to the formation of a ny electrically active defects in the surface region due to 
sublima tion, and the decrease to the surface cooling due to sublima tion. 

P. CAMP : H ave you a n y model in mind for the process? M y reason for asking is this: Some 
years ago we made surface measurem ents which gave both high activation energy a nd high 
conductivity (Camp a nd others, Ig67) . U sing reasona ble values of hopping times and ch a rge, 
we found we could no t have both la rge activation energy a nd large values of conductivity for a 
monolayer. However , when we relaxed the condition of true surface conductivi ty a nd 
considered conduction in a thin surface region, we no longer had this difficulty because we 
could assign two par ts to our activa tion energy. One of these was the activation energy for the 
proton motion and the other tha t for the film thickness. 

M AENO : From our experimental results we can give a tentative model for the surface con­
duction of ice. W e consider tha t two different mechanisms are essentia lly responsible for the 
observed results: One is the surface conduction having the temperature-independent activa­
tion energy (1.43 e V ), which is predominant at lower temperatures below _ 6°C, a nd the 
other is the appeara nce of the quasi-liquid layer, which is superimposed on the first a nd is 
predominant at higher temperatures, a bove -6°C (see Fig. 2). W e agree with you tha t the 
observed surface conduction cannot be explained as occurring only in a surface monolayer. 
I t seem s more proba ble that the surface conduction of ice is a phenomenon taking place in a 
surface layer with som e effective thickness in which the molecular structure is disordered in 
the sense that it is no t as completely crys talline as the bulk ice. If we assume tha t the effective 
thickness of the surface layer is 0 a nd tha t the charge carriers are only of one kind , p ossibly 
H 30 +, the surface conductivity (J is written as 

(J = onYJ q, ( I ) 

where n, YJ , and q a re respectively the concentra tion , mobility, and effective charge of the 
cha rge carrier. It should be noted in Equation ( I) tha t 0, Il, and YJ a re functions of tempera­
ture. 

A t temperatures below _ 6°C observed values of (J ob eyed the Arrhenius equation, so if the 
a bove three quantities a re represented in the form of exp (- E/kT ), the large experimental 
value of activation energy can be decomposed as 

Es+ E n+E" = I.43 ± o.09 eV, (2) 
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where E8, E n, a nd E" are components which a re associa ted with the layer thickness, carrier 
formation, and m obility, r espectively. We have not enough information to sep ara te each of 
them further , and the effects of r elaxation time for surface molecules and drift distance should 
also be taken into considera tion. At tempera tures above - 6°C , S in Equation ( I ) is approxi­
mately equa l to the thickness of the quasi-liquid layer covering the ice surface, a nd we suppose 
that the enormously large tempera ture dependence of surface conductivity in this region is 
attributable to that of S as I have already mentioned briefly in r esponse to Professor J accard's 
question. 
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