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EFFECT OF PRESSURE ON THE DIELECTRIC PROPERTIES 
OF ICE Ih SINGLE CRYSTALS DOPED WITH NB3 AND BF 

By M. H UBMANN * 

(Laboratorium filr Festkorperphysik, Eidg. Technische Hochschule Zurich, CH-8049 
Zurich , Switzerland) 

ABSTRACT. Thi ; paper d escribes measurements of the dielectri c constant a nd of the conductivity on 
pure and doped ice single crystals subjected to hydrostati c pressure. The dopa nts used were NHJ 
(CN B , ~ 5 X 10- ' to 1.2 X 10- 4 molfl ) or H F (CHF = 5 X 10- 6 and 5 X 10- 4 mol /I). T h e pressure and tempera­
ture ranges covered were I to I 500 bar and - 15 to - 60°C. The activation volumes fo r the orientational 
a nd th e ionic contribution to the conducti vity could be determined. A definitive interpretation is not 
possible because ma ny ques tions concerning the form ation of the d efects are still open . I n addition to the 
main subjec t, some new data from conducti vity m easurements on NHrdoped single crystals at atmospheric 
pressure a re presen ted . 

R ESUME. Eifet de la pression sur les proprilItes de la glace l h dopee a N H J et a HF. Ce travail decrit des mesures 
de la consta nte die lectrique e t de la conductivite, effectuees sur d es m onocristaux d e g lace pure et dopee. 
Le dopage es t fa it avec NH3 (CNB , :::; 5 X 10- ' ..• 1,2 X 10- 4 M ) ou H F (cm ' = 5 X 10- 6 e t 5 X 10- 4 M ). L es 
uomaines de pression e t de te mpera ture vari ent entre I et I 500 bar e t entre - 15 e t - 60°C. La volume 
d'activat ion a pu etre d e termine au tant pour le, composants d e reori entation que p our les composants 
ioniques. U ne interpre ta tion fina le n'e3t pas possible, car plusieurs ques tions concerna nt la generation d es 
defa uts restent posecs. P a r a illeurs, quelques nouvelles valeurs d e conductivite sont presentees; ell es ont e te 
mesurees a pression a tmospherique sur des monocristaux dopes a NH3. 

ZUSAMMENFASSUNG. Eifekt van Drllck auf die dielektrischen Eigenschaflen von N H ,- und HF-dotiertem Eis Ih . 
Diese Arbeit be3chreibt M essungen der Dielektrizitatskonstanten und der Leitfahigkeit an reincn und 
doticrtc n E is-Einkrista llcn unter hydrostatisch em Druck. Dotiert wurde mi t NH 3 (CNH , ::::; 5 XIO- S ... 1,2 X 10- 4 

mol/I) od er HF (CHF = 5 X 10- 6 und 5 X 10- 4 m ol/I). Die ubers tri ch enen Druck- und T emperaturbereich e 
I . .. I 500 bar und - 15 ... - 60°C . Das Aktivierungsvolumen konnte sowohl fur die R eorienticrungs- a ls 
auch fur die ionische K omponente der Lcitfa higkeit bestimmt werden. Eine cndgultigc Interpreta tion ist 
nich t m oglich, da manch e Fragen uber die Erzeugung der Fehlstellen noch offen sind. Zusa tzlich zum 
Hauptthema werden einige neue R esulta te von Leitfahigkeitsmessungen an NH J-dotierten Einkristall e n 
bei Atmospharendruck vorgelegt. 

I. INTRODUCTION 

The dielectric relaxation and the conductivity of h exagonal ice have been successfully 
interpreted by means of some specific types of defects , namely orientationa l defects and ions 
(Bjerrum , 195 1; Granicher, 1958; Jaccard , 1959 and Ig64). No very specific properties of 
these defects need be postulated to give a qualitative interpretation for a great amount of 
experimental da ta (Steinemann, 1957; Gross, 1965). Based on the sam e assumptions the 
author (H ubmann, in press, unpublished ) was able to show, that a universal relation between 
electrical parameters can be derived from the theory . I t is valid for a ll cr ystals within the 
region where the phase Ih exists. Experimental data from pure ice and ice doped with HF 
and NH3 within a very large range of concentration, temperature and pressure fulfil this 
relation very well. Such agreement gives confidence in the validity of the model on which the 
procedure is based and enables exclusion of competing ones, e.g. the one given by Von Hippel 
(197 1). 

T hese manipula tions, a lthough revealing very astonishing properties of the system, a re 
unsuitable for determining details of the formation and transfer mechanisms in the lattice. 
Such insig hts into the mol ecular details can be obtained from the study of the influence which 
pressure exerts on the electrical properties. The first work in this direction was done by Ch an 
and others ( 1965), who made such experiments with pure ice. From this work valuable 
conclusions can be drawn. Gra nicher ( l g6g[b] ) proposed pressure experiments using doped 
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single crystals, which enable more information on the dynamic properties of the electrically 
active defects to be obtained . Some preliminary measurements on HF -doped crystals have 
been published already (Taubenberger and others, 1973). This paper represents a further 
step in the programme devised by Granicher. 

2 . EXPERIMENTAL 

2. I . Sample preparation; measuring cell 
The crystal growth a nd the determination of the dopant concentration was done by J. 

Bilgram. The NH3-doped crystals were produced by the Czochralski m ethod (Bilgram, 
1973), the HF-doped and the pure crys tals by zone melting (Bilgram and others, 1973). The 
samples were shaped to roug hly the desired dimensions on a lathe and then the two electrode 
faces cut plane and parallel by means of a microtome. Impurities which might have settled 
on the crystal faces during the treatment were removed by sublimation in the vacuum of the 
evapora tion p lant for 5 to 10 min at a temperature of - 10°C. This procedure removed 
about o. I to o. 15 mm of the crys tal on each side, so the parts of the crystal disturbed by the 
cutting were eliminated to a la rge extent. The crystal thus cleaned on the surface was then 
cooled down to the temperature of boiling nitrogen and at this temperature both electrode 
faces were covered with gold by evaporatio n. After gold plating, the crystal was warmed up 
to the cold-room temperature of - 15°C over a period of 5 h. On one side the gold electrode 
was divided into a centra l electrode and a guard ring by cutting a groove into the surface . 
After this treatment the crystal was placed in a tight "T efl o n " (polytetrafluorethylene) box. 
The empty space was filled with high-purity silicone oil or h eptane which served as pressure­
transmitting medium. This measure suppressed sublimation which would have caused the 
evaporated layer to peel off. When a doped sample was in the box, the fluid contained a 
certain amount of dopa nt which prevented losses of NH 3 or HF through diffusion. 

The NH3 samples were prepared immedia tely after termination of the Czochralsky 
growth procedure. The HF samples were worked out of large ice pieces with an age of 
several months. 

The samples were single crystal discs of 45 mm diameter and 6 to 8 mm thickness. The 
guarded electrode was abou t 20 mm in dia m eter and the gap between guard ring and centre 
electrode was 0.4 to 0.8 mm. 

The concentration of the dopant was determined after the measurements by melting the 
sample a nd analysing the concentration with ion-selective g lass electrodes. 

The " T eflon" box (Fig. I (a)) served as both measuring cell and storing vessel. Gold­
plated bronze leaf springs provide contact to the guard ring, which is on the top side in 
Figure I (a ) , and to the unguarded electrode. The contact force was 0 .2 to 0.4 N. The 
bottom of the box forms a m embrane of 0.7 mm thickness which enables transmission of the 
pressure into the interior. 

The box is supplied with SMC coaxial connectors which made storage and measurements 
in different types of device p ossible without removing the crystal from its environment. 

2.2 . Suppression of the out-dijfusion 

With the sample dimensions used, about 50% of the NH3 as well as of the HF is lost 
within 24 h when stored in free air. The fluid in the measuring cell is, therefore, enriched 
appropriately with the dopant to suppress the diffusion losses . In this way the crystal can be 
kept stable to the degree that the concentration-dependent low-frequency conductivity stays 
constant within a few per cent for several weeks. Before the crystal is measured for the first 
time, it is stored in the box at - 15°C for several days. This removes the inhomogeneity 
introduced during the preparation time of about 7 h, and an equilibrium b etween crystal 
and enriched fluid is reached. 
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a) b) 
Fig . I. (a) M easuring cell . D uring measurements , the pressure vessel is immersed in a bath of ethanol kept at cOllstant tempera­

ture. (b) Dispersion of an inhomogeneously dO/led ice crystal. For explanation of the lettering 0 11 the curves see text. 

T he achievement of the method described a bove can be seen from Figure I (b) . C urves 
A, B give the dispersion of Gp and Gp of an NH 3-doped crystal about 20 h after termination 
of the growth process. The fluid was pure silicone oi l, so out-diffusio n was possible. Even 
a fter 100 h, the diffusion was still going on as was indica ted by the still decreasing Gp at low 
freq uencies. At this stage the low-frequency increase of Gp was reduced a little. The fluid 
was finally replaced by fluid containing NH3. 120 h after the excha nge the Gp dispers ion 
reached a stationa ry state and the curves C, D were measured. Obviously the crystal has 
regained so much N H 3 that the low-frequency conductivity exceeds the initial value. Only a 
small part of the additional low-frequency dispersion rem ained . 

The initial concentration, measured using ice pieces from parts close to the sample in the 
same single crystal, was 4 X 10- 6 mol /I, the final concentration (after the measurem ent of 
c urves C and D in Figure I (b)) 9 X I 0- 6 mol/I. 

It is quite obvious that the low-frequency dispersion is caused by dopa n t inhomogeneity. 
For HF-doped crystals this effect has n ot been investigated but a simila r behaviour is exp ected 
when crystals a re kept in doped fluid . 

2·3· Nleasuremen t if sample impedance 

The impedance of the sample was measured as a function of frequency in the range I H z 
to 100 kHz. In the frequency range of 200 H z to 100 kHz a General Radio type 1615-A 
capacitance bridge was used. The m easurements in the low-frequency ra nge I Hz to 1kHz 
were m ade with a version of the bridge described by Berberian and Cole ( 1969). Both bridges 
had an accuracy of better than I %. 

In general the measurements were made with a voltage of 0.6 V amplitude across the 
sample. At this voltage, no voltage d ependence of the impedance was observed with highly 
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doped crystals. Lightly doped and pure crystals showed voltage dependence in the low­
frequency region which made a reduction of the measuring voltage necessary. Measurements 
were possible down to 50 mY. 

3. NUMERICAL PROCEDURES 

3. I . Evaluation if dispersion parameters 

The sample impedance Z is given by the two bridge readings Cp and Cp according to the 
defining formula 

I/Z = Gp + iwCp , 

which corresponds to a parallel equivalent circuit. The raw data Gp and Cp are proportional 
to the conductivity (J and to the dielectric constant E respectively. For the case where the 
dispersion is a Debye dispersion with a single relaxation time, the plot Cp versus C p forms a 
straight line whose end points are given by (Go, Cs) and (Coo, Coo) (Granicher, Ig6g[a] ) . The 
quantities in the brackets represent the limiting values ofCp and Gp at low and high frequency 
respectively. All samples reported in this work fu lfil this linear relationship quite well. 
Additional dispersion regions appear as deviations at the ends of the line. Figure 2 (a) shows 
as an example a plot of the dispersion curves C , D from Figure I (b) . In the low-frequency 
region the conductivity is affected only to a small extent by the extra dispersion. The limiting 
value Co can therefore easily be determined . When Co is known, Cs can be determined from 
the plot ofCp versus Cp as shown in Figure 2(a ) . Highly doped crystals show, in certain cases, 
a downward deviation at low frequencies. Here too the procedure described above is used . 

3.2. Separation of the conductivities (Jo and (J oo into the orientational and ionic part 

According to Jaccard 's ( lg64) theory the conductivities cr oo and (Jo can be expressed in 
terms of the conductivities crDL and (J± attributed to the orientational and the ionic defects 
respectively. 

(J oo = cr±+ crDL, 

e2 e±2 eDL2 

- = - +-. 
(Jo cr± crDL 

Cp (J 16 5 
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7 0 ~ 
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a) b) 
Fig. 2 . (a) D etermination of the limiting value Cs when an additionallow:frequency dispersion is present. Cp and Gp are propor­

tional to the dielectric constant. and to the cOlldllCtivi(y a respectively. (b) Separation of conductivities into orientational 
and ionic contribution. The example is taken f rom Figure 4. 
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As long as one of the two quantities G± or GDL is small compared to the o ther, one of them 
can be neglected in the expression for Go a nd Goo, and the de termina tion of the components is 
simple. When the components a re of simila r order of m agnitude, as is the case with d o ped 
crystals, a more refined procedure is necessary. The two equations a bove can be solved for 
GDL a nd G± giving the following set of formulae 

GDL = Goo/( I + p); G± = G oop /( I + p), 

where 

G± B ±(B2- 4s2 (e±/eDL)2)! 
p = - = 

GD L 2 S 

with 

B = ( I + e±/eDL)2-s( I + e±2/eDL2
) ; S = Go/ Goo . 

T he ra tio of the effec tive charges has been determined by the a utho r (Hubmann, un­
published ) with the resul t e±/eDL = 1.63 ± 2% . When the ions are domina n t the + sig n is 
to be used in the formula for p, and vice versa. Which of the two possibili t ies is present is clear 
in m ost cases. In the vicini ty of the crossover ( Go/ Goo > o.g) care must be taken in using this 
method . Inhomogeneities prevent the values Go/ Goo = I being reached leading to fa ul ty 
interpre ta tion . In addition to this, a superimposed low-frequency dispersion can simila rl y 
lead to e rroneous conclusions. Figure 2 (b ) shows the result of the sepa ration procedure just 
described . It looks ra ther convincing. 

4. R ESU L TS O N NH3-DOPE D ICE 

As a working hypo thesis, it is assumed that the HF a nd NH 3 dopa n t m olecules replace 
substitu tiona ll y H 20 m olecules and in troduce in this way L-defects or D-defects respec tively 
in to the la ttice in addition to the intrinsic defects. T hey a lso may undergo ionization p ro­
ducing io nic defects. 
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(a) Concentratioll dependence oJ high- (open signs ) and 10w-freqllellCY (closed signs ) conductivity. o . this work: single 
crystals; O. Levi alld L llbart ( /96/ ) : polycrystals; 6. . Arias and others ( /966) : flolycrystals. 

(b ) T emperature dependence oJ high- and low-frequency conductivity of single crystals doped with N H , . o . CNFI , = 8 X 1 0-6, 

6. .... CNFl J = 5 X /0- 5, O. CN H J = 1. 2 X 1 0 - 4 11101/[. M eaning oJ fidl alld open signs as ill (a ) . 
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Investigations of HF-doped ice are quite numerous (Steinemann, 1957; Gross, 1965; 
Camplin and Glen, 1973; Von Hippel and others, 1972). But on NHJ-doped ice there are 
only few (Levi and Lubart, 1961; Arias and others, 1966), since it is difficult to get sufficient 
amounts of NHJ into the lattice. This difficulty has been surmounted by Bilgram. A short 
account of the results on NHJ-doped ice is given here for this reason. 

The concentration dependence of the conductivities is given in Figure 3 (a). This figure 
shows large discrepancies compared with data from polycrystalline samples. One striking 
feature is that the high-frequency conductivity is not influenced by doping, meaning that the 
intrinsic population of orientational defects is not affected. A similar behaviour is found in 
the temperature dependence (Fig. 3(b)) . In the temperature range around - 45°C a remark­
able parallelism of the conductivities occurs. 

To conclude this brief review it should be mentioned that, in contrast to Arias and others 
(1966), only small additional low-frequency dispersion is observed. As is discussed in Section 2 

above, this phenomenon is due to inhomogeneity. The absence of this dispersion In our 
crystals can thus be taken as an indication of homogeneous NHJ distribution. 

5. RESULTS OF MEASUREMENTS FROM ICE UNDER PRESSURE 

5. I. General 

Figure 4 presents the conductivities <100, <10 and the static dielectric constant ES as a function 
of pressure as measured at various temperatures. At atmospheric pressure the crystal under 
consideration had a conductivity crossover at about -45°C . At - 15°C the crystal is in the 
domain where the orientational defects dominate but it is already close to the crossover. 
Increasing pressure increases the ionic conductivity and decreases the orientational conducti­
vity. Thus the crystal is shifted toward1:he crossover. This change is also indicated by a 
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Fig 4. Pressure dependence of the conductivities aD, a"" and cif the dielectric constant ' s at various temperatures. Ice single 
crystals CNH, = 5 X 10-' mol/I. Field parallel to c-axis. The scales are linear for pressure and for dielectric constant 
and logarithmic for the conductivities. 
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decrease in Es. When the conductivities 0' 00 and (J'o are close enough, as is the case at - 25°C 
and - 35°C, it is possible to shift the system across the crossover by pressure. At - 51 and 
- 6 I °C the ionic regime is already reached at atmospheric pressure. Now pressure induces 
a shift deeper into the ionic domain. It is remarkable that values for ES of more than 180 can 
be reached. It is interesting to note here that the behaviour under pressure also follows the 
universal relation mentioned in the Introduction. 

It is clear that a direct interpretation of the pressure dependence of the two measured 
quantities 0' 00 and (J'o is not possible. Both conductivities consist of two components which are 
comparable in magnitude. Therefore decomposition into O'DL and O'± according to the 
procedure described in Section 3.2 gives better insight as is obvious from Figure 2 (b ) . For 
this reason the behaviour of the derived quantities (J'DL and O'± as a function of pressure is 
discussed in the following. 

5.2. T emperature dependence of the activation volume 

The pressure dependence is usually discussed in terms of the activation volume 

RTdO'i 
t.Vi = - --;: dp , i = DL, ± . ( I) 

Because In (O'i ) depends linearly on the pressure (see Fig. 2(b)), this is an adequate description. 
Figure 5(a ) gives a summary of the data obtained. The activation volume of the ionic 
conductivities is negative, that of the orientational conductivities positive. A small tempera­
ture dependence exists. 

Some NH3-doped crystals (CNH3 = 5 X 10- 5 and 1.2 X 10- 4 mol/ I) show, at low tempera­
tures, no linear relation between In (O'DL) and pressure. In this case approximate values for 
the activation volumes at p ~ I bar and for p ~ I kbar are given and the temperature 
dependence is indicated by the dashed lines. Because there are not enough measurements 
available it is not possible to decide whether this expresses a systematic trend or only an 
individual deviation of a peculiar crystal. The second possibility appears to be more likely. 

5.3 . Activation volumes as afunction of doping 

A survey of activation volumes versus the concentration is given in Figure 5 (b ) . The 
scales for the NH3 and HF concentrations have been chosen in a way that, roughly speaking, 
the concentrations of H 30 + and L-defects increase when going from left to right and the 
concentrations of OH- and D-defects decrease. To give an idea about the type of defect 
dominant, the approximate position of the crossovers (I, II) have been estimated and indicated 
on the diagram. 

6. DISCUSSION 

6. I. Scheme of interpretation 

Because there are two species of orientational defects and two species of ions, the con­
ductivities O'DL and (J'± can be split once again into two different terms 

O'DL = (J'L + O'D = eDLIlLuL + eDLnDuD, 

O'± = 0'++ 0'_ = e±n+u+ + e±ll _u_. 

In these expressions eDL, e± are the effective charges, Ili the defect concentrations, and Ui the 
mobilities. In many cases one of the two terms in Equations (2) and (3) is so small it can be 
neglected, simplifying the discussion. The pressure dependence of each term is written as 
follows: 
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1 dcri 1 dei 1 dni 1 dUi 
~ dp =;; dp + ni dp +~ dp 

1 dei Ll Vif L'l Vit 
=;; dp- RT - RY' 

The magnitude of the first term is small , of the order of the linear compressibility, and 
can therefore be neglected for a qualitative consideration. The second term reflects the 
influence of pressure on the "quasi-chemical" processes (dissociation and recombination) by 
which the defects are formed. Finally, the third term gives the pressure dependence of the 
kinetics of an elementary displacement step. From this it is obvious that the pressure coeffi­
cient defined by Equation (I) is caused by two contributions which are different in nature. 
A more detailed discussion of the elementary processes and some estimates on the values to be 
expected can be found in the paper by Chan and others ( lg65). Based on certain assumptions 
on the defect chemistry, Granicher ( Ig6g[b] ) devised a programme using measurements on 
doped ice which makes it possible to determine the activation volumes of each defect 
separately. 
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Fig. 5. (a) Activation volumes of aDL and a ± . t, VD I. are positive, t, V ± negative. The doping concentrations (in mol/l ) and 
the pressure-transmitting fluid used were: V CNIT , = l.2 X 10- ., Heptane + NH 3 ; [';, c:om , = 9 X 1 0 - ;, H eptane+ 
NH,; D CN H , = 5 X 1O- S, silicone oil+ NH 3 ; • pure, H eptane; • CHF = 4·5 X 10- 4, Heptane+ HF ; T CHF = 
5 X 1 0 - 6, Heptane+ HF; X CNH, ~ I.5 X 10- 4; + CNH, ~ 8 X 10- S; F CHF ~ 3 X 10- S; H CHF ~ 5 X 1 0 - 6. 

The lastfour samples in this sequence were measured in pure silicone oil. (b) Activation volumes at various concentrations. 
Open signs t, VD L, full signs t, V ±. V T represent data from measurements in pure transmission fluids. They are on this 
ground inhomogeneously doped and their cOllcentratioll must therifore be taken as very approximate. 
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6 .2. Orientational conductivity 

From wha t has been said it is very surprising to see from Figure 5(b) tha t the activa tion 
volume of O'DL is almost indifferent to doping concentra tion as well as to the doping species. 
In the region largely comprising the interval below and som ewhat across the first crossover 
I the orienta tional defects a re in trinsic. At - 25°C this region is given by CHF ~ 10- 5 mol/l 
or CNH

3 
~ 10- 4 mol/I. H ere O'DL contains a term which d escribes the influence of pressure 

on the dissociation of two bonds into a L- a nd D-defect by a m olecular ro ta tion, 

(5) 

In the region beyond the second crossover 11 (in HF-dop ed crys tals) , on the other hand, 
the L-defects a re extrinsic . One can write nL = CHF, so the term (1 /nL) dnL/dp from the 
defect genera tion Equa tion (4) is zero. The pressure dependence is therefore determined by 
the term ~ V i t a lone, so one expects in this region a value of ~ VDL which is different from the 
one in the intrinsic region. T he discrepa ncy becomes m ore pronounced if one takes into 
account that O'D can be d ropped in Equation (2) for pure and H F-doped ice because UD < UL 
for structura l reasons. F rom the measurem ents one must thus tenta tively conclude tha t 
R eaction (5) is independent of pressure. H ow far ~ VDLr = 0 can be brought in to agreement 
with considera tions given by Chan and o thers (1965) is left open. 

T he indifference of ~ VDL on doping a llows also a conclusion on the d efect interaction 
proposed by Bilgram and Gra nicher (1974) postula ting mobile H 30 +. L aggregates. In the 
region between the crossovers I and 11, L-defects are in the minority. T h eir number I S 

controlled by the dissociation of aggregates 

H 30 + 'L ~ H 30 ++ L. (6) 

As consequence of this, one expects a value for ~ VDL which differs from those in the intrinsic 
and in the ex trinsic regions. Whether pressure-independence of the reac tion (6) can be 
proposed is even more questionable tha n fo r (5) . 

On the N H 3 side the reasoning is different. As a resul t of the conductivity m easurements 
it follows that O' DL is not a ffected up to concentra tions of 10- 4 mol/I, which m eans tha t the 
intrinsic region ex tends to this concentration . A t lower temperature an increase of activation 
volume is observed . 

6.3. Ionic conductivity 

Fewer problems are encoun tered with the ionic conductivity, because there one finds the 
varia tions in ~ V ± necessary for an expla nation . T he intrinsic concentra tion of the ions is so 
sma ll that even small amounts of impurities a re sufficient to bring the crystal in to the ex trinsic 
state. T he activation volume remains constant for small a nd medium H F concentra tions. 
T he value of - 7 cm3/mol in the diagra m for pure ice was ob tained fro m a sample with 
extremely low 0'0' From m easurements of Camplin and G len (1973) it is known that there 
exists a concen tration ra nge where 0'0 is propor tional to the concentratio n of H F. T his 
corresponds to a full dissocia tion of H F according to 

H F + H 20 ~ F - + H P +. 

O ne has 1l+ ~ CHF and ( I /n+) dll+/dp ~ o. 
At higher concentra tio ns the dissociatio n is no longer complete, this is a n ecessary condi­

tion for the existence of a second crossover. Now 1l+ i= CHF a nd ( I /n+) dll+/dp is controlled by 
the dissocia tion of HF. H ence in the range of incomplete dissocia tion the activation volume 
must cha nge to a nother value as shown by F igure 5(b). 

In the N H ] case no unique explanation can be given a t p resent because of a lack of da ta 
in the lower conductivi ty ra nge. It is easy to see however, tha t similar a rguments are valid. 
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6.4. Summary 

The discussion above shows that the interpretation is strongly based on the defect chemistry 
assumed. Sections 6.2 and 6,3 rely on assumptions developed by Steinemann, Granicher, and 
Jaccard in the early sixties and also on the observed linear dependence of cro on HF concentra­
tion (Camplin and Glen, 1973). These do not allow for interactions of the defects to form 
aggregates and also suppose that dopants are built into the lattice by substituting H 2 0 
molecules. The discovery by Bilgram and Granicher (1974), that these old assumptions lead to 
unexpected values for the mobility, gave a clear indication that the simple picture of the defect 
chemistry must be revised. The high diffusivities of HF (Haltenorth and Klinger, 1969) and 
NH3 (Hubmann, 1975) in ice also suggest that interstitial impurities, and eventually lattice 
distortions from dislocations, play a role. Therefore it can be seen that the problem of defect 
chemistry must be solved before reliable conclusions can be obtained from measurements of 
conductivities under pressure. The results from these experiments can nevertheless give 
valuable hints toward elucidation of the processes of defect formation and interaction. 
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DISCUSSION 

G. C . CAMPLIN: Do you see your results substantiating a theory based upon Bjerrum defects 
a nd ionic defects or one which involves Bjerrum-ion aggregates ? 

M. H UBMANN: The results obtained here confirm the formalism developed by Jaccard and 
are therefore interpreted in terms of that formalism. The formalism just mentioned starts from 
a minimum of assumptions, which a r e : (a) there are mobile defects, and (b) they change the 
configuration of the lattice while moving. Besides Bjerrum and ionic defects there are other 
defects having this property among which are vested vacancies and aggregates. So I would 
not stick too much to Bjerrum and ionic defects. Strictly speaking, this question is still open at 
present. 

R . T AUBENBERGER: As you have m easurements now both for NH 3- and HF-doped crystals 
for large ionic majority, it should be possible to determine all the defec ts' activation volumes 
according to Granicher's ( Ig6g[b J) programme. Have you tried this and if so, is there 
anything conclusive? 

H UBMANN: In my paper I tried to show that such an interpretation leads to doubtful conclu­
sions. This is because it is based on the origin and interaction of the defects assumed. It is 
this very fi eld where the discussions are still going on as we have seen in the foregoing session. 
So a definitive evalua tion of the qua ntities under consideration is not possible at present. 

TAUBENBERGER: Did you make sure b y plotting the Ti ( I / T ) of the D ebye dispersion and the 
adjacent ones that for lower temperatures and higher doping concentra tions you are a lso In 

the so-call ed ionic branch dealing with the intrinsic dispersion region? 

H UBMA N: In none of my experiments did this form a problem, because dispersions of other 
origin than the orientational one were either largely absent or well separated in the frequency 
ra nge. Sophisticated m ethods such as you suggest in your question were not necessary. 

TA UBENBERGER: The very la rge effect of pressure on the ionic branch shows that p does not 
act on <10 in the way to be expected from the thermal activation of some ionic defect. Do you 
think that the pressure coeffi cient for <10 is measuring any sort of bulk property? 
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H UBMANN: It is quite correct that the activation volume of O"±, which is in m a n y cases res­
ponsible for the behaviour of 0"0, is high; the physical significance of this is subject to a 
molecular interpretation. The behaviour of the quantity in ques tion however is stric tly in the 
form the Jaccard model requires. This can hardly be expected from a process other than a 
bulk property. 

TAUBENBERGER: You found that ~VDL is approximately constant in the whole concentra tion 
r egion covering the passage of the first and second ~E minimum. Would you not take this as a 
hint that 0" 00 never lost its significance as being due to Bjerrum defects, in other words that 
you never passed a crossover in the sense of Jaccard 's model at all, and that ~E minima are 
just phenomenologically given by the proximity in values of two individually-acting con­
ductivity mechanisms? 

H UBMANN : The absolute values of 0" 00 and 0"0 give a clear indication whether the d efects are 
intrinsic or extrinsic, from which conclusions on the character of the majori ty carriers can be 
drawn. In addition to this it is possible to compare my results with results from other work 
from which the positions of the ~E minima can b e determined. Finally the position of the 
m easured values on the universal A (s) representation allows an identification of the state. So 
when evaluating my results there was never any doubt which type of carrier is in the majority. 
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