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IONIC DIFFUSION AND THE PROPERTIES OF QUARTZX
I. THE DIRECT CURRENT RESISTIVITY
HBNnv E. WBNonw, Horvard Uniaersity,Cambr,idge,
Mossachusetts.f
Assrnecr
The direct current resistivity of a number oI Z-cut plates of natural quartz has been
measured and the dependence of the axial resistivity upon tempemture, field intensity,
crystallographic orientation and time of passage of current investigated. The history of
investigation of this property is summarized and previous results tabulated. The current
flowing in a quartz plate under the influence of an electric field is complex, consisting of
parts having characteristic time dependence and activation energies. The anomalous
charging and discharging currents were investigated, and are considered to be the result
of a reversible interfacial polarization having a relaxation frequency near 0.01-o.001
cycle/sec. The early surge current is connected with the migration of impurity ions and
decays as a result of irreversible trapping and electrolytic exclusion of these ions. During
the period of dominance of this current, quartz displays semiconductor behavior. Room
temperature resistivity during this phase of conductionis of the order of 10r3-101eohm-cm,
resistivity at 500'c. is of the order of 105 ohm-cm, and activation energy lies in the range
20-25 kcar./mole. After passage of current for over 500 hours, the steady-state mechanism
is unmasked, yielding an activation energy of 35-40 kcal./mole, room temperature resistivity of the order of 1027ohm-cm, and resistivity at 500o C. of about 5X10e ohm-cm.
Quartz is shown to have a marked voltage coefficient o{ resistivity which varies with
temperature and time of passage of current. This complex interdependence of the factors
affecting the resistivity of quartz arises out of the common connection with the migration
of impurity ions. Resistivity is a vectorial property but the exact nature of the dependence
has not been completely investigated. Ionic difiusion in the equatoriai direction has been
observed, and has been demonstrated to play a part in the equatorial conductivity.
Existing discrepancies and contradictions in reported values for the resistivity of quartz
are shown to have their origin in the neglect of the factor of time of passage of current.
when current is passed for a sufficiently long time to exhaust impurity ion connected
mechanisms of conduction, the diflerence between axial and equatorial resistivity and
the difierence between difierent samples of quartz is of the same magnitude as the experimental error.

hqrnopucrroN
Quartz is outstanding among minerals for the constancy of its physical properties.Except in those caseswhere numerousvoids or inclusions
are present, the density, indices of refraction and unit cell dimensions of
clear qlartz, and even of most colored varieties, show a remarkable consistency from sample to sample and locality to locality. A Harvard
group (Frondel and Hurlbut (1953)),studying variations in theseproperties of quartz, found differences so minute as to require instrumental
* contribution No. 383, Departrnent
of Mineralogy and petrography, Harvard university, Cambridge, Massachusetts.
t Present Address: Department of Mineralogy, The ohio state university, columbus,
Ohio.
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Frc. 1. Summary of published resistivity data, 1901-1956. Measurements over a range
of temperature plotted as log resistivity vs. reciprocal of absolute temperature. Measurements at a single temperature by Thornton (circles), Curtis (hexagon), Richardson (triangles) and Klarmann (square).

techniques of the highest precision for their certain detection. Chemical
analyses made in the course of that study revealed very low total impurity content (Table 3) and left considerable uncertainty as to the
proper correlation of observed variations in physical properties with the
impurities detected by analysis. Prof. C. S. Hurlbut suggested to the
author in the fall of 1953 that light might be shed on theseproblemsby
the diffusion into quartz of impurity ions. Exploratory experiments
yielded positive results, and a program to study the effects on the properties of quartz of impurity ions introduced by ionic diffusion was initiated.
In the course of this work precise information on the direct current
resistivity of natural qtartz became necessaryin order to evaluate the
contribution to the total conductivity of the introduced impurity ions
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undergoing diffusion. The data available in the literature presented a
picture of inconsistency and contradiction quite at variance with the
remarkable constancy of most of the other properties of qtartz. l-igure 1
summarizesthe existing information up to the time of the presentinvestigation. It will be noted that the values of axial resistivity* reported by
difierent authors for any given temperature range over two decades.
The slopesof the curves likewise show a wide range, indicating lack of
agreementas to the energyof activation of the mechanismof conduction.
As a result of the variation in slope of the curves, room temperature
resistivities obtained by extrapolation (Table 1) show very large disTesrn 1. Suuu,lrv o.r'Expr.rurrrlrField
intensity
(volts,/cm)

Author

Curie
Exner
Thornton
Curtis
Richardson
Joff6
Rochow
Klarmann
Sarzhevskii
Verhoogen
Bottom

1886 89
7-300
1901
100-150
1910
t7
191.2
26.5
265
1915-25
1928
26-500
1938
500-1200
room
1938
1952
300-500
1952
300-500
- 42-416
1953

King

1955-56

85-462

Strauss
Wenden

1956
1955-57

200-500
25-535

10s 11d
1m 144d
0 5-1 0s
l0s-20m
to 190h

to 10d
1 5m
to 600h
1-20m
to 1400h

l-6000
270-600
0 09-0 7sf

to 10,000
25
1-2 X tO'
28000
350-1750

500
1000(?)
to 2000

Mntsoos

Electrode

Resistivity (25" C. )
(ohm-cm)

matedal

Equat
PI
Na amalgam
none
metallic
silver
metal or graphite
Pt foil
silver

3 x totu
I 5xlotu
4 . 3X l o t i
1 X 1ore*
1 x lo'n*
1X1c'2*

Pt
aluminum
Pt
stainless steel
Pt

1 X 1013*

* Extrapolated value, given as an order of magnitude.
T e,s.u,

crepancies.The agreementconcerningthe equatorial resistivity is only
slightly better.
Differences between axial and equatorial resistivity reported by any
one author are as great as 106,if curvesare extrapolatedto room temperature. l{oreover, if the least value for axial resistivity is compared with
the largest value for equatorial resistivity, both reduced to room temperature, the difference is greater than 1015.There is no basis in theory for
such enormous difierences in axial and equatorial resistivity of pure,
ordered quaftz. It is very probable that this efiect is dependent upon
impurities, and indeed it was suggestedas early as,1887(Warburg and
Tegetmeier) that the migration of sodium through quartz in the direcx
"Axial resistivity" is considered to be the resistivity of a quartz crystal for current
flowing parallel to the c axis.
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tion of the c axis might account for the large observed differencein axial
and equatorial resistivity. This is a reasonablepostulate, and indicates
that the resistivity is extraordinarily sensitive to impurity content, and
hence is of peculiar significance in the study of the effect of such ions
on the properties of quartz. For this reason, as well as to obtain reliable
numerical values for this property, a series of careful measurementsof
the direct current resistivity were undertaken. This paper is a report on
this phase of the problem.
Hrsronrc.q.r,Noro
The first significant measurementsof the direct current resistivity of
qlrartz were made by Jacques Curie as a part of a thesis on the electrical
propertiesof crystals,and were reported in 1886, 1888 and 1889.At the
same time research on the electrical resistivity oI quaftz was being
carried out by Warburg and Tegetmeier (1887, 1888). These pioneer
efforts were remarkably successful,and most of the important features
of tlre direct current conductivitiy of qtartz were clearly indicated. For
example, Curie recognizedthe dependenceof the resistivity on the time
of passageof current, and made a quantitative statement of the currenttime relation in exponential form. Likewise, Warburg and Tegetmeier
clearly demonstrated the axial transport of charge by sodium ions
through quartz plates, and correctly inferred that the greater part of
the short-term conduction is electrolytic. However, these observations,
valid in themselves, did not lead to correct inferences concerning the
general mechanism of conduction in quartz, and the subsequenthistory
of investigation of this property is one of disagreementand inconsistency,
arising in the main from neglect by the experimentersof the Iactor of time
of passageof current.
ExpBnrueNrar Nluruops
The block diagram (Fig. 2) shows the essentialelementsof the apparatus used in the present study. Figure 4 shows the layout of the equipment and identifies the components.
A Z-cut disc of optical grade Brazilian quartz, polished on both surfaces, is placed in a vertical muffie furnace between platinum foil electrodes, and upon the upper electrode, insulated from it by a one-inch
quartz cylinder, are placed stainlesssteel weights to maintain good contact. Another qtrartz cylinder insulates the lower electrode from the
stainlesssteel block on which it rests, and the seli-supporting leads from
the electrodesleave the furnace through oversizeclearanceholes in the
ceramic base. Figure 3 shows the holder assembly and furnace construction. A regulated power supply furnishing 0-1500 volts in 150 volt steps
is connected in series with the test samole and the decade shunt of a
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Frc. 2. Block diagram of apparatus for resistivity measurement.

Keithley Model 210 electrometer.A potential is impressedacross the
sample and a current flows through the shunt. The voltage Acrossthe
shunt is read by the electrometer, whose output drives the 0-5 millivolt
range of a two-position Leeds-Northrop N{odel G Speedomax recorder
through a suitable attenuator. A thermocouple in the stainless steel
block beneath the sample holder actuates the secondrange of the Speedomax recorder, which is directly calibrated in degreesC., so that a continuous record of furnace temperature and current flowing in the plate
under test are kept on the same strip chart. A switch permits reversal
of polarity of the applied voltage.
The furnace is counterweighted and slides up and down easily on
stainless steel rods. The support framework of the furnace is designed
to accommodate the electrometer beneath the furnace so that the critical
lead from the sample to the high side of the electrometer shurrt may be
kept short. Furnace temperature is set by means of a General Radio V5
Variac, and line voltage fluctuations are suppressedby use of Raytheon
voltage stabilizers.
The overall precision of the measurements is low, plus or minus 10
per cent, but is adequate for the purposes of this investigrltion. The
general accuracy of the instruments was checked at regular inbervals by
comparison of the reading of the Speedomaxagainst two difierent portable potentiometers, and by calibration of the voltage scalesof the electrometer against standard cells. No guard electrode was used, 4s Rochow
(1938) and others have shown that the error resulting from sutrfaceconduction is negligible above about 200' C.
Study of the ionic conductivity of quartz and of the mobility of ions
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Frc. 3. Sample holder arrangement and
furnace construction. Polarity reversing
switch at lower center.

Frc. 4. Resistivity apparatus. o, attenuator; e, electrometer;/, furnace; r, recorderl
1, power supply; zr, voltage regulator;
v, vatrac; ls, time switch.

in quartz may be carriedout simply by inserting betweenthe quartz plate
and the platinum anode a pressed pellet of a non-volatile, non-hygroscopicsalt of the ion of interest. In Fig. 3, such a pellet of sodium chloride may be seen in place above the quaftz disc. Ionic diffusion aspecrs
of this study will be discussedin a later publication.
DTpBNnBNcEoF THE Rosrsrrvrry oN TrME or,
Pessacn or,CuRREN'I'
Of the many factors which determine the resistivity of quartz, the
length of time during which the current flows in the sample is that which
producesthe largestefiect, and which has the most complex relationship
with the numerical value of the resistivity. For example, passageof current through a plate oI qttartz for over 500 hours produced an increasein
resistivity of 108ohm-cm.
Whenever a potential is applied to a plate ol quartz a current flows
which is large at first and diminishes rapidly with time. This current
consistsof four parts, each of which has its own time dependence.These
are, in the order of their appearance:
(a)
(b)
(c)
(d)

the
the
the
the

normal dielectric charging current
anomalous charging current
surge current
steady-state direct conduction current
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(a) The normal dielectric charging current, or displacement current,
appears as an instantaneous "kick" of the galvanometer as the capacitor
formed by the platinum electrodes,Ieads and switch gear charges. This
current is generally interpreted as displacement in an applied electric
field either of electrons in the electronic superstructure of ions, or of cations and anions relative to each other in the structure. The relative
importance of the two types of displacement dependson the frequency of
the exciting field (Mott and Gurney (1948)).In direct current measurements, where the capacitance of the circuit yields a time constant of a
fraction of a second,this mechanism is of no practical importance.
(6) The anomalous currents are small currents which make their appearancewhenever potential is changed, a charging current if the potential is increased,a discharging current if the potential is decreased.These
currents are of short duration, having a relaxation time of the order of
minutes, and are superposedon the currents resulting from other modes
of conduction. Hence, when the currents due to other modes of conduction are very small the anomalous currents form a significant part of the
total current, and the Law of Superposition,as stated by Curie (1889)
and generalizedby Jacquerodand Mugeli (1922)holds.This law may be
stated: "The total quantity of electricity transported by the adomalous
charging current is equal to that transported by the anomalous discharge current." This may be stated:
=
0chareine

[o'Lal:

:
Oaiscbareine

I r-wt

Q is the quantity of charge in coulombs, I, and Ia are the charging and
discharging currents in amperes,respectively, I is time in secon{s, and if
it is supposedthat the circuit is closed at time 0, charging currpnt flows
until time I, upon which the potential is removed or shorted out, and
discharge current then flows until time
"o. Essentially complete charge
and discharge, as measured with a practical electrometer, is reached in
5-15 minutes.
In an effort to isolatethe mechanismof conductionresponsiblefor the
anomalous charging and discharging currents some experimehts were
undertaken using manually switched square-wavealternating cgrrent at
frequenciesol l/900,1/300 and 1/60 cyclesper second.
At the time these experiments were made current had flowed in the
test plate for a total of 108 hours at elevated temperature, so that further decreaseof current during the short period of the tests was negligible. The tests were made at 100oC., a temperature at which the direct
conduction current was too small to measure on the Keithley electrometer.
Polarity was reversed every 15 minutes, 5 minutes and 1 rllinute in
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Frc. 5. Current-time curves for square
wave alternating current at 100o C. Traced
directly from the Speedomax strip chart.
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Frc. 6. Current-time curves for anomalous charging and discharging currents at
100' C. Traced directly from the Speedomax
strip chart.

succession,recording several cycles at each frequency. Figure 5 is a tracing of the strip chart record for the 1/900 and I/300 cycle/sec frequencies. Each half cycle is entirely symmetrical with the half cycles preceding and following. The mode of current decay for each half cycle can be
closelyapproximatedby Curie's formula
: Ar,* where

'l : lo''i
at loo"c.
n:1.4\

and p is resistivity in ohm-cm, I is time in seconds,and ,4 and z are constants for a given temperature.
I{ence, although there is, strictly speaking, no measurable direct current flowing, if the time I above is small compared to the relaxation time
of 6-7 minutes observed, there will be an alternating current flow that is
appreciable due entirely to the anomalous charging current. In this way,
the anomalous phenomenon acts to store and return energy into the
external circuit just as a capacitor does.The question may arise, is this
not in fact a capacitative effect? The capacitance of the platinum electrodes may be computed from the formula for a parallel plate capacitor
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as 0.7 p.p.fd.
with air dielectric (-k::1) for one inch diameter electrodes
spaced0.25 inch apart. But the capacitanceof the system required to
yield the charging current curve observedmay be found from the formula
,
C:

-o-"

-farads

where I is time in seconds,Eo the initial voltage read on the electrometer
acrossshunting resistorR, and E, the voltageread at time l. This formula
is valid for capacitors either charging or discharging through a resistor'
in this casethe entire capacitanceof the system discharging through the
shunt in the decadebox, 1010ohms. Solving,
: 96soppJd.
c : ---!!-:^
10ro
lo& (5.2/1.5)
This capacitance requires a dielectric constant for quartz of 13786.
Whereas this is not an impossible value for dielectric constant, it is larger
by a factor of 3000 than the customary value of 4.6 lor the axial dielectric
constant ol quaftz. Furthermore, if similar measurementsare made at
higher temperature, the value of K required becomeseven greater. However, for alternating currents having higher frequencies, over 0.1 cycle
/sec, the mechanism consideredhere does not operate, as the rise time of
this current is of the order of a few seconds.
Jofi6 (1923) discards the concept of a change of dielectric constant of
this magnitude as implying viscous processesin crystals for which no
evidenceexists. Field (1944), following Maxwell's theory of layered dielectrics,suggeststhat such an increasein dielectric constant results from
the accumulation of charge carriers, either ions or electrons, at domain
interfaces and submicroscopicdefectsin the Iattice, constituting a reversible polarization which he terms interfacial polarization.
Field (194a) points out that if we considerthe dielectric constant for
optical frequencies, which is equal to the square of the index of refraction, as the result of electronic polarization and come down the scale of
frequency, each new type of polarization encountered will produce an
increasein the dielectric constant. Each type of polarization has associated with it a relaxation time T at which the polarization is within 1/e
of completion, and a relaxation frequency/- connected with the relaxation time T by the equation
t* -

1
2oT

at which frequency the loss factor has a maximum value. Entering this
equation with values of T derived from the experiments described we
find values tor f*in the range 0.01-0.001cycle for the anomalous currents.
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In the caseof quartz, the mean dielectric constant for optical frequencies is about 2.4. For radio frequencies,the mean dielectric constant is
about 4.6 for all frequenciesfrom power to UHF. Ilence, a relaxation
frequency must lie somewherein the microwave-infrared region, associated with the excitation of a new type of polarization, probably ionic
displacement of lattice ions. We have just seenthat there is evidence for
anotherincreasein dielectricconstant in the 0.01-0.001cycle/secregion.
This increase must reflect the appearanceof still another type of polarization. Field (1944) and Nlurphy and Morgan (1937) consider this to be
interfacial polarization in the caseof various commercial ceramic dielectric materials. Figure 7 shows the behavior of the dielectric constant and
loss factor of qtartz with frequency.
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Frc. 7. Dielectric constant and loss factor of quartz over a wide range of frequency.

A seriesof charging and discharging curves were also recorded at 100o
C. (Fig. 6) by applying a potential for 10 minutes, short circuiting the
power supply for 10 minutes, applying potential with reversed polarity
for 10 minutes, then shorting the power sourcefor another 10 minutes.
Charge and discharge curves are identical within the limits of precision
of the method, indicating that the Law of Superpositionholds, and that
the phenomenonis completely reversible.The relation
Ol."gioe

:

Odisehoreing

holcls,and no direct current flow has taken place.
When this experimentis repeatedat a higher temperature,the Law of
Superpositionholds for the anomalouspart of the current, but does not
for the entire observed current becausethe direct conduction current is
large compared with the anomalous current. For this reason, charging
and discharging curves taken at 280' C. are not symmetrical nor identical. In Fig. 8 note that the scalesfor charge and discharge currents are
not the same. The discharge current for either polarity is identical in
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Frc. 8. Current-time curves showing charging and discharging current at 280" C. Note
that the scale for the charging current is not the same as that for the discha(ging current.
Traced directly from the Speedomax strip chart.

magnitude and waveform to that yielded after charging with opposite
polarity at the same temperature for the same time, although the charging current curves display an asymmetry resulting from the sqmiconductor behavior of quartz discussedlater in this paper.
This experiment indicates clearly that the anomalous charging currents are independent of, and superposedon those currents carried by
other mechanisms. The anomalous currents increase with increase in
temperature, but at a much smaller rate than the direct conduction cur-
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rent. When the temperature was increased from 100" C. to 280. C. in
the preceding experiment, the increasein peak value of charging current
was only about 0.3 per cent of the increasein direct conduction current.
Thus, the anomalous currents seem to be present at all temperatures
but relatively insensitive to temperature changes. They probably contribute little to the net conduction. They are not a significant source of
error in measurementsof resistivity unless the current is read within a
few minutes after application of potential. We may consider that these
currents are caused by displacement of non-lattice ionic and possible
electronic charge carriers, and that the decay of the charging current is
the result of the reversible trapping of charge carriers at domain interfaces and Iattice imperfections. The discharge current is the result of
equalization of distribution of charges after the removal of the exciting
potential. Sarzhevskii (1952) has shown that free electronsexist in quartz
at temperatures below 300" C. and these may play a part in the anomalous currents at these temperatures, but the dominant role of cations
seemsto be establishedby Joff6's (t928) observation that the density of
the space charges which appear in quartz in an electric field is always
greatest near the cathode, regardlessof polarity.
(c) The third part of the current is one which constitutes the largest
part of the total current for several hours after application of potential,
and which becauseof its behavior I shall call surge current. Upon application oI e.m.f. for the first time at any given temperature, current rises
rapidly to a maximum, reaching peak value in less than three minutes,
and in many casesin less than one second.Thereafter, current decreases
with passageof time.
The decreaseis rapid for the first hour, generally to one per cent or less
of the initial peak current. For the next 5-7 hours the current decays less
rapidly, reaching about 50 per cent of the one hour current at 6-8 hours
from the start of the run. The current then falls much more slowly, the
rate of change of current with time decreasing slowly as current decreases.This trend continuesfor over 500 hours.
For time of flow of current up to one hour, the rate of decay of current,
ratio of peak current to one hour current, and form of the decay curve
differ from run to run, temperature to temperature, and sample to
sample (Fig.9). However, after the first hour, a pattern is well established. From about the end of the first hour to the sixth or eighth hour,
if the logarithm of the resistivity is plotted against the reciprocal of the
time, this portion of the curve is almost a straight line (Fig. 10). About
the sixth to the eighth hour, a fairly sharp inflection in the log reciprocal
curve indicates a decreasein rate of change of current with time. Beyond
24 hours, the curve becomesasymptotic.
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n o ur s
Ftc. 9. Logarithm ol resistivity in ohm-cm' vs. time in hours'

Thus, the resistivity-time relation may be divided into three fairly
distinct phases:
(1) rapid and rather erratic increase in resistivity during the first hour
(2) more gradual increase in resistivity approximating to an exponentiai function oi
time from one hour to 6-8 hours
(3) still slower increase of resistivity from 6-8 hours to over 500 hours, becoming
negligible

This threefold division of the current-time relation was observed also
by Thornton (1910) using a wholly different method of experimentation.
Note that this threefold division does not include the anomalous current'
The surge current is, for temperatures above 200oC. during the time that
it is d.ominant, orders of magnitude greater than the anomalous current.
The surge current has a very marked temperature dependence,Ieading
to activation energiesin the range 10-30 kcal/mole, whereas the anomalous currents increase only slightly with temperature. The polarization
causing the anomalous currents is completely reversible, whereas the
mechanism causing the surge current is almost completely irreversible.
It is of interest to note that Curie (1889) stated the relation between
resistivity and time in the form
p:oT"
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where p is the resistivity, T is the time, a and.n are constants, a depending chiefly on temperature, and n roughly constant for a given specimen.
This equation was tested and found to fit reasonably well that portion
of the time-resistivity curve between one and eight hours. The generalization fails for longer runs, and curie's constants a and,n for runs which
exceeded one day are markedly difierent from those for runs of three
hours or less. The decay curve of the anomalous current has the same
general form, a circumstance which has probably given rise to a great
many misunderstandings. Most authors {ail to distinguish between the
surge current and the anomalouscurrent on the one hand, or between

t
E

t.
t,

:
.31
P
o
o.

Frc' 10.Log resistivityvs.reciprocal
of timein minutes.DiscNo. n at 499"c.
the surge current and the steady-state conduction current on the other.

p:po€at*ptebtlpze't

where p6,pr, and pz.,a, b, and c are constants.
rf, after the passage of current in a given direction and at a fixed
temperature for 24 hours, the polarity is suddenly reversed, the resistivity-time relation for the new polarity is not symmetricar with the first
run. Repeated reversals of polarity produce runs adhering to the same
pattern. The maxima of current are always higher for the runs whose
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polarity correspondswith that first selected,and the time of rise to maximum is shorter, whereasfor all subsequentruns on the opposite polarity,
alternating with those of the first polarity, the maxima are lower and the
rise times longer. In all cases,after less than four hours, these initial
effects have disappearedand current declines slowly, the absolute value
depending only on the total time elapsedsince the beginning of the first
run, and not on polarity or sequenceof polarity changes.Table 2 gives
current and time values for two temoeratures.
TtrLn

Temp

24-hour current
(amps/

Polarity

("c.)
418

2. Polennv SnNsrrrvn Ellncrs rN Er,nctucal
CoNnucrrou rN Qunnrz

1
2
3
i

I

2
3
A

3 ' 7x 1 0 - '
3.1X10-4
8 ' 3 x 1 0n
2.0x10-4

5 ' ox l o - u
3 8x10-u
3.2x10-6
2 . 5 x 1 06

41x10-3
2'8x10-n
1 . 0 x 1 03
2'5x 1o-n

8 ' 3x 1 o - u
7.8x10-6
6. 3 x 10-6
5 ' 2x 1 0 - u

This simply means that quartz, for the short-term surge current, behaves as a semiconductor, in which the first application of potential determines the polarity of the forward, or easy, direction of conduction,so
that the magnitude of the current flowing at any time thereafter depends
not only on the potential and the temperature,but also on the direction
of flow.
Up to the current maximum and for a few hours thereafter the dominant mechanism of conduction is one whose activation energy is low and
varies from sample to sample.While this mechanism dominates, the
samplemay show semiconductorcharacteristics.After the disappearance
in 4-8 hours of polarity sensitive efiects, the conduction is dominated by
a mechanism of higher energy of activation which operatesprogressively,
so that current becomesa function only of total time of passageof current for a given temperature and potential.
This large initial current, the surge current, is almost certainly attributable to the mobilization of non-lattice impurity ions acting as charge
carriers. These may, upon continued maintenance of an electric field,
become irreversibll' trapped in lattice defects or migrate to the surface
of the test sample and there plate out, so as to becomeunavailable for
further transfer of charges.At any given temperature, the trapping and
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exclusion of ionic carriers at the surface of the plate or in lattice defects
during the initial current surge introduces a polarity-sensitive or semiconductor behavior apparent in all later runs at that temperature. The
carriers involved in this mechanism are those impurity ions most favorably placed to participate immediately in conduction with a low energy
of activation. As these become exhausted by irreversible trapping or
removal, the initial surge current decays, giving way to the more slowly
decreasingcurrent (long-term surge current) carried by interstitial impurity ions less favorably placed for conduction. These latter ions probably move through the celebrated "tunnels" or "pores" parallel to the
c axis, whereas the ions contributing to the early surge current may be
located along domain boundaries, growth lines or other imperfections
and hence are less firmly bound.
The reality of this processof exclusionand plating out of impurity ions
is attested by the visible deposit of salts found at the cathode surface of
every plate of natural qvartz that underwent a long resistivity run. AIthough too scanty for analysis, these cathode deposits yield a qualitative
test for sodium, and Verhoogen (1952) describesthe collection of detectable amounts of boron at the cathode after measurement of an Arizona
qtartz crystal. ff such a plate is cleaned and rerun at a later time, the
resistivity remains high and surge current efiects are much less marked
than during the first run.
(d) The fourth part of the current is the long-term, steady-state current which becomesmanifest only after the disappearanceof the shortterm efiects. Decay of the masking impurity ion currents seems to be
complete at 1200hours, and may in some cases,be complete at 500.
Mott and Gurney (1948) suggestthat this current may be due, at the
higher temperatures, to mobilization of all the ions in a crystal, or all the
ions of one sign. Demonstration of the electrolysis oI quartz is difficult,
since the total amount of silicon that would be Iiberatedby a current of
10X 10-6 amperesis

rt(7.0r):

6.3 X 10-6gms./day

Slightly more than half as much oxygen would be produced. At the rate
computed more than three months would be required to accumulate 6
mg. of silicon at the cathode. The current postulated above is approximately that which would flow through a one-quarter inch plate of quartz
at a potential of 1500volts during a lengthy run. Electrolytic dissociation
of the quartz could certainly account for the observed currents without
visible deterioration of the plate. It may well be, however, that only oxygen ions, or oxygen ions and holes, are mobile.
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sarzhevskii (1952) has shown by the absenceof the Hall magnetoresistance effect above 300o C. that the conductivity is primarily iqnic above
that temperature. The number of free conduction electrons bblow 300'
C., where a Hall effect was noted, is 10 to 105electrons/cm3.This small
number indicates that the conductivity ol quattz at all tempqratures is
predominantly ionic. Sarzhevskii's work was done on equatorial plates,
and consequently the conductivity he discussesis chiefly the characteristic, or steady-state, conductivity, since short-term surge current efiects
are much less marked in equatorial plates.
The question of the ability of impurity ions to carry the current observed to flow up to the point where the steady-state mechanism beTanr-r,3. ANs-vsns or Quentz (Wnrcur Prn CnNr)

;l

Alzo:

Mn

Sample

0.0001
.0002

0.00002
.00002

0003

0.0008
.0008

quartz(C105),
Arkansas.
1. Colorless
Brazil.
2. Dark smokyquartz(5101),
comes dominant may be settled by referenceto analysesof qUartz made
during a Harvard study (Frondel and Hurlbut (1953)) which are presentedin Table 3.
These analysesare taken as representative of clear qtattz, and hence
of the optical grade material used in this study. Total impurities do not,
in general, exceed0.1 per cent, even in strongly colored and visibly impure material. Calculating on the basis that all ions except aluminum,
which is considered to be in tetrahedral coordination, are rnobile and
free to participate in conduction, the impurities listed for Sample Nurnber 1 in Tabte 3 are capable of transferring 0.638 coulombs of charge. In
terms of a typical current-time curve, such as that shown for 496" C. in
Fig. 9, this means that the impurity ions are capable of carrying the
total integrated current up to 10.5 hours from the beginning of the run'
Since the steady-state mechanism is also participating, the effects consequent upon the presenceof impurities may be expected to die away in
i2-24 houtr, a figure in good agreement as to order of magiritude with
suppositionsbased on the nature of current decay and the disappearance
of semiconductor efiects. At the end of this time, the current must be
carried entirely by the steady-state mechanism. If the terriperature is
raised, a new current, surge is to be expected, since ions irreversibly
trapped, at the lower temperature may be freed to participate in the
short-term conduction again at a higher temperature.
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Even if we assume a figure for the total mobile impurities ten times
greater than that given by analyses I and 2, the capacity of these impurity ions to transfer chargescould still be exhaustedwithin the duration of the runs made in this study. SinceSarzhevskii'swork seemsto indicate that this current cannot be electronic,we are forced to the conclusion that the long term, steady-statecurrent must arisefrom electrolysis
of the quartz itself.
V.crrerroN on RBsrsrrvrry wrrrr TBupnnnrunB
Perhapsthe most fruitful approachto the mechanismof conductionin
qraftz is through variation of resistivity with temperature. In this
study, the upper limit of temperaturervasarbitrarily set at about 540oC.
The resistivity of high qrartz was not considered.The lower rimit was
set by the sensitivity of the electrometerat about 25o C.
The chief problem in studying the variation of resistivity with temperature is the separation of the effects of temperature from the effects
of elapsedtime and applied potential.
Some experimentershave used alternating current, which involves a
frequency-sensitive polarization and yields small varues for the resistivity compared with direct current measurementsmade over long periods of time. other experimentershave used direct current, but have
applied potential at a given temperaturefor only short periods,reversing
polarity after a few minutes, and taking the averageof the readings made
on oppositepolaritiesas the current for that temperature.The potential
is then removed while the plate is brought to a new temperature. rn this
way an entire sequenceof measurementsover a wide temperaturerange
may be made without exceedinga few hours total time of passageof current. Thus, all measurementsare made within the period of dominance
of the short-term surge current. rf readings are taken after 15 minutes
or more, the anomalouscurrent is excluded;if after a shorter time interval, a portion of this current is also included.rf a regular procedureis followed at all temperatures,a self-consistentbody of data may be obtained, yielding the activation energy for the short term mechanism.This
seemsto have been the procedurefollowed by most early investigators.
Disc No. 12 (Fig. 12) was measuredin this way and yields, for the resistivity, good agreementwith the mean of Bottom's (1953)results,(Fig. 1)
and for the activation energy, good agreement with the mean of ail
earlier investigators for axial resistivity. N{easurements made in this
way plot as straight lines on the conventional arith-log display of log
resistivity vs. reciprocal of absolute temperature, provided all measurements were made the same length of time after application of potential.
Investigators differed widely in their practice as to time of reading

DIRECT CURRENTRESISTIVITY OF QUARTZ

877

current after application of potential. Curie (1889) recommendedone
minute, F. Braun suggested24 hours. Others have attempted to read instantaneous peak current at the moment of application of potential.
Strauss (1955) read current every minute, reversing polarity every 20
minutes, while increasing temperature uniformly. Other invqstigators
maintain potential at all times and cycle temperature, reading current
whenever thermal equilibrium is established. Unless current is first allowed to pass through the test plate for a period of hundreds of hours,
measurementsof this kind result in an inextricable mingling of the effects
of temperature and time. Such measurementsplot on the log rpsistivity
vs. reciprocal temperature graph as curved rather than straight lines.
The principal reason for the diversity of results and lack of agreement
among these investigators lies in the different methods of dealing with
the factor of time.
In order to separate the effects of temperature and time it is necessary
to allow current to pass through the plate until further changes of current with time are negligible. The temperature may then be cycled with
potential continuously applied, and measurements of current made
whenever thermal equilibrium is reached. A total of 70 current rneasurements was made on one such plate (Disc No. 11) through which current
had been passedfor over 500 hours.
A plot of these 70 points (Fig. 11) revealstwo straight line segments
joined at an inflection point at about 350o C. This test plate, through
which current had been passed with positive polarity for nearly 600
hours, was removed from the furnace for about four weeks.It was then
thoroughly cleaned and reassembledin the furnace with clean platinum
electrodes.A new series of measurernentswas then made with negative
polarity from 26" C. to 525oC. The valuesof resistivity obtained were in
close agreement with the earlier values, but were slightly highen. A final
seriesof measurementswere taken on this plate after the total cumulative time reached1400hours (Fig. 11). This seriesis best representedas
a straight line without inflections on the log resistivity-reciprocal temperature plot.
The overall tendency in this last experiment was to straighteh out the
resistivity temperature curve, and increaseall values of resistivity. This
indicates tl'at quartz which has been electrically treated does not regain
its initial conductivity by standing for a time comparable with the time
of passageof current, as claimed by Curie (1889). Both high and low
temperature portions of this curve move toward higher resistivity with
time. The low temperature branch changes somewhat in slope with
passageof time and the inflection appears to migrate to lower temperatures, finally disappearing, whereas the high temperature portion moves
more nearly parallel to itself.
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The work of King (1955, 1956) has strikingly confirmed these findings.
In King's experiments the factor of time has been effectively separated
from that of temperature,following Wenden (1955), by passingcurrent
through the plate for a period of weeks before making measurements.
Accordingly, his results are directly comparable with those reported here,

Frc. 11. Logarithm of resistivity vs. reciprocal of absolute temperature for Discs 8 and
9, 10, and Disc No. 11 after passage of current for 550 hours, and again after passage of
current for 1200 hours. See Table 5a for identification of disc numbers. AII are Z-cut discs
of natural quartz.

and afford excellent numerical agreement both as to absolute resistivity
and activation energy (Fig. 12 and Table 5). Since King's observations
embody some at temperatures lower than were possible with the Keithley electrometer, they extend the results of this study in a most interesting way. ft appears that the knee, or inflection point of the two-branched
curve describedabove does not disappear with continued passageof current, but migrates to lower and lower temperatures. I{ence, we may conceive of a family of curves resulting from a series of measurements of
resistivity at different times during a very long run like those shown in
Fig. 13.
Considering separately the two portions of the two-branched curve
obtained after three weeks (Disc No. 11, Fig. 11), it is found thateach
may be representedwithin the limits of error of the method by an expression having the form
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e
Fto.12. Log resistivity vs. reciprocal temperature. Discs 11, 12 and 13 ate Z-cnt,
Disc No. 6 is inclined 51"40' and Disc No. 15 is X-cut. Discs No. 13 and 15 were run with
NaCl anodes. Discs 11 and 6 passed current for 1400 and 2000 hours, Disc No. 12 for
about 3| hours. King's (1956) curve for natural quartz is included for comparison.

py :

lrsu rlnr

If T is given values lying betweel 298oand 623" K., p1is the resistivity
over that range of temperature, t/1 is the activation energy of the dominant mechanism of conduction over that range, R is the molar gas constant equal approximately to 2.0, and Ar is a constant which fixes the
absolute values of resistivity. Similarly, for the upper branch of the curve
P2 :

lrguzlRT

where the symbols have the same meaning as before except that 7 has
values between 623" and 809o K., and pz, (Jzand AzapPlY to this temperature range.
Calculation of the constants from the measured values of resistivity
vield
TemperalweRange
298'423" K.
623'-809'K.

U
26.O kcal./mole
34.0 kcal./mole

A
910
1.47

Calculation of the activation energy from the values of resistivity
measured after passageof current for over eight weeks yields only one
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value, which afiords a good fit for all observations recorded. The inflection point present in the earlier observations made on this same sample
has migrated to lower temperature, beyond the range of sensitivity of the
electrometer.
Temperature Range
279"-808" K.

U
39.5kcal./mole

A

24.55

The activation energy [/ is notably higher, reflecting an increase in
slope for the curve as a whole.
Nlany experimenters have found that similar expressionsmay be used
to represent the conductivity of ionic crystals (l{ott and Gurney (1948),
pp. 36-63; Jost (1952), pp. 179-197).Two-branchedcurves,the higher
temperature branch having the greater activation energy, have been
observedin NaCl, LiCl, LiF, KBr and most of the other alkali halides,
and also in PbIz and other salts of lead, silver and copper. These curves
are represented by Smekal, Lehfeldt and Seith by formulas having the
form
d:A&:ulnT*Aze-uzlnr

consisting of additive terms of exponential form, where the symbols ,4,
(J, R, etc., have the same meaning as in the discussionimmediately preceding, and o is the conductivity.
Interpretation of these terms is varied. Smekal considersthe first term
(in NaCl) to correspond to conduction by surface particles, whereas the
secondrepresentselectrolytic conduction in the normal lattice. Seith interprets the first term in Pbfz as the conductivity of the Pb ions, and the
second term as the conductivity due to the I ions. Jost suggeststhe first
term may represent the influence of interstitial impurity ions, whereas
the second term reflects the "correct conductivity" of the crystal. Mott
and Gurney, in commentingon Smekal'sresultsfor NaCI, reject Smekal's
interpretation of the first term as surface conductivity, and remark that
(p. 39) : "Clearly the first term gives the conductivity due to a small number of ions in specialplaces,which can be releasedeasily, while the second
term is that due to a large number; all the ions in the crystal, or all the
ions of one sign, which can only be releasedwith greater difficulty.,, Mott
and Gurney refer to the first term as the "structure-sensitive" part of the
conductivity.
The calculated activation energy for the low temperature mechanism
in Disc No. 11 above, and the activation energy for Disc No. 12, which
was measured so as to obtain the activation energy of the short term
mechanism, are both very close to that found for the diffusion of alkali
metal ions in quartz (Tables 4 and 5). Table 5 shows, for purposesof
comparison,the activation energiesfor conduction mechanismsin quartz.
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There is, in the data presentedin Tables 4 and 5, a very strong suggestion that all investigatorsprior to Wenden (195S)and King (1955,1956)
have been measuring, not the axial resistivity of quartz, but the mobility in quartz of impurity ionsl from the activation energiesreported,
p r o b a b l ya l k a l i m e t a l i o n s .
Activation energiesand absolute magnitudes both suggest that the
equatorial resistivities of earlier workers were more nearly a measure of
the actual resistivity of pure quartz, b*t the wide spread to be found in
the published results, coupled with experimental evidence from this
study (Fig. 12), indicate that ionic difiusion and lattice defects influence
the equatorialresistivity as well. Comparecurvesfor Discs 13 and 15.
VorrecB DrpnNooNcn ol Rpsrsrrvrry
ft has long been recognized that quartz, like many other dielectrics,
doesnot rigorously obey Ohm's Law. That is, the relation betweenvoltage and current for a given temperature is not linear, and the apparent
resistivity of a sample held at constant temperature varies with the intensity of the electric field applied to it (Fig. 13). Shaposhnikov(1910)
stated that quartz obeys Ohm's Law up to a fi.eldintensity of 4000 volts
/cm for short periods, with the resistivity decreasing for more intense
fields or longer times of flow. Frenkel (193s) suggestedfor the relation of

t ,'o-9'0"?'"rto-tr
Frc. 13. Nonlinear

relation between voltage and current for quartz.
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Tasrr 4. Acnvettox Emnncrnsol An,ltr

___11__
Li
Li
Na
Na
Na
K

Mnr.tl IoNs rN QUARTZ

Activation energy
Verhoogen
Stuart
Vogel & Gibson
Verhoogen
Wenden
Verhoogen

20.4 kcal./mole
77 7 kcal./mo\e
22-25 kcal./mole
24 kcal./mole
24.l kcal./mole
31 .7 kcal./mole

1952
1955
1950
1952
t957
7952

resistivity to field intensity the expression
p : po69JE

where ps is a constant determining the absolute magnitude of the resistivity and B is a constant depending on the orientation of the sample.
E i s t h e f i e l di n t e n s i t y i n v o l t s / c m .
Sarzhevskii (1952) incorporated Frenkel's formula into a two-term
expression for the dependence of resislivity on both temperature and
voltage
p:pleBrlrlpzeBrlr

where p1and p2are constants for the particular sample, 82 dependson the
thermal activation energy of the principal conduction mechanism, and
U
-R

where R is the gas content, [/ the activation energy in cal/mole' 81 is a
complex function depending both upon orientation and voltage
Br:Bo-BfE
where Bs is a constant for a given sample, B depends on the orientation
and -E is the field strength in volts/cm. If the temperature is made constant for a given sample, sarzhevskii's equation reduces to Frenkel's.
A number of measurementsof resistivity were made at difierent temperatures, varying the voltage in 150 volt steps from 150 to 1200 volts
while holding the temperature constant. One set of measurements was
made on a qvaftz plate through which current. had been passedfor only
a few days. Another set was later made on the same plate after current
had passed through it for over two months. These measurements are
plotted in Figs. 14 and 15 as the common logarithm of the resistivity vs.
the squareroot of the field strength in volts/cm.
For the short term mechanism; that is, those modes of conduction that
depend on the presenceof impurity ions, Fig. 13 indicates that the resis-
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Taet,n 5. Acrrvetrorq Exnncrrs or rnr Coxoucrror MncraNrsus rN
Qulnrz, ar.roAssolutn Var-urs ol rrrn Rnsrsrtvrry

Author

Activation energy
(kcal./mole)

Ratio
eq

Resistivity

Temp

ec)

Axial

Equat.

&fi

High
Curie
Thornton
Richardson
Joff6
Rochow
Verhoogen
Sarzhevskii
Bottom
(CIear)
Bottom
(Smoky)
Bottom
(S1ntI etic)
King
Natural
King
(Synthetic)
Strauss
Wenden
(Disc 9)
Wenden
(Disc 10)
Wenden
(Disc 11)
Wenden
(Disc 12)
Wenden
(Disc 13)
Wenden
(Disc 15)
Wenden
(Disc 6)

20
t7
26.5
25
500
500
1200
500
560
302
178
25
500
12
298
12
417
107
177
461
111
230
460
203
496
529
32r
528
365
s35
390
279
177
121
,16
500
156
499
205
490
302
168

x1014
x10r4
x10r3
x1013
6 X10'
x100

3
X 1016
300
1 . 5 3X 1 0 1 6
131
4.3 X1015
215
1
1 16re* 1 X 1 0 6
5.6 X108
3 . 5X 1 0 6
4 . 7 5X 1 0 1 1
9.1 Xi05

IJ

2l

Au
P+

Pt
Pt
Pt
Ag
Pt
Pt

2.63X105
2.86
0 0405
4.66
t

l?

t 95xtoto
2 2 X lott
426
1t7
362
0.025
24.55
0.0024

0 0205

or Drsc NuMsnns rN TABLE 5

Electrodes

51'40',
Z
Z
Z
Z
Z
Z
X

7.26X10-4
236

2.24X-I0tt
2.9 X-t05
1 . 2 6X 1 0 1 6
2 . 0 9X 1 0 ?
4 . 1 7X 1 0 1 6
1.78X107
9 . 1 2X 1 0 1 ?
6 03X1016
1 4 5X 1 0 M
5 . 7 6X 1 0 f
2 40X10s
100x10r0
1 . 0 x 1 0 1 0 4 0 x10u
4 . 0x 1 0 4
6.3 X106
7.96X108
L27
1.28X10e
2 58X10u
1.64X 10e
9 . 5 7X 1 0 u
1. 6 5X 1 0 '
3 . 4 2X 1 0 1 r
1 . 5 4X 1 0 1 4
3.30X108
2.73X10r0
2.99X1012
4 . 6 5X 1 0 6
l.32X1Ot2
2.25X107
4 98X10tr
3.88X108
4 78X10il
1.18X10b

Disc No.

8
o
10
11
t2
13

Low

225

3.81X108
2 51X108
1 0 x1016

T,tsra 5e. Expr,ellerrox

o

High

Pt
Pt
Pt
Pt
Pt
Ag
NaCl
NaCl

Field strength
(volts/cm)

2450
1880
1880
1880
1880
1880
156
156

Time of
pasvrge
of current

2000h
100h
100h
282h
1400h
15m
108h
60h
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Frc. 14. Logarithm of resistivity vs. the
square root of the field strength in volts/cm
for a number of temperatures. Disc No. 11
after passage of current for 100 hours.

Frc. 15. Logarithm of resistivity vs. the
square root of the field strength in volts/cm
for a number of temperatures. Disc No. 11
after passage of current for 1400 hours.

tivity is decreasedwith increasedheid intensity at all temperatures. This
observation is in agreement with the findings of Shaposhnikov, KIarmann and \,Iiihlenpfordt (1938), Strauss (1955) and almost all investigators who have commentedon the voltage dependenceof the resistivity.
In the series of measurements made on the sample after passage of
current for two months, it appears,below 375" C., that increasein field
strength produces an increasein resistivity, whereas for higher temperatures there is an apparent decrease in resistivity for increased field
strength. In no case do the plotted values indicate a strictly constant
value for B in Frenkel's formula, although both Frenkel's and Sarzhevskii's equations yield close approximations to the measured resistivities
at most temperatures. Agreement with Frenkel's formula is closest at
the higher temperatures in both the short term and long term measurements. The factor of time clearly enters this relationship as it does all
other aspectsof the resistivity.
Frenkel has attributed the decreasein resistivity at higher field intensities to the excitation of an electronic mode of conduction by the
freeing of electrons in the vicinity of lattice defects or interstitial impurity ions. Since the ejection of electrons in this way depends on the
presence of impurity ions, it is reasonable to suppose that passage of

DIRECT CURRENTRESISTIVITY OIi QUARTZ

885

current for long periods of time, reducing the number of such ions, may
well produce the observed diminution or reversal of the effect of increasedfield strength.
Venrerrow ol Rnsrsrrvrry wrru Cnysrer,rocRApHrc OnrnNrarrox
One of the most frequently repeatedstatementsconcerningthe resistivity of qvartz is that the axial resistivity is thousands of times smaller
than the equatorial resistivity. This statement is, however,true only for
axial resistivitiesthat have been measureda short time after the application of potential, and which measurethe mobility of impurity ions rather
than the resistivity oI quartz. The facts seem to indicate that when the
measuringpotential has been appliedfor a sufficientlylong time the axial
resistivity increasesto the same order of magnitude as the equatorial
resistivity. Figure 12 shows this clearly. Disc No. 12, as explained
above, was deliberatelvmeasuredin such a way as to obtain the values
of resistivity and activation energy associatedwith the short-term ionic
surge current. The axial resistivitiesfound for Disc No. 12 are between
three and four orders of magnitude smailer than Sarzhevskii's values for
equatorial resistivity. On the other hand, Disc No. 11, after passageof
current for eight weeksaffordedvaluesof axial resistivity that are almost
identical with Sarzhevskii'sfor equatoriai resistivity, and lie near the
mean of Strauss' and Rochow's values for equatorial resistivity. There
is as much differencebetween different investigators' values for equatorial resistivity as there is between the mean of the nearly identical
axial resistivities of King and Wenden, and the mean of the various
curves for equatorial resistivity. The difference between the axial and
equatorial resistivity seemsto be about of the samemagnitude as the experimental error.
There is evidence that ionic diffusion may take place in directions
other than parallel to c, and may well enter into the recordedvalues for
equatorial resistivity. The actual relation between axial and equatorial
resistivity will only be clarifiedwhen both quantitieshave beenmeasured
with a precisionhigher than that of the presentstudy, and with equally
careful precautions against inclusion of impurity-connected currents.
There seemsto be at least an indication that the differencebetweenaxial
and equatorial resistivity is really small, comparablewith the birefringenceand the difierencein other vectorial propertiesof quartz.
An interesting outgrowth of the present study has been the measurement of the resistivitiesof a seriesof qtartz plates cut at different angles
to the c axis. These slices were prepared by the Cambridge Thermionic
Corp. an<lthe orientation checkedby a combination of optical and *-ray
methods.Electrodesof Du Pont Liquid Bright Platinum f6455 werefired
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on and the resistivity measured at 500o C. Twelve such samples were
measured, the temperature and voltage being held constant and the
current noted after twenty-four hours. Table 6 recordsthe results of this
experiment. Although it is too early to expressa firm opinion, there seems
to be a systematic relationship between orientation and resistivity that
Telr,p 6. VanIenoN

Disc
No.

1
3
4a
4b
5
6
7
8a
8b
9a
9b

ol Rrstsrtvrtv

wrru Cnvstarr,ocRAPurc Onrrura'troN
Resistivity at 500o C. (ohm-cm.)

Orientation
(angle /, c)

0'
10'15',
20"10'
300

29"50',
Ano

51'40',
60"
70"
/J

800

80"

4 hrs.
6.65X106
2.63x106
2.52x106
2.26X106
2.52x106
2.12xt06
6.0 x106
3.52X107
7 .25x107
2 .1 8 x 1 0 8
2.37x108

8 hrs.

24 hrs.

6 65X106
2 85x106
2.78X706
2 . 6 0 X1 0 6
2.85x106

7.98x106
3 . 1 5 X1 0 6
, .t, t tou
4.06x 106
4 35X106
, .t, * tou

, uurtou
6'o xtou
1.20x707
4.73x707
7 72X107
2 . 39x 108
,.55xt0'

u'ottou
t to"tot
5.09x10?
t ttttot

, un*tn,
2.92x148

will probably become clearer and more consistent when longer runs are
made and the efiect of impurity ions more clearly delineated.
For short times of passagesof current the resistivity is, as Mott and
Gurney say, "structure-sensitive"; that is, the current that is carried
chiefly by impurity ions is greatly influenced as to magnitude and direction by the structure of the quartz. Examination of a carefully constructed model (Fig. 16) of the low-quartz structure reveals that, in
addition to the often-described"tunnels" or "pores" parallel to the c
axis, there are similar continuous openings through the structure paralIel to the o axes, and in directions inclined about 59" to the c axis, nearly
perpendicular to the sheets of tetrahedra underlying the major rhombohedron. These two latter sets of "potes" have an openingarea in projection somewhatsmaller than those parallel to c, and in the caseof the o
axis tunnels, have about the same center to center spacing. In the case
of the inclined openings,however, the center to center spacing in projection is about 1.75 A, as contrastedwith about 2.5 A for the c axis channels projected on the base. It is difficult to believe that these openings
are wholly without influence on the short-term, or structure-sensitive,
part of the resistivity-time relationship in equatorial and inclined sections. Experiments now in progress,as well as Disc No. 13, which was
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Frc. 16. Packing model of low quartz. Rods indicate the position of channels through
the structure. The center vertical rod is parallel to the , axis. Model constructed by
lvan Bames.

an ionic diffusion run using an X-cut plate, indicate that these channels
do permit some ionic diffusion in directions other than parallel to c.
One very long run of over 2000 hours total duration was made using a
test plate inclined 51o40'to the c axis. The results of this run are given
in Table 5 and Fig. 12 as Disc. No. 6. The high activation energy and
uniform slope of the resistivity-temperature curve for this disc indicate
that short-term ionic mechanisms do not play a significant part in the
plotted values. The long duration of the run further guaranteeSexclusion
of impurity ion connected effects. Nevertheless, the resistivity of this
disc is Iessby one to two decadesthan the resistivity of Disc No. 11 which
had passedcurrent for a comparable length of time, but was Z cut. Since
this is an isolated measurement unsupported by other long-term measurements on inclined plates, it is not safe to generalizefrom the results,
but there is at least the suggestionthat some directions in quartz conduct
more readily l-hanthe c axis.
AcrNowrrncMENTS
It is a pleasureto acknowledgemy indebtednessto Prof. C. S. Hurlbut,
for his kind help and counsel at all stagesof the research,for his critical
reading of the manuscript and his many constructive suggestions.I wish
also to thank Nlr. Richard Collette for many helpful suggestionsrespecting laboratory practice, and i\Ir. Ivan Barnes for his assistance with

888

HENRY E. WENDEN

some of the calculations.Financial support for a part of the work was
furnished by the U. S. Army Signal Corps under contract DA 36-039sc-56689.
RBlBnnllcns

Borrou, Y.E. et atr. (1953), Final Report; Signal Corps Contract DA 36-039-sc-66,Colo.
A & M Coil., Ft. Collins, Colo.
Frtr,n, R. F. (1944),Interpretation of current-time curves, General Radio Co., Cambridge,
Mass. (Privately dupl. report)
Fnowotr., C., a.vo Hunlnur, C. S. (1953), Final Report: Signal Corps Contract DA
36-0390sc-15350,Harvard Univ., Cambridge, Mass.
Grnsox, G., aNl Vocnl, R. C. (1950), Migration of lithium and several multicharged ions
through quartz plates in an electric field II, J . Chem. Phys., 18, 109+-7097 .
Ha.nnrs, P. M., exo Wanwc, C. E. (1937), Diffusion of lit-hium ions through quartz in
an electric field, Jour. Phys. Chem.,4l,1077.
Jonl6, A. F. (1928), The physics of crystals, McGraw-Hill, New York.
Josr, W. (1952), Diffusion in solids, Iiquids and gases, Academic Press.
Krnc, J. C. (1955), Second Interim Report: Signal Corps Contract DA 36-039-sc-64586,
Beli Telephone Labs., Inc., Whippany, N.J.
KrNc, J. C. (1956), Fifth Interim Report: Signal Corps Contract DA 36-039-sc-64586,
Bell Telephone Labs., Inc., Wlippany, N. J.
Morr, N. F. nxo Gunxrv, R. W. (1948), Electronic processesin ionic crystals, Oxford.
Rocnow, E. G. (1938), Electrical conductivity in quartz. Jour. App. Phys.,9,664-469.
Sanzurvsrrr, P. E. (1952), Doklad,y Akod. Nauk SSRR, 82, 571-574 (In Russian) Reviewed by J. M. Hough in Sci.. Abst.,55, (1952).
Sosunw, R. B. (1927), The properties of silica, Chemical Catalog Co., New York. All
references prior to 7927 are reviewed in this work.
Stnauss, S. W. el ol. (1956), Fundamental factors controlling electrical resistivity in vitreous ternary lead silicates, J . Res. Nat. Bur. Stand.., 56, 135-742.
Sruanr, M. R. (1955), Dielectric constant of quartz as a function of frequency and temperatue, J. App. Phys.,26,1399-7404.
Vnnuoocex, J. (1952), Ionic diffusion and electrical conductivity in quartz, Am. Mineral.,
37,637455.
Vocrr., R. C., exo Grnson, G. (1950), Migration of sodium ions through quartz plates in
an electric field, -r. Chem. Phys., 18,490-494.
WrNuN, H. E. (1954), Second Quarterly Report: Signal Corps Contract DA 36-039-sc56689, Harvard Univ., Cambridge, Mass.
WnNnnw, H. E. (1954a), Third Quarterly Report: Signal Corps Contract DA 36-039-sc56689, Harvard Univ., Cambridge, Mass.
WnNonn, H. E. (1955), Interim Report; Signal Corps Contract DA-36-039-sc-56689,
Harvard Univ., Cambridge, Mass.
WnnnnN, H. E. (1956), Final Report: Signal Corps Contract DA 36-039-sc-56689,Harvard
Univ., Cambridge, Mass.

