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SUMMARY

This study was aimed at achieving a better understanding
of the defects in «-quartz crystals that affect their frequency
stability. The principal techniques used were electrical
conductivity and dielectric loss measurements, both of which
are largely controlled by alkalis present to compensate for
substitutional A13+. In order to deal with just one alkali
species at a time, samples studied were swept with either Li+

+
or Na ,

The results involve considerable information about Al-Na
and Al-Li bound pairs in the crystal, about alkalis freed from
these pairs that give rise to the conductivity, and about the
defects (which include electrons and holes) produced by X-ray
irradiation of these crystals, The Al-Na pairs can exist in
two configurations (X and @) with the Na on opposite sides of
the AlO4 tetrahedron, off fhe 02 symmetry axis. In Al-Li,
however, the Li+ sits on the 02 axis, The alkalis freed at
high temperature give rise to the conductivity and involve a
higher activation energy for Li+ than for Na+. Finally, upon
irradiation, liberated alkalis form new centers which produce a
striking low-temperature dielectric loss peak, The use of
computer simulation calculations has also been shown to be a

helpful adjunct to the electrical measurements,
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I. INTRODUCTION

In attempting to understand the various point defects in o-quartz
crystals which affect their frequency stability, we have emphasized the
use of two electrical techniques: electrical conductivity measurement
and dielectric relaxation. The most important impurity appears to be A13+
substituting for Si4+. Because of the difference in ionic charge, each Al3+
is compensated by the presence of either an interstitial alkali ion, Na' or
Li+, or a proton H' which together with an oxygen ion forms an OH bond. In
order to avoid, as much as possible, the camplexity of having more than one of
these three campensating ions present in the crystal, this work has focused
on studying samples that have been electrodiffused, or “"swept", with either Na+,
Li+, or H. 1In addition, most of the work has been done on samples that had
been characterized by other techniques such as infrared (IR) measurements
(whicl. detect various OH oconfiqurations), internal friction ( which detects
Al-Na and other defects) and electron spin resonance (ESR) (which detects Al-hole
centers after irradiation). These other techniques have been utilized at the
Rame Air Development Center (Hanscam AFB) and at Oklahama State University.
Acoordingly, many of the samples studied at Columbia were interchanged with
these two greups in order to achieve the most camplete characterization possible.
With such collaborations, we have been able to show that the electrical tech-
niques yield considerable additional information that compliments the other

techniques.

II. REVIEW OF RESULTS
The work under this contract has resulted in several papers which are
listed on page 8 of this report. The present review will merely summarize
the principal results and conclusions, and referring to the specific papers

for details. The work naturally divides itself up into that on dielectric
2
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relaxation versus that on conductivity, and also of work on unirradiated crystals
versus that on irradiated crystals. The subsections of this report are labeled

accordingly.

A. Dielectric Relaxation of Unirradiated Crystals

(Papers 1, 2 and 5)
A detailed study was made of the two loss peaks that are caused by the
Al-Na defect. These peaks, known as the o and R peaks, occur at 30 K and
75.4 K, respectively, for a frequency of 1 kHz. They are very sharp peaks
(almost perfect Debye relaxations) and are shown to correspond to two inequivalent
« and B configurations whereby the Na' sits on opposite sides of the AlO , distorted
tetrahedron.

Precise values of the activation energies (50 and 127 meV, respectively)
and the frequency factors for the two peaks were obtained. In addition, it
was conclusively demonstrated (see Paper 5) that the u and B configurations are
not in equilibrium below room temperature, showing that a high activation energy
is involved for the Na' to pass across the tetrahedron fram o to 8 or from B to o .

The two peaks were calibrated in temms of the absolute concentrations of
Al-Na in both the o and 8 configurations, so that henceforth these peaks can
be used to quantitatively determine these defect concentrations.

In the case of Li' swept samples, no peaks were found (to a good precision).
It is thus possible to conclude that for Al-Li, the Li' ion sits on the 2-fold
symmetry axis of the 1\104 tetrahedron, unlike the Al-Na case.

Preliminary relaxation experiments were carried out on an amethyst crystal
(containing Fe3+) . A new relaxation peak in this crystal was found near 100K
(for 1 kHz). It is close to a Debye peak and has an activation energy of 0.19 eV.
It is reasonable to associate this peak with the presence of iron, but to deter-

mine just how the alkali is related requires further study.
3
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B. Conductivity of Unirradiated Crystals

' (Papers 1 and 3)

It has been known for same time that electrical conduction in unirradiated .j::';::::
- AT
quartz is ionic in nature and takes place by migration of alkali ions under the & ::';-".'
| applied electric field. ¢

A whole series of measurements were made on various crystals: natural
and cultured; high, medium and low aluminum; Li-swept and Na-swept. It was
i shown that the activation energy is samewhat higher for Li-swept than for Na-

swept samples (by about 0.06eV) showing that the association energy E, of the
A

Al-Li pair is higher than that of the Al-Na pair. Very low (v 2 orders of

magnitude lower) conductivities were found for H-swept and ultra-high purity

P carnl T IR
*
LA

(General Electric, UK) crystals. Yet both of these latter crystals showed

the activation energy (1.42 eV) characteristic of Li conduction, indicating

i that conduction was still taking place by migration of residual Li+.

. The failure of the conductivity to vary monotonically with the alkali

: content, as well as detailed analysis of the magnitude of the pre-exponentials é:-;;_}
) of the conductivity, support a model (advanced by Jain and Nowick) in which some

of the Al3+ present is campensated by defects other than M+ or H+ {possibly

oxygen~ion vacancies). Only in temms of such a model can the conductivity

: be interpreted quantitatively.

C. Camputer Simulation Calculations

i Recently we have begun a joint program with Dr. C.R.A. Catlow of University , v“.:::_:_:'::
: College London (UK) to carry out computer simulated defect calculations for AN
: n~quartz crystals (with support fram a NATO travel grant). These methods have ' :;-;E.
‘ previously been applied with great success to the study of various halides ard "'. :
z oxides whose bonding is largely ionic. In the case of quartz, where bonding is e
N .
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partially covalent, it has been necessary to introduce three-body, angle
dependent, terms. Preliminary calculations have been carried out showing that:
a) the Lit in Al-Li sits on the 2-fold symetry axis, while Na' in Al-Na
is off the axis in two inequivalent positions ( o and £) on opposite sides
of the AlO 4 tetrahedron;
b} the a+8 and B+a jumps for Al-Na involve a high activation energy
(v 1.4 eV);
c) the association energy for Al-Li is considerably higher than that
for Al-Na, so that the net activation energy for conductivity of Na-sweot
samples is lower than that for Li-swept.
All of these results of the calculations agree very well with the experi-

mental results quoted earlier.

D. Dielectric Relaxation of Irradiated Crystals

| (Papers 1, 2 and 4)
Irradiation was carried out using X-rays from a tungsten target tube run

C e 6
at 40 kV and 20 mA. Doses were in the vicinity of 2 x 10 rads.

In Na swept samples, roam temperature irradiation greatly lowers or elimin-
ates the Al-Na peaks and replaces them with a very low temperature peak (near
9 K) which we will henceforth call the "irradiation peak”. A similar irradiation
peak is also observed in Li-swept samples but it does not occur at exactly the
same temperature as in the Na-swept sample. Further, the irradiation peaks in
a natural crystal (both Na and Li swept) occur at higher temperatures than do
those in the cultured (Toyo) crystal studied. The annealing behavior of the
irradiation peak is also different for Li-swept and Na;-swept samples (see paper 2).
The irradiation peaks show considerable distortionfram the usual behavior,
on 1/T plots. Detailed study has shown thutthis is due to quantum effects,

particularly below * 6 K, such that the relaxation time no longer follows



Arrhenius behavior but instead goes as 1/T. The latter behavior is characteristic

of quantum mechanical phonon-assisted tunneling.
It has been concluded that the irradiation veaks may be due to alkalis
that are freed fram Al-M defects and have captured electrons. On the other
hand they may be due to Al-hole centers, but because of differences in the peak
for different samples (Li vs. Na, natural vs. cultured) the peak would then
have to be regarded as an Al-hole center perturbed by the presence of other defects.
Further investigations now under way are aimed at resolving the question of
the origin of the irradiation peak. In any case, the quantum behavior and the very
low peak temperature suggests that the jumping entity is the electronic camponent

{electron or hole) of the defect involved.

E. Conductivity of Irradiated Crystals

(Paper 3)
In one set of experiments samples were irradiated below roam temperature

(between 150 and 250 K) and conductivity measured in situ as a function of
temperature immediately thereafter. The conductivity at these low temperatures

is enhanced by the irradiation (relative to the unirradiated) by a factor as

high as 1011, a truly spectacular effect! The conductivity immediately following

irradiation repeatedly shows a unique activation energy of 0.29 t 0.01 eV.
As the temperature is raised the conductivity continues to anneal.
Irradiation above 200 K is expected to free alkalis which should then

contribute to the enhanced conductivity. However, 150 K irradiation produces a

higher conductivity than 210 K irradiation, although alkalis have been shown
(in work at Oklahoma State) not to be freed at 150 K.
The remaining conductivity experiments were carried out by irradiating at

roam temperature and making measurements at higher temperatures. In this study,

a surprising cross-over effect was found, in which the conductivity anneals to



values below that of the unirradiated sample and then (above v 500 K) anneals

upward.

The totality of evidence fram both sets of conductivity experiments, both

below and above roam temperature, favors not alkalis but free holes (polarons)

R R S S

as carriers immediately after irradiation. The cross over is then due to the

annealing out of the holes and the restoration of alkali-~controlled conduction.

Evidence in the literature fram photoelectron spectroscopy studies seems to

support these ideas, but further work is still required to firmly establish the

defect mechanism.

-

IIT. CONCLUSIONS
The study of electrical properties, specifically conductivity and dielectric
: loss, both before and after irradiation, has been shown tc provide powerful
.i techniques for evaluating the nature and properties of defec*s in u-quartz
crystals. This is especially true when swept crystals are studied and when the
| electrical measurements are camplimented by other techniques, e.g. IR, ESR and
I internal friction.

Our studies have produced detailed information about the structure and

properties of Al-Na and Al-Li defects, and about the effects of irradiation in

B T

generating different defects involving electrons and holes. The use of camputer

simulation calculations has also been shown to be useful in urnderstanding these

defects.
.' Continued use of both the electrical measurements and computer simulation

in conjunction with other experimental techniques pramises to reveal considerably
more information about defects in quartz and the manner in which they are altered

by irradiation.
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The unique activation energy of 0.29 eV is then attributed to polaron hole migration.
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DIELECTRIC LOSS OF QUARTZ CRYSTALS
ELECTRODIFFUSED WITH EITHER Na' OR Li'

J. TOULOUSEY and A. S. NOWICK
Henry Krumb School of Mines. Columbia University, New York, NY 10027, [ S A,

(Received V1 April 1985; uccepred 9 May 1985)

Abstract—Dielectric relaxation techniques were used in order to better understand the dehavior of defects
that affect the frequency stability of a-quarz crystals. Crystals were studied that have been swept (clectro-
diffused) either with Na* or with Li*. The Na-swept samples showed two well-known loss peaks (called o
and i) due to the Al-Na pair, corresponding to the Na' jon. respectively. in nn and nnn interstitial sites
about a substitutional A" ion. Precise activation energies and preexponentials were obtained by comparison
with analogous anelastic loss peaks. 1t was also found that the «:ff equilibrium 15 frozen-an helow 300 K and
can be varied, by heat treatment. Values of the components of the dipole moment of the o und 8 pairs were
determined. and absolute calibrations obtained for the two peaks. In the case of the Li-swept samples,
however. there were no peaks present, from which 1t was concluded that for the Al-Ti pair. the T ion sits

on the twofold symmetry axis of the AlQ, tctrahedron

Kevwords dielectric relaxation, a-quartz, electrodiffusion, diclectric loss, point defects

1. INTRODUCTION

Crystalline quartz has become the foremost material
1n ultrasonic devices and precision frequency standards.
Most high-stability oscillators use quartz crystals as a
frequency standard and often there are very severe de-
mands made on their frequency stability. As a result
of such applications there has been a renewed interest
in fundamental studies of quartz, and in particular,
in the nature and behavior of point defects that are
present.

Perhaps the most important defects in quartz involve
an AP* impurity substituting for Si**. Since the Al has
a lower valence than Si. an additional defect is required
for charge compensation. This is usually provided by
an interstitial alkali ion (mainly Na* and Li*) or by
H*. The alkali becomes bound to the Al by coulombic
attraction to form an Al-M* pair, while H* forms an
OH bond near the Al. The presence of the AI-OH
defect is detectable by infrared measurements [1-3].
The study of alkalis in quartz is particularly important,
since frequency drifts under irradiation have been
shown to be related to their presence {3-6).

The pioneering work of Stevels and Volger (7] re-
vealed a pair of dielectric loss peaks at low temperatures
that could be attributed to the Al-Na defect. These
peaks, appearing at 38 and 95 K for a frequency of 32
kHz. have been termed the « and 3 peaks, respectively.
Detailed analyses of these peaks in terms of the general
theory of relaxation phenomena [8) was given by
Nowick and Stanley [9] and further measurements and
analysis were reported by Park and Nowick [10]. A
related pair of anelastic peaks has also been observed
in AT cut resonators oscillating at S MHz (11, 12]. Alt
of these results support a model in which a Na* ion

+ Present address: Physics Department, Lehigh University.
Bethichem, PA 18018,

L2 T 21F ]

resides about the AlQ; tetrahedron in onc of two ine-
quivalent pusitions: « (nn position) and g (nnn posi-
tion). Because the tetrahedron s distorted. its only
symmetry is a twolold rotation axis (€,), as shown in
Fig. 1. Consequently, there cxists on cach tetrahedron
two equivalent « and two 3 sites, and the relaxation
processes involve reoricntation: among these config-
urations.

Stevels and Volger 7] also reported a loss peak at
60 K which they attributed to the Al-Li defect, and
Fraser [ 1 1] reported an anclastic peak attributed to Li.

In all of this earlicr work there was no control by
the investigator of the type of alkali present in the crys-
tal. A method called clectrodiffusion or “sweeping”™
had been introduced |1, 4, 1 1], however, making pos-
sible the substitution of one atkali for another, by ap-
plying an electric field parallel to the c-axis of the crys-
tal at an elevated temperature ( ~500°C). A salt con-
taining the desired alkali is placed at the sample-anode
interface prior 1o the electrolysis. This technique has
recently been refined by Martin {12], and utilized in
the present work to produce samples in which virtually
all of the AI** is compensated cither by Na* or by Li*
(called *“*Na-swept™ and “Li-swept™ samples, respec-
tively). In this way. the complexity of having both al-
kalis present at the same time can be avoided.

In this paper we report on a study, by dielectric re-
laxation messurements, of both Na-swept and Li-swept
quartz. crystals. The work on the Na-swept samples
leads to a more detailed understanding of the Al-Na
defect than had hitherto been achieved. The study of
Li-swept samples was aimed a1 determining whether
or not there are analogous loss peaks attributable to
the Al-Li defect.

1. THEORY

Dielectric loss can arise from defects which have a
lower point symmetry than that of the crystal in which
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Fig. }. Schematic diagram showing part of the unit cell of a-

quartz containing an AlO, tetrahedron with Al** substituted

for Si**. This distorted tetrahedron contains a single twofold
symmetry axis (in the x direction), designated C;.

they reside [8). Such defects possess several crystalio-
graphically equivalent oricntations, among which they
may reorient preferentially in the presence of an electnic
ficld. If the electric ficld is sinusoidal with angular fre-
quency w. one or more peaks will usually occur in the
dielectric loss, tan 4. which abey the well-known Debye
equation:
He Wt

and M

where ¢, is the diclectric constant observed at high
frequencics. ¢ is called the relaxation of the dielectric
constant and 7 is the relaxation time given by

1 ' = voexp(— HIkT). 2)

Here H is the enthalpy of activation, kT has its usual
meaning, and v, is the effective frequency factor, which
includes a term containing the entropy of activation.

In a-quartz, which has trigonal symmetry. the high-
est site symmetry is that of the Si** ion. This site is
monoclinic and involves a two-fold () axis which is
taken along the x-axis. The Si** sits at the center of a
distorted SiO, tetrahedron. When AP** is present, it
substitutes for an Si** at the tetrahedron center as
shown in Fig. I. If the AI** is compensated by an in-
terstitial alkali M' sitting nearby, this substitutional-
interstitial pair forms a triclinic defect so fong as the
M* is not located on the (,-axis. Such a defect has six
equivalent orientations: two on each tetrahedron, and
three differently oriented tetrahedra (each rotated
through 120° from the other) in each unit cell. For the
defect 10 move from one tetrahedron to another, how-
ever, requires migration of the AI** ion. The activation
energy for such a process is anticipated to be far too
high for such a jump to take place in the temperature
range of the present cxperiments. Accordingly, relax-
ation occurs only by reorientation of the pair across
the (; axis of each tetrahedron, a process that requires
only an interstitial jump of the M* jon. The fact that

the Al-Na pair is responsible for two separate relaxation
peaks, which we here call the « and 3 peaks. inevitably
means that the pair exists as two nonequivalent triclinic
species (a and 8) each of which can undergo reorien-
tation under a field. Nowick and Stanley {9] have given
expressions for the relaxation magnitudes in such a
situation under the reasonable assumption that the
fastest interstitial jump is that between the two a defect
orientations on a given AlQ, tetrahedron. This results
in low-temperature relaxations whose magnitudes in-
volve only the dipole moments of the a defects. and
consequently the higher temperature (slower) relaxa-
tion involving only the § defect. They showed that the
relaxation magnitudes for the lower temperature are
given by

867 = Non§'feokT. 8¢5 = Nop3'[2ekT, (3a)
and for the higher temperature, by
e = Nuull 1ekT: 3¢ = Nypl' [260kT,  (3b)

where ¢ is the permittivity of vacuum, d¢, and é¢, are
the relaxations for directions, respectively, parallel and
perpendicular to the crystallographic c-axis, and sub-
scripts or superscripts « and 8 refer to the a and 8
relaxations, respectively. Thus N, and N; are the con-
centrations (numbers/volume) of o and 8 defects, u,
and g, (for defects « and 8) are the components of the
dipole moments in directions = and y, respectively (see
Fig. 1). Under equilibrium conditions, the quantities
N, and N; at a given temperature are related by

Na/N, = exp(—Ag/kT), 0]

where Ag is the difference in the binding free energy
of Al-Na pair in the 8 and a configurations. Note,
from eqn (1), that each of the four respective peak
heights tan é,,,, is given by

1an dmex = 8¢/2¢,,, (5)

with the respective quantities ¢ coming from eqn (3).
A measurable ratio that will be particularly useful later
is the ratio r of the heights of the « to the 8 peak (both
in the parallel orientation), which is equal to

8 _ N Ty (“‘s’)’
RN TS ©

where T, and T, are the two peak temperatures.

3. EXPERIMENTAL DETAILS

3.a Crystals

A natural crystal and various cultured crystals were
used in this stud,. The different crystals used, with
their designations and sources, are listed in Table 1.
The Al content, given in the last column, was obtained

12
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Dielectnic loss of quartz crystals

Table 1. Crysials used in this work

Designation Source Remarks Al content (ppn)
GEC General Electric (UK) ultra pure < 0.1
SQ-A Toyo Co. (Japan) - :3
S2 Sawyer Co. {U.S.) - 13
NQ Arkansas Natural 70
HA-A USSR High Al 352

from the Al-Na peak heights. and the calibration which
will be discussed later in this paper.

All samples obtained from cultured crystals were
taken from the z-growth regions. This region is usually
refatively homogeneous in its Al content. Two z-cut
samples with cross section of approximately {.5 X 1.5
cm- and thickness (parallel to the ¢-axis) between 1.0
and 1.8 mm were cut from cach crystal. One of these
samples was swept with Li* and the other with Na'.
{The sweeping was carried out by Dr. J. Martin at
Oklahoma State University.) Unless otherwise men-
tioned, all samples were z-cut so that the electric field
was applied parallel to the ¢-axis of the crystai.

3.b Measurements

Dielectric loss was measured using a three terminal
method. The terminals were a central electrode and a
concentric outer guard ring on one face of the sample,
and a full electrode on the other. The diameter of the
central electrode was 6.6 mm and a gap of 0.2 mm
separated it from the guard ring. This configuration:
guard ning width/gap width > 3, was designed to min-
imize fringing field effects and produce a uniform field
condition [13). Electrodes were painted on with En-
glehard Co. silver ink, and cured at 400°C for
15 min,

Mcasurements were made using a General Radio
type 1620A bridge assembly. The frequency range
covered extended from 20 Hz 10 100 kHz.

The sample was placed inside a Janis Research Super
Varitemp cryostat and connected to the bridge ter-
minals with uninterrupted coaxial cables in order to
provide continuous shielding of the leads. The shield
was itself connected to the bridge ground. After cooling
the sample to liquid helium temperature, measure-
ments were made during heating at a rate ~0.01 K
per 15 sec. Temperature 7 was monitored by reading
the potential drop across a silicon diode. The uncer-
tainty in T is £0.05 K and the absolute error is within
0.2 K.

4. RESULTS AND DISCUSSION

4.a Study of the Al-Nu relaxations

In several z-cut (|| oriented) Na-swept samples, we
have observed the pair of dielectric loss peaks due to
Al-Na pairs. These appear at 29.8 and 75.4 K, re-

spectively, for a frequency of 1 kHz. An example is
given in Fig. 2 which compares the dielectric loss of a
natural (NQ) crystal as received (unswept) with that
after Li- and Na-sweeping. The two peaks are promi-
nent in the Na-swept sample, very small in the unswept,
and absent in the Li-swept sample. The locations as
well as the shapes of the two peaks are precisely repro-
ducible from sample to sample. Figure 3 itlustrates this
point by comparing normalized loss data for the « peak
in the natural NQ and the cultured SQ crystals. It is
striking that the shapes of the two peaks are so nearly
identical in spite of the great difference in the origin
of the crystals as well as the difference in absolute peak
height, 1an 6, . which is six times larger for the natural
crystal. A similar agreement in peak location and peak
shape is found for the g peak. This kind of agreement
suggests that the two peaks are unique properties of
the defects involved. The respective parameters derived
from the peak location, the peak width and the peak
height will now be considered in turn,

Purameters of the a and 8 reluxations. The peak
location is defined by the condition: wr = 1. By mea-
suring the peak temperature at several frequencies one
can, in the usual way, obtain the activation enthalpy
and frequency factor of eqn (2). We have carried out
such dielectric measurements in the frequency range
from 1 to 10 kHz. In addition, it is well known that a
corresponding pair of peaks occurs in the acoustic loss,
usually measured at 5 MHz and appearing at 53 and
135 K, respectively [11. 12]. Although the acoustic re-
laxations involve different relaxational modes (the E-
type) than those of the dielectric relaxation (the A,-
type). it has been shown that the r-values of both re-
laxation processes are the same [9]. Accordingly. in
Fig. 4 we have combined the acoustic and dielectric
measurements to produce two Arrhenius plots, one
for the a peak and the other for the 8 peak. Because
of the wide range of frequenries covered when the
acoustic measurements are included, it is possible to
determine the quantities /4 and v, of eqn (2) with rel-
atively high precision. The values are given in Table
2. The Jower-than-usual frequency factors v (~10"
sec') suggest that the interstitial Na* moves in a shal-
low well in both the a and 8 configurations.

The width of an ideal Debye peak in reciprocal tem-
perature units is § (1/7) = 2.635k/H {14]. Comparing
this theoretical width with the experimental one in Ta-
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Fig. 2. Dielectric loss, tan 8, at 1 kHz of natural quartz (NQ) crystals that were unswept, Li-swept and Na-
swept. Note that the scale for the two lower curves is 20X larger than that for che upper curve.

ble 2. we see that both the « and g peak widths are
within 5% of the theoretical value and. as such, are
among the best defined Debye-type peaks reported in
the hiterature. The reason for the sharpness of the peaks
can be related to the absence of defect interactions,
probably because of the low defect concentrations and
the high quality of the crystals.

As already pointed out in Section 2. eqns (3) and
(5). the peak heights are rclated to the concentrations
of defects in the two configurations, and to appropnate
components of the dipole moment vector. An inter-
esting parameter is the ratio r of the heights of the «
and g peaks, given by eqn (6). Table 3 summarizes the

relevant data for the various Na-swept samples studied.
It is striking that the « to @ ratio varies significantly
among different samples, and is particularly higher for
the cultured samples than for the natural (NQ) sample.
It is noteworthy that the two extreme ratios, 16.8 for
sample HA-A and 9.7 for NQ. were obtained after a
simultaneous cooling from 100 to 4.7 K, so that the
difference cannot be related to equilibration between
the « and the 8 Al-Na defects in this low temperature
range. The results of Table 3 may be compared to a
ratio of 14.8 reported by Park [ 10] for a cultured crystal
and a range of ratios from ~8 to 16 by Stevels and
Volger [7].

30°K PEAK
« TOYO
10 o NATURAL o
P ©
° %
o 8 F P :
s . .
- ° N
Qg |- L]
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; 4 o' °
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" "
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Fig. 3. Comparison of the normalized a peaks for the natura) (NQ) and Toyo synthetic (SQ) Na-swept
crystals. The absolute peak height is 6x higher for the NQ than for the SQ crystai. Frequency, ! kHz.
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Fig. 4. Arrhenius plots {log w vs 1/7) for the o and 8 peaks.

including the data from acoustic loss measurements at 5 MHz.

From the theory, it is clear that if « <+ 3 equilibrium
exists during the measurements, the ratio N,/N, should
be the same for all crystals and therefore, the ratio r
should be fixed. To further investigate this matter. we
annealed the Na-swept samples HA-A and NQ to-
gether at 520°C for 0.5 h and then slowly cooled them
to room temperture over a period of 4 h. Following
this treatment, the « to 3 height ratio was redetermined
and found tobe 13.2 for HA-A and 13.7 for NQ. which
may be regarded as the same within expenmental error.
It was also verified that the change in heights with this
treatment were not compensated by any change in
widths of the peaks. It is concluded, therefore, that the
ratio N,/N, is not maintained in thermodynamic
equilibrium during measurements below 100 K but is
frozen in from a higher temperature (above 300 K).

We have further tested this conclusion by a careful
examination of data on the g peak. If an a to 8 peak
height ratio ~ 14 corresponded to an equilibrium ratio
of N,/Ngat ~75 K, then the difference in binding free
energy Ag would be 0.015-0.025 eV. The estimate is
readily obtained from egn (6) and (4) allowing for rea-
sonable values for the ratio (u5/u})’. We can then use

the Ag value to caiculate how the height of the ¢ peak.
plotted as 7°1an d,,, . should change with temperature.
In particular. for the peaks measured at ) and 10 kH/.
which appear respectively at 75.6 and 86.5 K, using
even the lower estimate Ag - 0.015 eV, it is readily
shown that they should differ in magnitude by more
than 30%. Figure 5 shows. however, that these peak
heights are the same to within cxperimental crror
(~2%]), a result that is consistent with a frozen-in ratio
N./Nu. Even more striking is the expectation that the
peak must be asymmetnic ift N varies with temperature
in accordance with egn (4) as the peak is being traced
out. The fogarithmic plot of Fig. 5, however. shows
equal slopes on both sides. In fact, if Ny were varying
according to egn (4) with Ag = 0.015 ¢V, the stope on
the high temperature (low 1/7°) side of the graph would
be at least 200 less steep than that on the low-tem-
perature side, as shown by the dashed curves in the
tigure. The peak would then be highly asymmernical.
Figure S shows, however, that this is clearly not the
case.

These various observations Icad 10 the firm conclu-
sion that the N,/Nj, ratio 1s frozen in from a temper-
ature above 300 K. Let us consider the implications
ot this conclusion. First, it leads to an estimate of Ag
= 0.08 eV for the difference between the « and 8 con-
figurations. It also has implications for the kinetics of
the various interstitial jumps. As stated carlier, the re-
laxation rate associated with the « peak is due to « —
« reorientations, and is thercfore controlled by the o
— « jump. Thus the value 1, 50 meV (sec Table
2)is the activation enthalpy for this jump. The relax-
ation rate associated with the g peak. on the other hand.
can be controlled cither by direct 8 -+ 8 jumps or by
« € g jumps, whichever is more rapid [9]. If « «2 g
provided the faster jumps, however, the ratio N, /Ng
would be in thermodynamic equilibrium throughout
the measurement of the g peak. in contradiction to
our results. Thus, the 8 relaxation rate and its activation
enthalpy H, = 127 meV must be related to the g — g
jump. Since the a—8 equilibrium is only established at
a considerably higher tempcerature, it must be con-
cluded that the enthalpies for the « — g and 3 — «
jumps are much larger than #H,. This conclusion can
readily be understood in terms of the model of Fig. 1.
Each SiO, tetrahedron is composed of four O? ions
that are equivalent in pairs. Two of them form long
bonds with the central Si** (or A*') and the other two,
short bonds. It is reasonable to expect that the « and
# configurations involve the Na* ion placed on opposite

Table 2. Kinetic parameters of the « and 8 peaks and peak widths 4 (10°7")

H v,

s0103T)  s00°m

(nev) (sec?) (theor.)  (expt.)

12

a 50(+2) 1.1 x 10 4,53 4.75

12

g 127(+2) 1.7 x 10 1.78 1.80
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Table 3. Pcak heights of « and 4 peaks in various Na-swept
samples (for parallel orientation)

tan 6;“ . ta'\:ax
Crystal (10'5) tansmx
HA-A 777 16.8
S 2 27.8 14.3
SQ-A 28.1 12.9
NQ 151 9.7

sides of the tetrahedron, as proposed earlier [10). Thus,
in both the « — « and the 8§ — 8 jumps, the Na*
moves within the relatively open c-axis channel. For
the « < g jumps, however, the Na* must cross over
from one channel to the other. a much more energetic
Process.

These conclusions are supported by recent computer
simulation calculations, which use the classical Born
model with additional three-body angle-dependent
terms [15). Preliminary results show, for the Al-Na
defect: (@) that there are stable « sites and 3 sites on
opposite sides of the AlQ, tetrahedron: (b) that a-a
and g-p jumps involve low activation energies (<0.3
¢VY. and (c) that «—g transitions require a much higher
activation energy (~ 1.4 eV).

Dipole moments and calibrations. In the previous
discussion, we made use of the ratio r of a to 8 peak
heights to establish the nonequilibrium status of these
defects at low temperatures. Because we were able to
obtain two different values of r for the same sample
by different heat treatments, we are given an oppor-
tunity to estimate the quantity u$/u’ appearing in eqn
(6). and then to calibrate the Al-Na concentration in
both a and # configurations.

If we denote by r and r’ two values of the ratio cor-
responding to two different treatments of the same
sample, we obtain from eqn (4):

r/r' = (Na/N.XN3/Np). )

Further. we introduce the ratio of a peak heights for
the two cases:

R, = 1an 84y /tan 8% = NN, (8)

and finally note that the total Al-Na defect concen-
tration must be conserved at a total value N;:

N,+ Ny= N, + Ny=N,. )

Combining eqns (7)-(9) we can obtain the ratio
Na/N,:

16
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Ny R, -1

The problem in utilizing eqn (10) lies in the mea-
surement of R, with sufficient precision. The best
measurement that we have is for the HA-A sample.
where r = 16.8 before heat treatment and »’ = 13.2
afterwards. The corresponding ratio of the « peaks was
R, = 1.010, the uncertainty in the quantity R, - |
being ~ +50%. Inserting these values into egn (10)
gives N,/N; = 26 and so, from eqn (6).

g /65l = 0.51 (£0.1): (1)

i.e., the - component of the dipole moment is approx-
imately twice as great for the 8 as for the a configu-
ration. Note that, despite the very large experimental
uncertainty in the quantity R, the estimated ratio
us /i remains quite meaningful, due to the fact that
it enters squared in ¢qn (6).

The result given by eqn (11) can serve as the basis
for the calculation of conversion factors which allow
us to obtain absolute values of N, and N, from the «
and § peak heights. Halliburton and co-workers [16.
17] have developed a method for determining the Al
content of a quartz crystal by converting it entirely
into Al-hole centers through an appropriate irradiation
procedure. This center has a characteristic ESR spec-
trum which has been calibrated. In this way, they found
for an SQ-4 sampile, taken from the same bar as our
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Fig. 5. Plots of T tan & (with background subtracted) on a
logarithmic scale versus 100/7 for the 8 peak in a Na-swept
crystal at | and 10 kHz. The dashed curve for the | kHz case
is calculated under the assumption that the enthalpy difference
between the a and S states is 0.015 eV and that a-8 equilib-
rium is always maintained. Under this same assumption the
10 kHz peak should be at least ~30% higher than the | kHz
peak.
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sample, a value of 12.8 + 0.6 ppm Al. Because of the
homogeneity of the z-growth region from which these
samples were taken, and because of the proven effee-
tiveness of the sweeping procedure, we can assume
that our Na-swept SQ-4 sample possessed the same
Al content, entirely in the form of Al-Na pairs. In this
case we have

Co+ Gy = ;=128 ppm,

where the symbol C refers to concentration expressed
as a mole fraction (i.¢. refative to the total Si concen-
tration). Using the ratio of dipole moments given by
eqn (11) and the ratio of peak heights r = 12.9 (see¢
Table 3), we obtain €, /C, = 19.8. From the sum and
the ratio of (', and C,. we obtain C, = 12.2 ppm and
Cy = 0.62 ppm. Knowing the heights of the two di-
electnc loss peaks for the Na-swept SQ-4 sample, we
denve finally at the following calibrations:

C, (ppm) = (0.43 + 0.02) X 10° tan 5,y |
o)
Cy tppm) = (0.29 + 0.10) X 10° tan dpps.

Note that the uncentainty in the calibration of the 4
peak is large due to the large uncertainty in (u3/u3).

A more practical calibration is to relate just the
peak height to the toral Al-Na concentration, since the
a peak is the much larger one and it is more easily
used to monitor the Al~Na content. Strictly, the result
depends on the a/f ratio r, but variations in » produce
only small changes in that calibration. Thus, taking r
= 13 as an average value, we obtain

C, (ppm) = (0.45 + 0.03) X 10° tan 8%,,, (13}

which is not very different from the result for (), in
eqn (12), since C; < C,. Since an a peak height of |
X 107 is observable (see, ¢.g., the data for the unswept
sample in Fig. 2), one concludes that as few as 0.5 ppm
of Al-Na centers may be detected by this method.

Using the calibration constants of eqn (12) together
with eqns (1) and (3) and the requirement that wr = |
at the peak. enables us to obtain the dipole moment
as components 45 and 45, as follows:

ug=54x10% C-m, !
t (14)
¥ =105%10% C—m. .

If we then simply set u; = ez, where ¢ is the electronic
charge and z the separation of charge in the > direction,
we obtain: z° = 0.34 A and z* = 0.66 A.

Equation (3) shows that the components u§ and )
can be similarly obtained from measurements on sam-
ples oriented perpendicularly to the c-axis. Such mea-
surements were made by Park {10] who showed that
the anisotropy ratio (3¢, /d¢, ) for both the « and 3 peaks
is ~30. Accordingly, from eqn (3) we may obtain the
v components of the defect dipole moment, giving y*
= 0.10 A, y* = 0.18 A. The dipole components yx, are

not obtainable from dielectric relaxation measure-
ments, since this is the component along the symmetry
(C5) axis {see Fig. 1) which is unchanged during any
- or 3~ jump of the Na' on. Nevertheless, con-
sidering that the ionic radi of Al*' and Na* are 0.51
and 0.97 A, respectively. the numbers obtained for y
and = components are clearly too small.

The result that, if the dipole moment s interpreted
as electronic charge multiplied by distance r, the mag-
nitude of that distance comes out oo small, is actually
a common problem in diclectnic relaxation, Attempts
to deal with it by introducing an interaal held correc-
tion {7] have not been particularty successful. The rea-
son for these problems is that the proper definition of
# 18 given in macroscopic rather than atomistic terms,
Specifically, the components of i are properly defined
in terms of an extra electric polarization per unit excess
concentration of defects in a given orientation [8). it
therefore does not folfow that the g values so obtained
will come out 10 be simply the bare dipole moment.
1.c. e times the actual defect dimensions, except in order
of magnitude. (Also sce [18).) The relative values of
these components, however, may be regarded as pro-
viding meaningful information on the coordinates of
the Na' 1on about the AlO, tetrahedron,

4.b Search for Al-Li relaxations

in view of the usefulness of the Al-Na loss peaks to
characterize the Al-Na defect pair and to monitor the
Na content, we have attempted to find similar peaks
due to Al-Li pairs. We have ac rdingly examined a
varniety of unswept and Li-swept samples, both zcut
and x-cut, over the entire range from 2.9 to 290 K.

In al of these experiments, no identifiable peak was
found, in contrast to Stevels and Volger's claim [7] of
a Li peak at 60 K for a frequency of 32 kHz. The
middle curve of Fig. 2 shows one of the better examples
of this search. For this Li-swept natural crystal with
an Al content as high as 70 ppm, there is no sign of
any peak greater than 0.5 X 105, Even the small fluc-
tuations that appear in Fig. 2 were shown by repeated
experiments to be random and strictly part of the
background losses. It is noteworthy that a recent study
of anelastic loss at 5 MHz also finds no peaks for Li-
swept crystals over a similar temperature range {12).

There is little doubt that Al-Li pairs are present. i.e.

1 that the sweeping was successful, since there are no

traces of Al-Na relaxations or of A1-OH infrared ab-
sorptions in such Li-swept samples. In view of the high
Al content of the samples studied. it follows that the
values of u; and u; that must be assigned to the Al-Li
defect are at least one order of magnitude smaller than
the values for the Al-Na pair. The most reasonable
conclusion is that these components are precisely zero,
i.. that the Li* ion resides on the C; axis of the distorted
SiO, tetrahedron. The absence of relaxation is then
due to the fact that there is no possibility for reorien-
tation under an applied electric field. It is probably
because of the smal size of the Li* ion (radius 0.68 A)
that it can reside on the (; axis between two oxygen
ions and closer to the Al** than the Na* ion. Conse-

17

~ ST T et T PRI Y X
2, }.L'abi'a\':.‘:':\‘:‘-':\':\'_ AR



Ces.w m

BN IR - B

'

¢ &
P

e WL

[

RIS 4

T v
~ et

A b A SV A s Yl AT g\ SN SN st AR Mo S08 ad-snacd v

1292 J. Tourousr and A. S. NOWICK

quently. we may eapect that the binding energy of the
Al-13 pair should be higher than that of the Al-Na
pair.

Interestingly enough, a recent computer simulation
study [135]. alrcady mentioned earlier, has shown that.
whereas the Na® sits off of the (5 axis of the AlO,
tetrahedron, the Li® resides on this axis. Furthermore,
the binding energy of the Al-1.1 pair is about (1.45 eV
higher than that of the Al-Na pair.

It is sanisfving that. in this case, a negative experi-
mental result has led to definite information about the
structure of the Al-Li defect. However, the absence of
a characteristic peak is disappointing, since it leaves
us without a means for directly monitoring the Al-Li
content of crystals. Such a monitor would be most
valuable in view of the fact that 1oday’s higher quality
cultured quartz crystals are grown with Li’ in the mi-
neralizer, and consequently with AP associated pre-
dominantly with Li’ in the crystal.

5. CONCLUSIONS

In this section, we summarize what has been learned
in this work concerning both the Al-Na and Al-Li
defects.

Al-Na defect

I'he appearance of « and ¢ peaks are a result of the
existence of distinet o and 3 configurations for this
defect. The « relaxation is controlled by « — « jumps
with 11 = SO meV and the 4 relaxation by 8 — @ jumps
with // 127 meV. The trequency factors in both
cases are close to 10'? sec ', Both peaks are very nearly
single Debye relaxations.

The B/« ratio is frozen in the vicinity of the 8 peak
(near 100 K), showing that the « — @ jump requires
a high activation enthalpy. probably >1 eV. This sug-
gests that the « and (8 configurations involve the Na*
on located on opposite sides of the AlQ, tetrahedron.

The ratio of z-components of the dipole moments
is Ju3/u) = 0.5. On this basis, and with the aid of in-
formation from EPR mcasurements following irradia-

18

tion. it has been possthic to calibrate the heights of the
« and {3 peaks, as given by egn (12).

Al=Li defect

The absence of relaxations (both diclectric and ane-
lastic) in Li-swept crystals leads to the conclusion that,
in contrast to the case of Na', Li' sits on the (, axis
of the AlQ, tetrahedron.

Acknewledgements—The authors are grateful to Professor Joel
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Air Force under contract F 19628-82-K-0013 and monitored
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Summary

Because of the importance of alkali ions in rela-
tira to frequency stability of quartz resonators, we
‘ave investigated the electrical properties of various
Tioawept and Na-swept quartz crystals (both natural and
~ntbetic). These propertics are of two types: dielec-
tric loss measerements, particutarly at cryogenic
tesreratures, and electrical conductivity measured
Setween 100° and 400°C. 1In the case of the dielectric
mesurements, we studied the two well known loss peaks
‘. to Al-Na pairs and established a calibration for
t'v lower temperature peak (tan Spay of 1.5 x 10°
¢orresponding to 1 ppm of Al-Na palrs).  High quality
svathetic crystals and a natural crystal were found to
have primarily Li as compensation for Al in the as-
irowm condition. The ahsence of an analogous Al-~Li
vix leads to the conclusion that Li resides ou the
<-73ld symmetry axis of the AlO, tetrahedron to which
-t 15 bound, Following irradiation, large louss peaks
w=re lound, at 8.4 K for Na-swept and at 6.85 K for Li
-wept crystals. These peaks may be useful to charac-
terize quartz crystals.

The ionic conductivity is different for Na and Li
in the same crystal, and also for synthetic and natural
crestals,  Conductivity is controlled by a combination
't the energy of migration of free MY andof assvclation
vi the Al-M pair.

Introduction

It is well established that frequency instabilities
1n quartz resonators, especially after irradiation, are
related to impurities in the crystuls.l‘“ Probably the
“wst important impurity 1is Al3* substituting for Si%t,
~"ich (due to its lower valence) requires an additional
defect for charge compensation. The latter is most
conmonly an interstitial monovalent ion, MY, notably the
1lkalis, Li* and Na*, or hydrogen. Because of the
Coulombic attraction between the M* and the A1+ (which
carries an effective charge of -1), the MY inter-
5titial is usually located adjacent to the Al13* jon at
10w to moderate temperatures.

Two types of electrical properties provide useful
¥1ys to observe the effects of alkali ions; these are
dielectric loss, and conductivity. The pioneering work
of Stevels and Volgerd showed that dielectric loss (or

“ielectric relaxation") observed at cryogenic tempera-
tures showed a number of peaks, two of which could be
?ltrlbuted to Al-Na pairs. Subsequent work in this

thoratory®:7 ghowed that a Nat ion can occupy two
Palrs of equivalent sites (a total of & sites), which
23y be considered nn and nnn positions, about a given

Aloy, tetrahedron. An electric field gives rise to
dlelectric loss by producing preferential reorientation
between an equivalent pair of sites, the lower tempera-
ture loss peak being due to nn reorientation and the
ﬁlgher temperature one to nnn reorieatation. Analogous
dcoustic loss (or "anelastic relaxation”) peaks are

also known.8

An important question is whether there are similar
loss peaks due to Al-Li pairs. Such a peak was claimed
by Stevels and Volper? to be present at 60 K (for a
frequency of 32 kHz). There I8 a aeed to contirm this
claim, since such a peak would provide a valuable method
for characterizing the Lit content of quartz crystals.

The second property of interest is electrical con~
ductivity, JBgrause of the large band gapof crystalline
quartz (> B eV) such conductivity ié'eniirely jonic, and
is due to alkali ions that have broken away from Al-M
pairs as a consequence of the dissociation equilibrium.
A detajled study by Jain and Nowick? has shown some
interesting differences between natural and synthetic
crystals, in particular, a lower activation energy for
natural crystals.

Both elcctrical properties are strongly dependent
upon the morphology of the alkali defect, which can be
modified by irradiation.! Therefore we have also begun
to investigate the effects of X-irradiation upon dielec~
tric loss and conductivitv

In order best to study these electrical properties
related to alkalis, it is desirable to obtain crystals
that have Al compensated by just one alkali at a time.
This objective can be met by the process of electro-
diffusion (or "sweeping"), il.e. application of an elec-
tric field parallel to the z-axis to introduce the
desired interstitial fon into the lattice replacing
those that were grown in. This method was previously
developed by Kats!!l and by Kingl and is now a relatively
standard technique. 1In addition to alkalis, H* can also
be swept into the crystal. By studying the electrical
properties of Li-, Na- and H-swept crystals we hope to
achieve a better understanding of these properties than
had been achieved in the past with measurements on
various as-grown crystals.

Experimental

The principal synthetic crystals studied were high
quality crystals taken from the Z-growth region: Toyo
Supreme () (bar SQ-A) and Sawyer Premium Q (bar PQ-E).
The natural crystal was a clear crystal from Arkansas.

Electrodiffusion experiments were carried out at
Oklahoma State University by Dr. J. Martin. (Method
described in ref. 12). Dielectric loss (tan &) and
fonic conductivity wers buth measured with a General
Radfo type 1620A Capacitance Bridge assembly over the
frequency range 20 Hz-100 kHz. Complex impedance
analysis was used to obtain the bulk conduction.® The
samples used were plates of surface area ! cm? and
thickness 1.0-1.5 mm coated with sputtered silver elec~
trodes. Most samples were cut so that the electric
field {8 applied parallel to the z-axis, but some were
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cut in 1 perpendicular orientation. The sample chamber The study of the Toyo Supreme SQ-A sample allows

for the conductivity measurements was described pre-
viously. For dielectric loss, the sample was inserted
inte a Janis Supervaritemp cryostat, and measurements
were taken between 2.9 and 300 K. The leads from the
hridee to the sample electrode:s were shielded by a

cont inunus coaxial shiceld connected to the bridpe ground.

X-irradiation was carried out for 4 hours at room
temperature using a conventional tungsten-filament tube
at 40 kV and 20 mA. The very soft X-rays were filtered
out by the layer of sputtered silver used as electrodes.

Dielectric Relaxation Studies

The Al-Na Peaks

In several samples containing Na, we have observed
the pair of peaks previously reported by Stevels and
Volper? and by park? as due to Al-Na pami. —Ab-a.fre-
quency of 1 kHz these peaks appeared at 30 K and 75 K.
An example is given in Fig. 1 which compares dielectric
Joss (tan 8) for the natural crystal as received (un-
swept) and after Li-and Na-sweeping. The two peaks are
prominent in the Na-swept sample, very small in the
unswept and absent in the Li-swept sample. The 30 K
peak is especially interesting as a very sensitive
measure of the Al-Na content just as is the 50 K
anelastic peak (at 5 HKz).Svl In fact, by comparing
the temperature location of the dielectric peak at | kHz
with that of the anelastic peak at 5 MHz, one obtains
H = 0.052 eV as the activation enthalpy of the peak.
Figure 2 shows a more detailed examination of the peak
shape, comparing normalized data for the natural and
the Toyo synthetic crystal. It is striking that the
shapes are so nearly identical (except for a possible
amill tail on the high 1/T side for the synthetic crys-
tal) in spite of the great difference in oripins of
these two crystals and a peak height that is 7x larger
for the natural crystal. From the peak width of Fig. 2
an apparent activation energy of 0.050 eV is obtained,
showing that the peak is only 4% wider than a perfect
Debye peak.l4 This relaxation peak is attributed®:7 to
reorientation between the two equivalent nn configura-
tions of the Al-Na pair. A similar agreement in peak
shapes between natural and synthetic is found for the
75 K peak, which is attributed to nnn Al-Na pairs.
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a calibracion of the 30 K peak. Halliburtonet al.”r
developed a method for determining the Al content of a
quartz crystal by converting all of it te Al-hole
(Al-ht) centers through an appropriate irradiation
procedure;  these centers could then he detected and

their concentration determined through LSK measure~

ments. In this way, they found, for an SQ-A specimen
from the same bar as our sample, a value of 14.4 ppma
of Al. 1f we assume that our Na-swept SQ-A sample

contained the same Al content and that the Na sweeping
converted all Al to Al-Na defects, then our peak height
tan Smax of 22.1 x 10-3 must correspond to 14.4 ppm of
Al-Na defects. This result then gives a calibration
constant of 1.5 x 10~5/ppm.

The earlier theoretical treatment® permits us to
interpret this calibration constant. It was shown that
the relaxation strength 6cC /c/ of the dielectric
constant r4/ parallel to the z-axis is given by

2
ndu,

[ - ndts
—?‘— = 2 tan Sp,, T 1)

4

where tan §pax is the measured peak height, ng the
number of dipoles (Al-Na pairs) per unit volume, U3 the
component of the dipole moment parallel to the z-axis
aad kT has its usual meaning. The above calibration
constant then gives a value of ¥y ~ 5 x 10-30 C-m, or

a charge separation r3 - 0.3 A, which is reasonable.

Table 1 presents a summary of the results for the
30 K peak for a variety of samples that we have studied
(all measured parallel to the z-axis). In the final
column this calibration constant is used to convert
peak heights into concentration of Al-Na pairs. It is
interesting that these high quality synthetic crystals
(SQ-A and PQ-E), grown with Li* in the mineralizer,
show only a very small amount of Na in the as-grown
condition. The total Al content of the PQ-E crystal,
for example was -~ 18 ppm;10 therefore, only 4% of the
A13t is associated with Na in the as grown condition.
Similarly there is only 15X Al-Na in the Toyo SQ-A
crystal. The remainder is almost certainly Al-Li,
since there is no evidence in these crystals for infra-
red absorption due to Al-OR centers.'®
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Table 1. Results for the 30K peak for various samples
Peak height
Sample tan Spo. x 103 ppma Na
3Q-A unswept 3.2 2.1
5Q-A Na-swept 22.1 14.4
PQ-E unswept 1 0.7
NQ unswept 1 0.7
NO Na-swept 151 100
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Fig. 2. The 30 K dielectric loss peak on a
nor~ilized plot for:  the natural crystal, ¥ the Toyo
W-A crystal. (The absolute peak height of the natural

is 7 x higher that that of the Toyo crystal.)

Svarch for Al-Li Peaks

In attempting to find one or more dielectric loss
peaks due to Al-Li pairs, we have examined several
uinswept and Li-swept samples both parallel and perpen-
dicular to the z-axi{s and over the temperature range
2.9 - 290 K. In all of these experiments no identiffable
peak was found, in contrast to Stevels and Volger's
claim of a peak at 60 K (for 32 kHz). The middle curve
of Fig. 1 shows one of the best examples, that of a
Li-swept natural crystal. 1In this case, for which the
Al content is 100 ppm (see Table 1) there is noevidence
for a peak as large as tan Spax = { x [0~5, (Even
small fluctuations which might hide very small peaks in
Fiv. 1| were later shown, by remeasurement, not to be
peaks.) Thus, using Eq. (1), £f a Al~Li peak exists
for measurements parallel to the z-axis, it must
correspond to a value of uj at least an order of mag-
nitude smaller than that for Al-Na. Similarly, measure-
~ents with electric field in the basal plane, for which
the corresponding relaxatjon-strength equation isé
= Nghs /2T

M-Lch- 2 tan 5, )

vhere Y7 is the component of dipole moment in the
y~direction of the crystal, again gave negative results,
suggesting that Yy is also exceedingly small. It is
noteworthy that anelastic relaxation, which involves

the same relaxational mode® as 2&' is also absent for
Li-swept crystals over a similar temperature range.

Tt {3 therefore concluded that the Al-Li pair is
most likely oriented along the x~axis, i.e. the direc-
tion of the 2-fold (C3) symmetrx axis of the crystal,
as shown in Fig. 3. Because Li" locates itself on this
axis, the two equivalent sites between which zeorienta-

Fig. 3. Diagram showing part of the unit cell of
a-quartz containing a substitutlional A13* that torms
an Aly, distorted tetrahedron,  The two-fold symmetry
axis, Cy, which lies parallel to the x-axis, s also
shown.

tion occurs in the case of Nat, have now collapsed into
a single site; thus, the possibility for reorientation,
i.e. for dielectric relaxation, no longer exists.

['fhis last remark is just a restatement, in physical
terms, of what ir contained mathematicallv in Eqs. (1)
and (2).,—-.A..pqs‘.ible £xplanation for the orientation
of the Al~Li pai: along the Cp axis may be related to
the small size of the L1t fon which may permit it to
sit between two oxygen ions of the AlO, tetrahedron.

On the other hard, the Nat ion is believed to prefer to
form an 0~Na type of bond with one of the four oxygen
ions of the tetrahedron. One way to explore the
defect coafiyurations further s by computer :rmulitions
using the HADES [1 type provram. Such methods have
given fnsight into the minumum-energy configurations of
different defect clusters in a variety of ioniccrystals
and may also be usetul in the present case.

Irradiation Peaks

X-irradiation produces a large peak at very low
temperatures, with a high rising background below the
peak, Figure 4 shows the results for Toyo Supreme SQ-A
samples that had been Li-, Na- and H-swept. In the Na-
swept case, the 30 K (100/T = 3.3) Al-Na peak is con-
siderably reduced and replaced by a huge peak at 8.4 K
with a rising background at still lower temperatures.

A similar peak is present for the Li~swept case, but it
is located at a lower temperature, 6.85 K. The H-swept
sample, on the other hand, shows a smaller less well-
defined peak after irradiation, which might be inter-
preted as a composite of the residue of the peaks for
the Li~and Na-swept samples.

It i5 reasonable to ascribe these radiation induced
peaks either to the Al-h* center or to 2 center that
involves the alkali. The fact that the peaks for the
different alkalis have different temperaturcs and that
the H-swept sample shows a lower and less well defined
peak sugpests the possibility of an alkali center. A
simple M-¢ center s not very likely, since such a
center with a single clectron would have a strong ESR
spectrumi yet has not been detected in irradiated
samples. A more complex alkali center may be involved;
for example, it may contain two electrons and possibly
an uxygen-ion vacancy. More work is clearly needed to
further explore these interesting irradiation induced
peaks ag well as the very low-temperature background
effect which accompanies them.
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swept Toyo SQO=-A samples following X-irradiation.

Conductivity Studies

Conduct ivity measurements were carvied out on
unswept and swept Toyo SQ-A and natural crystals. All
measurements were mide with electric field parallel to
2-axis. The results, shown in Fig. 5, are somewhat
different for the two tvpes of quartz. For the natural
crystal, the Li-swept shows a substantially higher con-
ductivity and a sliphtly lower activaticn energy (see
Table 2). On the other hand, for the Toyo synthetic
crvstal, the conductivities are quite close and the Li-
swept has the higher activation encrgy.  Also included
in Fig. 5 are results for the H-swept Toyo crystal.
Here the conductivity has dropped by more than two
orders of magnitude, yet the activation energy is com-
parable to that .gf the alkali swept crystalsa... It is
therefore reasonable to regard that the conductivity of
H-swept sample is not due to H* migration, but to the
small amount of residual alkali which remains after
sweeping.

Table 2 also shows that the activation energies
for both natural crystals fall well below those for the
synthetics, as Jain had already observed.? These
differences were interpreted in terms of the relation.

E = Em + BE, 3)
where Ep is the activation energy for migration of a
free alkali ion, Ep is the Al-M association energy, and
g can vary between !, and 1 with the value of unity for
svnthetic crystals, in which the defect concentrations
are so small that additional unassociated Al may be
present. Ln any case, the term Ep dominates the ex-

pression for E, so that a higher value for Lit than for
Na” does not mean that the larpger (Nat) ion migrates
down the open channels of the crystal more rapidly than
the small Li* ion. Rather, because of the small size of
Li*, it is possible that Ej for Al-Li is higher than
that for Al-Na.

CAd-B g Ak A aok i Aol Sdh Sndo Auih A AN a e
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Fig. 5. Conductivity plots (log c¢T versus V/T,
where 0 is the conductivity) for Li- and Na-swept
natural quartz samples (NQ), and for three differently
swept synthetic samples (Toyo SQ-Aj. The corresponding
activation energies are given in Table 2.

Table 2. Activation Energies from Conductivity

Measurements.

Crystal Sweeping E(eV)
Natural NQ Li 1.09
Natural NQ Na 1.11
Toyo SQA Li 1.44
Toyo SQA Na 1,31
Toyo SQA H 1.43

Conclusions

Li* and Na* behave quite differently in their
effects on ({) dieclectric loss, ({({) dielectric loss
after irradiation and (444) electrical conductivity.
The first of these properties involves the bound Al-M
pair; this study has shown that the two alkalis sit on
very different sites. The second property may tell us
what bhecomes of the alkali ion during irradiation,
information which has thus far not been revealed by
other methods, The third property is controlled by
free M* ions produced by the dissociation of pairs; it
involves both the energy of migration andof association.
In each category, understanding the difference between
Lit* and Nat can help us better to characterize quartz
crystals and to understand the origin of frequency
instabilities,
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.. ABSTRACT

Alkali ions, which compensate for substitional Al3+,
u play an important role in the frequency stability of -

J? guartg crvstals.  In this work, low temperature diclectrjc-
. losg measurements (between 2.9 and 300 K) are carrjed out

<., on crystals that have been "swept" so as to introduce
o cither Li* or Na*., High quality synthetic crystals as well
., as natural crysta's are emploved. The well known loss

peaks due to Al-Na pairs are further explored and similar
peaks due to Al-Li are sought after but not found. It is
" concluded that the Al-Li vair is orjented along the Cp-axis
* of the Aluy, distorted tetrahedron. After irradiation,
large peuks are observed at very low temperatures both in
R Lit- and Nat-containing crystals. These peaks, which are
- distorted below ~6 K due to the onset of guantum e‘fects,
. may originate in alkali centers nroduced when alkali ions
- are liberated by the irradiation.

INTRODUCTION

Quartz-crystal controlled resopators are widely used where there are
severe requirements of frequency stability, e.g. in communications and
puidance svstems. |1] For such applications there is preat interest in the
. origins of frequency instability, both in the presence und absence of
- radiation environments. Such frequency instabilities are usually traced to
> the presence of point defects in the crystals and to changes in the con-

. {ipgurations of such defects. (2,3}

An important defect in «-quartz crystals is Al3+ substituting for 514+
and electrically compensated by an alkali, M, or hydrogen, H+, in a nearby
interstitial site. Information about these defects has been obtained from
a variety of physical techniques. Thus, infrared absorption measurements

f reveal the presence of OH™ stretching vibrational modes, with different peak
N locations for different environments of the OH™ bond [4,5] In particular,
there are two IP bands (at 3306 and 3367 cm—l) known to be related to an OH™
ad{3cént to a substitutional KY3* T ) “The presence of associated Al-Na

.. pairs has been shown to give rise to low-temperature dielectric loss peaks

- [7,8) as well as to anelastic loss (internal friction) peaks. [9] Electrical
" . conductivity measurements have been used to study alkalis liberated thermally
- from Al-M pairs at elevated temperatures. [10] Finally, electron spin

;v resonance (ESR), which only detects defects possessing unpaired electrons,

o has been most useful after irradiation, [11) It has most prominently focused

on the aluminum-hole (Al-h*) center and demonstrated that irradiation above
=250 K results in the liberation of alkali ions from the Al-M pair. [12]

. An important advance has been the ability to replace one MY jon by

“. another through electrodiffusion or "sweeping”. {13,9] This technique con-

sists in applying an electric field parallel to the c-axis of the crystal in

- the temperature range of 400-550°C. 1If a Li%* or Na* salt is nresent at the
anode, that ion will be swept into the crystal and replace existing Mt ions.

. On the other hand, sweepin: carried out either in air or in hydrogen replaces .
[ alkalis by HY jons.

P
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The present paper attempts to extend further the use of low-temperature
dielectric loss measurements, especially with swent samples containing one
of the alkali species (either Li* or Na*) at a time. Both unirradiated and
X-irradiated crystals are investigated.

EXPERIMENTAL METHODS

Dielectric loss measurements were performed primarilv on clear natural
quartz trom Arkansas and hiph quality synthetic quartz from the Tovo company.
Samples from these two sources were electrodiffused (swept) with lithium,
sodium and hydrogen separately, by Dr. J. Martin at Oklaboma State Universitv,
In the case uf the alkalis, chloride salts are applied on the surtfaces of
the samples which are then placed in an electric field of several V/cem.
Hvdrogen sweeping is carried out in a hydrogen atmosphere under much larger
electric fields. For irradiation, samples were exnosed to X~rays trom a
tungsten target source. The X-ray tube was operated at 20 mA and 40 kV and
the irradiations lasted four hours (a dose ~ 106107 rads).

After preparation, the samples were placed inside a Super Varitemp
(Janis Corp.) cryostat and cooled down to Ifquid helium temperature.
Measurements were then taken upon heating at a ratg pf ppproximately 1/100 K
per 15 sec. Temperatures vere monitored through we voltage drop appearing
across a silicon diode. The uncertainty in temperature is *0.05 K, while
the absolute error is within 9.2 K,

The dielectric loss measurements were made using a General Radio 1615 A
bridge assembly. The sample was part of an electrical circuit with a con-
tinuous shield connected to the bridpe ground.

All crystals were cut and measured parallel to the c-axis except where
otherwise mentioned,

RESULTS AND BISCUSSTON

Unfrradiated Crystals

The Na-swept crystals presently studied show the pair of low-temperature
dielectric loss peaks, previously reported by Stevels and Volger [7] and by
Park [8], which are attributed to Al-Na pairs. At a frequeacy of ! kHz
these peaks appear at 30 K and 75 K. An example is given in Fip. 1 which
compares dielectric loss (tan 8) for the natural (NQ) c¢rystal as received
(unswept) and after Li- and Na-sweeping. The two peaks are prominent in the
Na-swept samples, very small in the unswent and absent in the Li-swept sample,
The 30 K peak is especially interesting as a very sensitive measure of the
Al-Na content. Figure 2 shows i detailed examination of the peak shape of
the 30 K peak, comparing normafized data for the Na-swept synthetic (5Q-A)
and natural (NO) crystals. ft is striking that the shapes are nearlv iden-
tical (except for a possible small tail an the high 1/T side for the synthe-
tic crystal) in spite of the preat difference in origin of these two crystals
and a peak heipht that is 7 times larger for the natural crystal,

To the 30 K peak ubserved by dielectric loss measurements there
corresponds a 53 K anclastic peak at 5 Mz, [9,14) By comparing the tempera-
ture location of the dielectric peak at | kHz with that of the anelastic peak
at 5 MHz, one obtuins the value My = 0,051 eV for the activation enthalpy,
and 5 = 2 x 1012 gec-! tor the pre-exponential in the Arrhenius cxpression,

Th eV exp (-H/KT) m

for the relaxation time 1. From the peak width of Fig., 2, an apparent
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activation eathalpy of 0,049 eV is obtained, showing that the peak is only
42 wider than o perfect Debye peak. [15] A similar agreement in peak shapes
between the natural and synthetic cryscal is found for the 75 K peak.

160 kx10°% NATURAL QUARTZ
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FiG., 1. Dielectric luss of natural quartz crystals that were unswept,
Li-swept and Na-swept. Note that the scale for the two lower curves

is 20 x larper than that for the upper curve.
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rig, 2. The 30 K dielectric loss peak on a normalized plot for:

the natural crystal, the Toyo S¢<A crystal,  (The absolute
peak heipht of the natural is 7 x higher than that of the synthetic
crystal,)
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A The peak heights are expected to be proportional to the (oncentration
- of Al-Na pairs, and since the 30 K peak is 15 times tarper than the 75 K
..: - peak it 1s the more sensitive indicator ot Al=Na pairs. Our studv of the
. synthetic S0-A sample allows a calibration of the 30 K peak.  (talliburton vt
. al. f11,12] developed a method for determining the Al content of a quartz
~ crystal by converting all ot it into Al-hote (A1-WY) centers through an
N appropriate irradiation provedure; these centers are then detectedand their
concentration determined through ESP measurements. 1o this wav, they found,
for an SQ-A sample from the same bar as our sample, a value ot 14.4 ppm Al
If we assume that our Na-swept SUQ-A sample possessed the same Al content and
the Na sweeping converted all of the Al to Al-Na defect pairs, then our peah
- height tan Smax = 22.1 x 10~ must correspond to 14.4 ppm of Al-Na defects.
This result then gives a calibration constant of 1.9 x 107" /ppm.
. We can now use this calibration constant to obtain appropriate dipole
strenpth. In nrder to do this, we need to consider the oriyin of the twoe
Al-Na peaks. This question has been examined in some detail ecarlier |[16,8),
. 1t was deduced that the Na* can reside in two non-equivalent positions (sav,
- nn and nnn) about the distorted Al0, tetriahedron obtained when AL3* substi-
A tutes for $i4* in the a-quartz structure, shown in Fig. 3. Sioce there is a
. 2-fold symmetry axis (C) parallel to the x-axis., each of the two Nat sites
= is matched by an equivalent site gemerated bythe Cp operation. Application
B of an electric field produces a redistribution of the Al-Na dipoles among

each of the two sets ot equivalent pairs. It was concluded that the lower
temperature peak is due to reorientation between the two cquivalent nn con-
- figurations of the pair, while the hisher temperature peak is due ta the non
configurat fons. The magnitude of the peak, is related to the relaxation
strength h/ /L// (where ty is the dielectric constant parallel to the
- c-axis) which is piven by (17.161

= bcy fey = 2 tan fmax = ngug /KT )

where n; 1is the number of dipoles (Al-Na pairs) per unit volume and i3 the i
A component of the dipole moment parallel to the c~axis. Applying Eq.(2) to 'b:':
- the low-temperature peak, and substituting the above caljbration counstant, AT
- gives by = 5 x 10°% C-m. If we simply set by = exy, in which xj is the AN
e separation of charge in the c-direction, a reasonable value of x3° 0.3 A is '{_ 3
. obtained. Wt
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¥1CG. 3. Diagram showiny part of the unit cell of a-quartz containing
: a substitutional A13* that forms an Al0, distorted tetrohedron. The
two-fold symmetry axis, C2, which lies paralle) Lo the x-axis, is al80 shown,
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Table ! presents a summary ol some of the results obtuined Tor the W K
peak for various samples. In the final column the calibration constant is
used to convert peak heipghts into concentrations of Al-Na pairs. [t is
interesting that in both the natural and synthetic crystals only a very small
amount uf Al-Na is present in the as-grown material. In the cuse of high
quality synthetic crystals, such as the 5Q-A, yrown with 1.i* in the mineral-
izer, this undoubtedly means that most Al}+ is associated with Lit rather
than Na¥, since there Is no evidence in these crystals for infrared absorp-
tivn due to Al-OH centers. [18)

TABLE 1. Results for the 30 K peak of various samples.
Peak Height

[

Sample tan Spax X i ppma_Na
SO-A unswept 3.2 2.1
SQ-A Na-swept 22.1 la.a
NQ unswept 0.8 0.5
N Na-swept - k51 100

In view of the usefulness of the Al-ila loss peaks to monitor Na content,
we have attempted to find similar peaks due to Al-Li pairs by examining
several unswept and Li-swept samples cut both parallel and perpendicular to
the crystal c-axis and over the entire temperature range from 2.9 to 290 K.
In all of these experiuents, no identifiable peak was {ound (in contrast to
Stevels and Volger's [7] claim of a Li peak at 60 K for 32 kHz). The middle
curve of Fig. | siows one of the best examples, that of a Li-swept natural
crystal. In this case, for which the Al content is 100 ppm (see Table 1)
there is no evidence for any peak as large as tan Spax = 1 x 10-°. (Even
small fluctuations in Fig. 1 which might hide very small peaks were later
shown by remeisuarcement not Lo be peaks.) Thus, using Eq.(2), if a Al-Li
peak exists for mensurements parallel to the c~axis it must correspond to a
value of ug at least an order of magnitude smaller than for Al~Na. Similarly,
measurement s on perpendicularly cut crystals, for which the corresponding
retaxation strength is given by |17,16]

GEL/LL =2 tan 6mux = ndu2/2kT (3)

where Bo is the component of dipole moment in the y~direction of the crystal
(sec Fip, 3), is also exceedingly small. [t is noteworthy that anelastic
relaxation, which [nvolves the same relaxational mode as +; {17], is also
absent for Li-swept crystals over a similar temperature range. [19]

[t is thercfore concluded that the Al-Li pair must be oriented parallel
to the x-axis, {.e. the direction of the 2-fold (C2) symmetrv axis of the
erystal shown in Fig, 3. This meians that the two equivalent sites between
which reoricntation oveurs for the case of Na¥, have now collapsed into a
sinple site, so that the possibility of reoricatation under an electric
field, i.e. for dielectric relaxat fon, no longer exists., A possible explana-
tion for the vrientation of the Al-Li pair alony the Ca-axis may be related
to the small size of the Li* lon which may permit it to sit between two
oxypen lons of the AlO4 tetrahedron. On the other hand, the Nat jon is
beliceved to prefer to form an 0-Na bond with one of the four oxypen ions of
the tetrabedron. [8] Une way to further explore these defect configurations
is by computer simulations using the HADES or CASCADE-tvpe procrams. [20]
Such methods have piven insight into the lowest-encrgy configurations of
ditferent detect clusters in a variety of fonic crystals and may also be
usetul in the present case,
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Irradiated Crystals

X-irradiation at room temperature produces a large diclectric~toss peak
at very low temperatures in all ot the samples studied. Fipure 4 shows the
results for SQ-A svnthetic crystals that had been Li~-, Na- and H-swept.,  In
the Na-swept case, the 30 K (100/T = 3.3) Al-Na peak is considerably redueed
and replaced by a huge peak at 8.4 K. A simflar peak is present lor the Lj-
swept case, but it is Jocated at . lower temperature of 6.85 K. The li-swept
sample, on the other hand. shows a4 smaller less well-defined peak after
irradiation. In all cases, the diclectric Joss does not decrease sharply on
the low-temperature (high 1/T) side of the peak but either levels oft or
begins to rise praduvally again.

Further information can be obtained from the effect of the measuring
frequency on the peak. In most cases measurements were made at two frequen-
cies, generally 1| kHz and 5 kHz. Figure 5 shows a typical pair of curves
for the natural (NQ) Na-swept crystal, plotted as T tan & vs., 1/T. (The
choice of T tan ¢ is made based on Eq,(2) which shows that tan & varics
inversely as T.) The fipure shows the usual shift to higher peak temperature
with higher frequency, but also that tan & decreases much more sharply on
the low-temperature side at 5 kHz than at | kHz. This behavior strengly
suppests that the low-temperature shelf in the data of Fip. 4 at | kHz is not
an addit ional background effect, but arises because the relaxation time does
not continue to ohey the Arrhenius equation (1) down to the lowest tempera-
tures. Such behavior is to he expected when quantum effccts, e.p. quantum~
mechanical tunneling, scet in at Jow temperatures, so that 1 varies only
slowly with 1 in that range. This conclusion was also sugpested by de Vos
and Volger [21] from their studies of dielectric loss in natural smoky quartz
crystals, where they measured the relaxation peak as a functjon of frequency
at a series of fixed temperatures, Figure 5 also shows that the irradiation
peak is much larger in the natural crystal than in the synthetic, consistent
with the much higher Al content of the natural crystal., It isalso interest-
fng that the peak temperature is higher for the NQ than for the SQ~A Na-
swept samples, i.e. the peak temperature is dependent on the total Al-M*
impurity content.

120 } 103 TOYO SUPREME (JARAD )
| F1G. 4. Dielectric loss of
three differently swept syn~
wo* T sweby thetic SQ-A samples following
X-irradiation,
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In vrder to ubtain the dependence of the relaxationtime | on temperature
over the range ot the pecown, the following method o) anialysis was used.,  The
peak was expressed in the Fuoss-Kirkwood torm [15]

T tan & = A scech x (4)

where A = (T tan “)gaxs ¥ = 1n U and (2 1) is o parameter that determines
the width of the distribution, a Debve peak having the vatue o= 1. Data

tor twe difrterent frequencicswere ut itized, and it was required that (T)
rrom both sets of data come oul the same,  With the aid of a computer pro-
pram, «{T) is calculated from this requirement and then 1(T) is obtained.
The values o1 a fatl in the range 0.6 to 0,8, The curves of 1{T) so genera-
ted are shown o Fip. 6 for Li- and Na=swept SO-A svathetic samples.  Each
curve shows an Arrhenius range at the hipher temperatures and a quantum
range at low temperatures.  In this sense, there is agreement with de Vos and
Volger [20] who also found two such stapes. The activationencrgics, obtained
trom the Arrhenius range in Fig, 6 are 5.1 and 7.7 meV, respcvlive]y for the
Li- and Na-swept samples. The corresponding 5 values are 1,5 x 107 and .
5.6 x 10 sece”!. The low temperature range s 1 « 1/T, which is indicative

of phonon-assisted tunneling.

Annealing experiments were also carried out. The Jow-temperature irra-
diation pueak inmmeals out in the range between 450 and 550 K, as shown in Fig.
7. For the Na~swept samples, the Al-Na peak is restored as the irradiation
peak decreases. 1t dis striking that the anncaling curves for the Li-swept
(ur unswept, which contains mostly Li) and Na-swept samples are different,
with the Na-swept sample annealing at higher temperatures and in a narrower
temperature range than the Li-swept.

The question of the vrigin of these low-temperature irradiation peaks is
a most interesting one. Clearly the peak height is related to the total Al
content {(compare, e.g. SQ~A and NQ samples) and is more prominent when alka-
lis are present than HY (see H-swept in Fig. 4). 1f either all of the Al or
the alkali present is involved in this peak, the corresponding dipole moment
by {sce Eq.(2)) obtained ism 5 times preater than that for the Al-Na peak.
The low pre-cxponential value in the Arrhenius range as well as the onset of
quantum-mechanical tunneling at the lowest temperatures suggest that an elec-
tronic defect is involved in the relaxation. The aluminum-hole, Al-h*,

aniolt

NQ-No SWEPT

T tan d

oY
FIG. 5. Plot of T tan & versus 1/T for a natural (NQ) Na-swept crystal
after irradiation, as measured at 1 and 5 kHz.
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N center which is present after irradiation and gives risc te a well known LSR
V spectrum [11], has been sugpested as the source of this peak, i71) Objee~
' tions to this sugpestion, however, are the fact that the peal is ditferent

for Na- and li-swept crvtals (Fip, 4), and that annealing of the Al=h¥oenter

'~:‘ as measured directly by kSR, appears to oceur at somewhat higher temperature:.
:-v_. [12] than obscerved here. Alternatively, we may comsider alhali (M) Centers.
.‘_‘x A simple alakli-electron center (M-¢7) is ot likely since suh o venter

;_ would have a well deflijed ESR spectrum, which has not been obuerved in irrg-
£y diated samples. {22] A more complex alkalf center mav be involved, however.
X For example, it may contain two clectrons and possible an osvien-pen vacanes,

. The possibility that these diclectric Toss peaks oripinate in an alkali
center is of great interest, since there has been no evidence trom other

- techniques to indicate what becomes of the alkali fon atter it is liberated
t; trom a Al-M Al"lif by irradiation. Further work is required, however, before
et the origin of these interesting radiation induced diclectric-toss peaks can
y definitely be established.
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FIG. 6. Comparison of log T vs. 1/T
plots for Na-swept and Li-swept
synthetic SQ-A samples, calculated
from the irradiation-induced
dielectric loss peaks as described
in the text. The dashed line
represents T v 1/T.
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EFFECT OF IRRADIATION AND ANNEALING

ON THE ELECTRICAL CONDUCTIVITY OF QUARTZ CRYSTALS

£.R. Green, J. Toulouse, J. Wacks and A.S. Nowick
Krumb Schoo! of Mines, Columbia University
New York, N.Y. 10027

Summary

In order to better understand the defects produced
in a-quartz by irradiation, electrical conductivity
measurements provide a valuable tool. A detailed study
was made of the radiation-induced conductivity (RIC) of
a variety of crystals, including both cultured and
natural crystals that had been either Li- or Na-swept.
X-ray irradiation was carried out at and below room
tempecature {from 150-300 K) and subsequent annealing
up to ~ 4509 C. Immediately after low-temperature
irradiation the RIC showed an activation energy, E, of
0.28 + 0.02 eV. MWith annealing £ increased and the RIC
decreased. Irradiation at 150 K gave a larger RIC than
1rradiations above 200 K, where alkalis M* are known to
be released from A1-M* pairs. Isochronal annealing to
elevated temperatures showed an overshoot phenomenon,
whereby the conductivity fell to values below those of
the unirradiated crystal, after which it annealed
upwards.

Consideration of the principal results of these
experiments led to the conclusion that the RIC is most
readily explained in terms of electronic rather than
ionic defects, viz., polaron-like holes that have a
hopping activation energy of 0.28 eV. There remain
questions to be answered, however, before this
mechanism can be regarded as definitely established.

Introduction

The effects of radiation on the fregusncy of
quartz-crystal resonators is well known,l-J Radiation
induced changes in frequency are related to changes in
defect structures induced by the radiation. Of central
importance in_this regard is the Al-M* 2efect. where Al
denotes an A13* jon substituting for Si%*, and M* an
alkali (primarily Li* or Na*) located in an adjacent
interstitial position. The Al-Na‘* center can be
detected through a characteristic pair of anelastic

loss peaksd as well as by a pair of dielectric loss
peaks?+®_ There are no comparable Al-Li* peaks,
nowever.! It has been shownB.9 that irradiation at

temperatures above 200 K liberates the alkali from the
A1-M* pair, replacing it efther with a hole h* or a
protan H* which binds to a nearbx oxygen ion to form an
OH" ion. The corresponding Al-h* defect is directly
observable bY means of electron spin resonance (ESR)
measurerentsl0 while the A1-OH center s observable
through characteristic infrared (IR) absorption
bands.11,9 Thus, techniques are available for the
study of the formation and annealing of these two
centers. On the other hand, our ability to follow the
course of the alkalis subsequent to their liberation
from A1-M* centers by irradiation has been very limited.
Radiation induced dielectric peaks at very low
temperatures have been studied which appear to be due
to alkali centers,lZ but the details concerning such
peaks are not yet fully sorted out. VYet there is
corsiderable evidence that radiation-induced frequency
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changes are greatly influenced by defects involving the
alkalis.

An opportunity to follow the alkalis subsequently
to irradiation is offered by electrical conductivity
measurements. It is well known that the conductivity of
unirradiated a-quartz crystals is ionic in origin and
that the carriers are M* ions liberated from A1-M* pairs,
which then migrate preferentially along the open c-axis
channels of the crystal structure.l3 Radiation-induced
conductivity (RIC) has also been studied. Here it was
shown {using a pulse irradiation source) that there are
two effects: one at very short times (~ msec) which has
been attributed to electronic defects, and the second at
Tonger t:mes which has been attributed to M* ions freed
from A1-M* centers.4 A strong argument that the longer
term RIC is due to M* ions is the high anisotropy of the
effect, viz. the fact that the conductivity parallel to
the c-axis is much larger than that perpendicular to the
c-axis, suggesting the migration of interstitial ions in
the open channels. 14,1

The present work is a further and more detailed
study of the long-term RIC and of the effects of
annealing after irradiation. Most of the crystals
studied were electrodiffused (“swept") so that the
alkali present was essentially either all Li* or all
Na*. X-ray irradiation was carried out at and below
room temperature, and the effects on conductivity
immediately following the irradiation and after step
annealing up to temperatures ~ 4500 C will be reported.
The work leads to conclusions that were initially quite
unexpected.

Theory of the Conductivity

This section will review some of the basic
equations that describe the conductivity and will be
required for later reference.

1f the conductivity, o, is dominated by one
carrier, e.q. the alkali ion, M*, it can be expressed
as

g XCNOEUC (1)
where x_ is the mole fraction of the carriers, N the
number 5¢ $10, molecules per unit volume, e the eharge
on the carrier and u,. its mobility. It is the quantity
ue that can be highly anisotropic in the crystal of
a~-quartz. Except where otherwise stated, in this paper
u. and o will both refer to the direction parallel to
the c-axis. In general both x. and . are temperature
dependent. The mobility is given by

v © ed’n /KT (2)
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where @ 1s the component of jump distance parallel to
the c-ax1s, kT has the usual meaning, and w. is the jump
frequency of the carrier defect, given by

we = vloexp (-E /kT) (3)

(4]
Here .. (usually ~ 1013 sec~l) includes both the attempt
frequency and an entropy factor for the migrating defect,
while En is the motional activation energy.

For the quantity x. there are two important cases.
Under equilibrium condifions, with most of the M*
carriers associated as Al-M* pairs, the value of x¢ is
obtained from the mass action relation for the associa-
tion equilibrium, and takes the form:

X, = exp (-mEA/kT) (4)

where Ep is the association energy of the pair and m = §
or 1 depending on the detailed situation involving other
defects.13 Thus, combining eqs. (1)-(4), in the lower
temperature range (where association is nearly compliete),
J obeys the Arrhenius-type relation

ol = A exp (-E/kT) (5)

1n which the "conductivity activation energy” £ is given
by

E = Em + mEA (6)

The preexponential factor A can also be explicitly
evaluated.

The second relatively simple case for x. is the
nonequilibrium one, where, immediately after irradiation
xc is frozen in at a constant value, independent of
temperature. This applies so long as the temperature is
kept low enough to avoid annealing. In this case, we
again obtain Eq. (5), but now

E=E, (7)

and

- 22,

A= x N /k (8)
Since all other constants are reasonably well known,
£q. (8) may be used to calculate x. from the experimen-
tal value of the preexponential factor A.

Methods

The principal cultured crystals studied were high
quality crystals taken from the Z-growth region: Toyo
Supreme O (bar SQ-A), Sawyer Premium Q (bar PQ-E) and
Hign aluminum grown in the Soviet Union (bar HA-A). The
natural crystal (NQ) was o clear crystal from Arkansas.

tlectrodiffusion experiments were carr}gd out at
OkTahoma State University by Dr. J. Martin. These
included Li* sweeping, Nat sweeping and, in one case, H*
sweeping.

X-ray 1rradiation was carried out for a period of 2
to 4 hours using a conventional tungsten-filament tube
at 40 kV and 20 mA. The dose was ~ 3x106 R. The very
soft X-rays were filtered out by the layer of sputtered
silver used as electrodes.

For irradiation below room temperature a special
vell was built to make it possible to carry out
conductivity measurements without warm-up. The cell was
cooled with a dry-ice/ethanol mixture and with liquid
nitrogen for still lower temperatures. With the aid of
a heating coil it was possible to achieve the
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temperature range from 150 - 400 K in this apparatus.
For the higher temperature measurements the sample was
placedoin a standard conductivity cell which could go up
to 500" C.

Conductivity measurements were made with a General
Radio type 1620A Capacitance Bridge assembly over the
frequency range 20 Hz - 100 kHz. In most cases, complex
impeda?se analysis was used to obtain the bulk conduc-
tance. The samples were plates of surface area 1 cml
and thickness 1.0 - 1.5 mm coated with sputtered silver
electrodes.

Results

Unirradiated Crystals

A listing of the samples studied and the best
estimates of their Al contents is given in Table 1. (In
most cases the Al content was obtained from the peak
height of the principal Al-Na dielectric loss peak in
the Na swept material; in some cases the strength of the
Al-h* ESR signal after the irradiation sequences of
Markes and Halliburtonb was used). Arrhenius plots of
the conductivity are given in Fig. 1. At the lower
temperatures all of these plots give good straight
Tines. Table Il lists the activation energies, E, and
preexponentials, A, obtained from these straight line
portions. The results show that differences in o
between Li-swept and Na-swept samples from the same
stone are small, generally well within an order of
magnitude. Except for the HA-A samples, OLi > ONa»
however t j is slightly greater than Ey, for all of the
cultured %rystals. It should be recaI?ed that £ is
made up of terms related both to the motion and the
association energy of the carrier [Eq. (6)]. The
significance of these results and of the correspYnding
preexponentials, A, will be discussed elsewhere.l/

The two lowest curves of Fig. 1 are especially
interesting. The second lowest is the SQ-A H-swept

Table 1. Crystals Studied.

Namne Type Al a)

NQ Natural 69

SQ-A Cultured 13
(Toyo)

PQ-E Cultured 15
(Sawyer)

HA-A Cultured 355
(Russian)

GEC Cultured <0.1
(GEC Ltd)

sample (i.e. air swept). It shows that substituting H*
for alkalis lowers ¢ by two orders of magnitude, yet
keeps E unchanged. This strongly suggests that
residual alkalis are still the carriers, and that H*

is far less mobile than alkali ions.

The lowest curve is that for the highest purity
(GEC) samplel® and indicates that here too, o is
suppressed because of the very low alkali content. The
similarity between this curve and that of the H-swept
SQ-A sample in Fig. 1 is quite striking. :

.

Irradiated Crystals: Low Temperatures

With the apparatus described earlier, it has been
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l1. Arrhenius plots of the conductivity (log
T7) for various unirradiated samples.

possible to carry out irradiations below room tempera-
ture and then to begin measurements immediately in situ.
Three different sets of samples were investigated in
this manner: NA-A and NQ {both Li and Na-swept), and
PQ-E (Li-swept only). Figure 2 shows results for NQ-Li
after irradiation at 210 K. Curve (a) is the initia)
run {up to -290 C); then after several additional runs
n this temperature range (not shown), curve {b) was

NO-L. SWEPY
IRRADIATED AY 210°x
029 ev
oL
x 04 ev
} ¢ !
¢ o
z ~ !
* ot ~
.\\
orPL s i . | —s
3s 0 as 50
w0l
Fig. 2. Conductivity plots of an NQ-Li swept

sample irradiated at 210 K: a) immediately after
irradiation, b) after several runs below -29° C, and
¢) after a }h anneal at 40 .

obtained, showing that only a small amount of annealing
and virtually no change in activation energg
(E = 0.29 eV) have occurred. After jh at 40 C curve (c)
is obtained, showing considerable annealing and an
appreciable increase in .

It is noteworthy that o in curve (a), say at 220 K,
is 10'2times higher than the value extrapolated from
Fig. 1 for the same crystal. In this sense, then, the
effect of irradiation is truly spectacular. For the
same irradiation, high quality cultured crystals, such
as SQ-A and PQ-E give initial conductivities almost an
order of magnitude lowe: than that for the natural
crystal, NQ, but of course still enormously greater than
the equilibrium values.

Figure 3 shows the effect of irradiation tempera-
ture, showing initial runs on a PQ-E-Li swept sample
after two different irradiations, one at 150 K and the
other at 240 K. It is striking that the conductivity
after 150 K irradiation is so high even though the
irradiation temperature lies below the rangs in which
alkalis are liberated from A1-M* centers.8.9 Table 11!
summarizes the results for the various as-irradiated

Table I1. Summary of Results on Conductivity of samples showing the values of E and A obtained as well
Unirradiated Samples. as the conductivity at -519 C (1000/T = 4.5). It is
-1 -1 interesting that the initial activation energies fall
Sample E(ev) Alg “em 'x) within a narrow range of 0.28 * 0.02 eV except for the
6 sample irradiated at the highest temperature (240 K).
NQ-Li 1.1 1.4 x 10 The final column of Table 11l is the value of xc
6 calculated from £q. (8) and the measured value of A,
NQ-Na 1.19 1.2 x 10 under the assumption that E=Ey (i.e. x. is a constant)
HA-A-L1 1.38 1.9 x 107 As annealing after irradiation is continued at
7 higher and higher temperatures or for long time periods,
HA-A-Na 1.32 1.6 x 10 o continues to decrease and £ to increase, in the manner
7 already shown in Fig. 2, Further annealing studies
5Q-A-Li 1.43 1.5 x 10 were carried out in the range above room temperature.
S0-A-Na 1.36 2.2 x 108 Irradiated Crystals: Elevated Temperatures
SQ-A-H 1.42 2.3 x 10 For the study of behavior of irradiated samples
5 well above room temperature, there seemed to be no need
GEC-Low A 1.42 1.4 x 10 to irradiate below room temperature. Therefore, for
convenience, room temperature irradiations were used.
As already indicated, considerable annealing of the
conductivity takes place as irradiated crystals are
warmed yp. Figure 4 shows a series of isothermal
35
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Fig. 3. Conductivity plots of a PQ-E-L1 swept

sample 'mediately after irradiation at two different
temperatures: 150 K and 240 K.

annealing curves carried out at successively increasing

temperatures. It shows a surprising reversal of the

direction of annealing. Thus, while o decreased with

time at temperatures up to 219° C, it remained almost

constant at 2400 and 2670 C, then started to increase

) ysothermally at 3310 and higher. It is helpful to plot
the data isochronally, as in Fig. 5. Here we plot log
T versus 1/T in the usual way, but comparing the
equilibrium data of Fig. 1 with values obtained after
Ah anneal at successively increasing temperatures. The
SQ-A cultured and the natural NG samples, both Li swept,
are shown. The cross-over or "overshoot" effect

. demonstrated in Fig. 5 has been observed for all of the

' alkali swept samples studied after irradiation. Note
that the conductivity finally returns to the equilibrium
curve only after anneals at . 4500 C.

It 1s 11tuminating to represent the annealing date
“as o plot of A In o versus temperature, where

Table II1.

w' NO-Ne SWEPT [ X.3]
08
e 3]
(-4 287
§
© 240
- -
¥ o
s E- 210
<
2
g e ————— - . . 201
o
s .
1'% \M« 160
a
\\
{ ‘\‘
} e 107
K-'"l A, A N S— - A
0 s 0 ) 20 23 30
TIME (mint -
Fig. 4. Isothermal annealing curves carried out at

successively increasing temperatures for NQ-Na swept
sample after room temperature irradiation,

Ino: In . o .
A 0 (°1rr/ unirr

) (9)

Here oj,.. is the conductivity of the irradiated and
isochronally annealed sample while o jer s that of
the unirradiated sample. Thus A ln g 1S the difference
in ordinates between the irradiated and unirradiated
curves in Fig. 5. A 1n o = 0 represents the cross-over
of the two curves, while negative values represent the
range in which the irradiated curve falls below the
unirradiated. Figure 6 shows such a plot for the NQ-Na
swept and the NQ-Li swept samples. It is interesting
that the Li-swept case crosses over sooner than the Na-
swept. A similar plot for the cultured 5Q-A-Na crystal

Summary of Results on Conductivity
- of As-Irradiated Samples. {x

is the mole

fraction of carriers calculafed from Eq. (8)].

Sample Irrad, Temp. (%K)  of at -51° C E (ev) A(wlemlk) x (ppm)
. NQ-Na 210 3 x 109 0.27 4.6 x 1003 3 x 10-2
NQ-Li 210 8 x 10°9 0.29 2.9x10°2 1.8 x 107}
. HA-A-Na 215 7 x 10-11 0.26 4.3 x 105 3x 10
~ HA-A-L i 210 3x 1011 0.30 21 x100% 1.4 x10°3
: PQ-E-Li 150 1.2 x 108 0.22 2.9x102 1.8x 107} .
' PQ-E-Li 240 6 x 10-10 0.34 3.2x10°2 2 x10°}
.'
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Fig. 5. Conductivity plots comparing unirradiated
sampie %circ]es) to isochronally (ih) annealed sample at
successively increasing temperatures following room
temperature irradiation (crosses). Data are for NQ and
SG-A samples, both Li-swept.

is shown 1n Fig. 7. In this case we have also marked
the annealing stages observed by others on simjlar
samples, 8sing ESR, IR and anelastic relaxation

me thods . Stage | is the region in which A1-DH centers
increase, apparently without comparable changes in the
other observable centers., Stage {1 is the well defined
annealing stage in which the Al-h* center anneals out
with a partial recovery of Al-Na*. Finally, in stage
111 the A1-OH centers disappear and are replaced by
Al-Na, which now account for all of the Al centers, as
before irradiation.

I

‘, \ o NQ-No SWEPT
2k x NQ-L. SWEPT

1

|

-

+

{

PRI " A I Al A L A

180 420 460 %00 %40 380 620 660 700 740
™K
Fig. 6. lsochronal plot of A In o versus tempera-

ture for two samples: NQ-Na and NQ-Li swept. a In o is

defined by Eq. (9).
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Fig. 7. Isochronal plot similar to Fig. 6 for

SQ-A, Na swept-sample. Also shown are the temperaturf
ranges of three annealing stages previously reported. 9

The comparison of these stages with the present
annealing curve is somewhat inexact because of differ-
ences in the type of irradiation and the samples
employed by ourselves and the other investigators. A
more exact comparison has been made in this laboratory
between the conductivity annealing of the NQ-Na and NQ-
L1 samples of Fig. 6 and the annealing out of the low
temperature dielectric peak produced by irragiation. 12
While this dielectric peak has been attributed to
alkali centers rather than to Al-h*, we have recently
shown that it anneals almost preCiSf}y together with
the Al-h* center, i.e. in Stage Il. Comparison of the
annealing curves of the low temperature dielectric
peakl? with the data of Fig. 5 shows that it anneals
precisely in the range in which & In o is close to its
minimym value, In other words, the a 1n o curves are
essentially quiescent when the important Stage 11
annealing process is taking place. This observation
will be of special significance to the discussion of the
next section.

Discussion

It has been customary to regard the long-term
radiation-induced conductivity (RIC) as due to ionic
(aYka)i ion) carriers, that are considerably enhanced in
their numbers by the irradiation. The principal argu-
ment for this viewpoint is the high anisotropy of the
Jong-time RIC, rﬂv?ging the direction parallel to the
crystal c-axis. ‘% This anisotropy is more consistent
with freed alkali ions running along c-axis channels
than with electrons and/or holes in energy bands of the
crystal. The present work, however, has yielded a
number of key facts that are difficult to explain by the
ionic mechanism. These facts may be summarized as
follows:

1) The magnitude of the RIC immediately after
irradiation is not diminished, but is in fact increased,
when {rradiation is carried out below 200 K (where other
experiments have demonstrated that alkali fons are not
Tiberated from A1-M* centers).B,9 See Fig. 3.




v e

-

N
i
x
‘!

Flh

o*

LI

RO AN

LI I 3pr §
LR R R )

3
-

F

D

v
LA s

<4l
L2 4

SN WA

i

PN

'.l'

St S R St e e ShA S A AT AR A A A

2) The magnitude of the RIC is smallest for the
cultured crystal (HA-A) that has the highest Al content.
See Table III.

3) Immediately after low temperature irradiation
an activation energy E = 0.28:0.02 eV is found for both
Li-and Na-swept samples (although the value for Na is
perhaps consistently slightly lower than that for Li).
See Table I1].

4) Upon annealing, the conductivity Shows the
overshoot phenomenon, falling to values below that of
the unirradiated crystal. See Fig. 5.

5) The important annealing Stage Il (where Al-h*
centers, as well as the low-temperature dielectric peak
attributed to alkali centers, disappear) takes place in
a range in which A 1n o is not changing. See Fig. 6.

As already mentioned, these facts do not absolutely
rule out an ionic mechanism, but one must invoke
complexities that strain the model, e.g. the existence
of a variety of ill-defined deep traps of different
depths for the alkalis. We will not attempt to develop
such a model in this paper.

Op the other hand, if we were to postulate an
electronic model, specifically claiming that low-
mobility electron holes dominate the long-term conduc-
tivity after irradiation, then most of the above
mentioned facts can be readily explained. It is then
reasonable to suppose that the minimum in the a4 In ¢
curves (Figs. 6 and 7) represents the point in which the
dominance of hole conductivity ceases and ionic conduc-
tivity begins to take over. The minimum is not then a
point of zero change, where the concentration of
carriers remains constant, but merely the sum of a
sharply decreasing curve for the conductivity contrib-
uted by holes and an increasing curve for that
contributed by alkalis. Item 5 above is then no longer
a problem. As for items 1 and 2, for hole dominated
RIC, the largest conductivities should indeed arise when
the fewest Al-h* centers are produced, viz., when T is
below 200 K or when the Al content is relatively low.

In terms of this interpretation, the holes must be
self trapped by the lattice relaxations and therefore
move as polarons. The initial activation energy of
0.28 eV would then represent the activation energy for
miqgration of these holes and, of course, the same value
should then be obtained for Li- as for Na-swept crystals
(item 3). The values of x¢ in the last column of

Table II1 then represent the concentration of such holes.

small value for these freely migrat-

Note the extremely 5.
to 10-1 ppm

ing defects (10

Two questions then arise. First, is there any
other evidence for such defects in quartz? A possible
"yes" answer comes from work on ultraviolet photo-
electron spectroscopy in amorphous Si0,, which makes 6t
possible to probe the structure of the valence band.?

A narrow nonbonding orbital subband is found near the
valence-band edge indicating low hole mobility with
possible lattice trapping of these holes. It is also
indicated that the valence-band structure of crystalline
a-quartz should be similar. The second question is
whether such polaron-like holes could migrate preferen-
tially along the c-axis, in order to account for the

large anisotropy. This question is unanswered at
present.

Further experiments to demonstrate more directly
whether the RIC is electronic in origin are desirable.
Nevertheless, at this stage, the explanation of the
present experiments in terms of electronic defects seems
to provide the most reasonable interpretation for the
observations reported herein, and a new viewpoint
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concerning radiation-induced conductivity.
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y SOME TECHNIQUES FOR THE STUDY OF ATOMIC MOTIONS WITH éu:
> APPLICATIONS TO CERAMIC MATERIALS R
: A.S. Nowick g
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: o
N e
A ABSTRACT ;
._-':._-"
A review is presented of the use of the techniques of a.c. impedance RN
measurements, dielectric relaxation and anelastic relaxation to study e
technologically interesting ceramic materials. Illustrations are given of R
the application of these methods to the study of solid electrolytes as S
, well as quartz crystals used for frequency control. .

: INTRODUCTION o
2 Knowledge of rates of atom movements plays an important role in the s
understanding of most materials. In the case of ceramic (ionic) materials,

the migrating species are often charged ions, and then their migration

rates can be studied by electrical means. Such studies are of particular

interest in the case of materials that are relatively good ionic conduc-

tors, the so~called solid electrolytes or "superionic conductors” which

are of interest as electrolytes for solid-state batteries and fuel cells.

Such applications are of sufficient interest that in recent years there
- has been an outpouring of review books [1-3] and confer.nce proceedings
~ [4-7] in this area. Materials studied include those that conduct by mi-
N gration of alkali ions, silver ions, protons, oxygen ions and fluorine

ions, among others.
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The present paper will review three techniques that have been ac-
tively used in recent years in the author's laboratory, with illustrations

> of the kind of information, both basic and applied, derivable from them. S
- The techniques are: (1) a.c. impedance measurement, (2) dielectric relax- e
. ation, and (3) anelastic relaxation. We will see that valuable informa- ol
- tion about technologically important systems has been obtained using (o

these techniques.

A.C. IMPEDANCE MEASUREMENT AND ANALYSIS

Ths

An ideal jonically conducting material should be represented elec-

trically as a capacitance C in paralle)l with a resistance R, the former

‘ representing the dielectric properties of the medium and the latter its
= conduction. Real materials are not so simple, however, due to a number of

. complications. First, there is the problem of introducing and discharging e
e the conducting ionic species at the respective electrodes. Second, one 5§§S
% finds another effect, loosely called the "grain-boundary" effect, which is £ Bagt
X due to blocking of carriers at internal interfaces within the electrolyte. Rl

As a result of these factors the actual equivalent circuit of a sample can
be extremely complex. A relatively simple representation is shown in
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Fig. la, consisting of three R-C units in series with each other, one rep- Y
resenting the bulk or lattice behavior, another the grain-boundary effect zfj.
and the final one, the electrode effect. In order to study such an equiv- i
alent circuit, a.c. measurements are made over as wide a frequency range I
("frequency window") as possible (usually 1 Hz to 10°® Hz). The sample can :i:
then be represented by its complex admittance, Y* containing both real and
imaginary parts (representing the current in-phase with and 90° out-of- ANG
phase with the applied voltage). One may write .
Y* = G(w) + iwC(w) (1) a8
where G(w) is the effective conductance and C(w) the capacitance both, in :3&
general, functions of the frequency. We may also introduce the reciprocal * i
quantity, Z* = 1/Y*, called the complex impedance, which also has real and AN
imaginary parts S
N * = 1'() - i2"(w) (2) S
- A convenient and widely used analysis is the complex impedance plot in ;3;
which Z" is plotted as a function of Z' with w as parameter. For the case
% of the equivalent circuit shown in Fig. la, such a plot yields three semi- ’
. circular arcs, one for each R-C unit, as shown in Fig. 1b. In this plot
- the frequency increases as we go from right to left (arc 1 to arc 3). In
;2* this way, it becomes possible to separate out the true lattice conduction
g from the grain-boundary and electrode phenomena, and to study each —
separately. o
- RN
: (Q ) Ry R Re ! 000 ¢ o o _'
o ) g ® ™~
< F— — — Ty L%
\: @ @ @ Roy 200, so \t_nc. toc.
- — {+
::': Cy Con Ce (b‘
.E:: 506.7°C (V] Ce0y 6% Y04
':- $00 - Pog =
:‘\ ( b) ,'/ o'oaz x102qtm
. @ ® 1.0 210 *atm
ZH
: '{ I EPT W 1o'oo
y ® , @
. (e} were o
R R - and
23 12 2! )
- o |®
3 Fig. la. Equivalent circuit repre- “w s
- senting lattice (£), grain boundary I e iz .
3 (gb) and electrode (e? effects. @
£,
= Fig. 1b. Schematic diagram of com- Fig. 2~ Examples of complex .
. plex impedance plot corresponding impedance plots for Ce02:6%
- to circuit of part (a). Arrow Y203 at three different temper-
o indicates direction of increasing atures. Arcs are labeled to
frequency. match Fig. 1b. From Ref. [8].
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Actually, the experimental "frequency window" is usually not wide s
enough to display all three effects at any one temperature, but by cover- ?ﬁﬂ
ing a range of temperatures, we can see all of them. Figure 2 shows an el
example for the case of Y** doped Ce0,. This material is an oxygen-ion S
conductor through the migration of oxygen-ion vacancies which are intro- s
duced into the lattice as charge compensation for the lower valent cation 5525
dopant. Such ionic conductors may be used as the solid electrolyte in F;r
high-temperature fuel cells or in oxygen sensors. From Fig. 2, we see :5?3
that at low temperatures {e.g. 178 °C) arcs 2 and 3 appear while at high Aol
temperatures arcs 1 and 2 are obtained. Further we see that only arc 1, N
. the electrode arc, has a strong dependence on partial pressure of oxygen K ~
of the ambient gas. These results show, however, that the behavior is
more complex than that predicted from the schematic diagram of Fig. 1b. E:r:
Firstly, the arcs are not full semi-circles but are somewhat depressed (as N
shown by the sloping lines drawn in Fig. 2). This result can be inter- N

preted as meaning that each arc corresponds to a narrow distribution of
R-C circuit elements rather than to single values. Ffor simplicity we
ignore this fact for the present. Secondly, it is found that the elec-

trode contribution can involve more than a single arc. This will be dis- Pe s
cussed below. Nevertheless, the model of Fig. 1b can serve as the basis O
for extracting appropriate parameters. The two intersection points R12 Ctat
and R23 are clearly related to the equivalent-circuit parameters by e
Ra3 = Ry (3) LN
and E%;jﬂ
R12 = R£ + Rgb (4) :i; ;
so that Ry, - R,; gives R .. Each of these resistances can be converted AR
into a co%auctie?t s O, il the usual way by the relation e
o = d/AR (5) L
where d is the thickness and A the area of the sample. The results may DN
then be plotted on a conductivity ?lot,'log ol vs. 1/T, as shown in Fig. 3. Bﬁfg
Here the lower curve (solid triangles) is obtained from Ry and the upper N
curve (open triangles) from R,,. In addition, results of ;our-probe d.c. bﬁ\g
measurements, which are plottga as open circles, show excellent agreement w7

thus firmly establishing that both arcs 2 and 3 are due to the

with R12’
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.} oc. Fig. 3. Conductivity plots for a
Ce0,:1% Y203 sample. Upper curve,

obtained from the intersection Rp3

represents the lattice conductivity. N

Lower curve, consisting of a.c.

measurements from Ry, intersection,

as well as d.c. 4-probe data, is

dominated by the grain-boundary

effect. From Ref. [9].

e
",
SO

o T (*K20 ¢cm)

LSOOI |~ ) pase pesuiacuc)

-
v/

41

WL PP I o




electrolyte. Both curves can be fitted to the conventional Arrhenius-type

relation LN
ol = B exp (-H/KT) (6) .fi'

in which H is the activation enthalpy. X
We have obtained useful information from each of the three arcs. s
From arc 3 we have obtained the lattice conductivity as a function of .

temperature, composition and dopant [9,10]. Considering that oxygen-ion

vacancies are introduced as charge compensation for the dopant ions, one

might expect a monotonically increasing conductivity as the dopant concen-

tration increases. It is found instead that o goes through a sharp maxi-

mum as a function of dopant concentration as shown for Y203 dopant in .
Fig. 4. At the same time, the activation enthalpy goes through a minimum.

& These results show that strong defect interactions suppress the conductiv-

[ ity beyond a concentration of 4-6 mole % dopant. The study of defect

- interactions in systems of high concentration is a subject of great inter-

Ei est and one which requires further study. Similarly, it was found that
N

for different trivalent cation dopants of the same composition, the high- -
est conductivity and Jowest activation enthalpy H occur for a dopant whose L
size is closest to that of the host cation [10]. Such a result means that D
strain energy terms play an important role in determining H, a result that e
has recently been verified by computer simulation calculations [11]. From e
- a practical viewpoint, these studies show how best to optimize the lattice L
% conductivity with respect to dopant species and dopant concentration. o=

In most applications of solid electrolytes, one wishes to achieve the
maximum possible overall d.c. conductivity. Accordingly the grain-boundary
effect cannot be ignored. In fact, Fig. 3 shows that the overall conduc-

tivity can be as much as 100x lower than the lattice conductivity due to ii:?
the grain-boundary effect. Similar effects are prevalent for other solid s
electrolytes, e.g. in B-alumina which is the electrolyte in the much pub- ..

licized sodium-sulfur battery [12]. In the present case, particularly
because Hgb >> Hy (see Fig. 3), we can only interpret the electrical

\ 3

D

. Fig. 4. Variation of conductivity

o (at 182 °C) and of activation
enthalpy with composition, for

L4
{ev) |

0 o Ce0p - Y503 solid solutions. From
' Ref. [9].
0.8 Jw®
o [ Y3 S S W WY VN SE 10710
{ 08 1 2 8 1 2 S8 10 20 40
% VzO,

L} o
. e
- Bl

: 42 ALY

. -

03 0 i“‘
by, KT
s 4"-‘-
;*;."-."_l.ﬂ;.\'n:' :‘_I:“ ..;.\:'."h.\""'.‘{:":-\';"- ALty vy , .-. - -’"f"" .:‘?""-'.- "ol ‘O-'. '--:.';'" -{ ’..': X ’J A[ _,g» ¥ 'byy};k @‘ ' > 5_. ‘ " N DS




e

effects in terms of the existence of a continuous (very poorly conducting)
blocking layer, presumably associated with grain boundaries. In order to

e verify the presence of such a layer and to determine its origin, we exam-
N ined thinned (jon-milled) samples by STEM (scanning transmission electron
" microscopy) in combination with microanalysis by EDAX (Energy Dispersive

X-ray Microanalysis) and EELS (Electron Energy Loss Spectroscopy) [13].
A number of microstructural features were observed in this study, but the

2 one most relevant seemed to be the presence of "thick boundaries", as .
¥ shown in Fig. 5, i.e. layers of 2500A thickness which seem to be contin- T
9 uous. These were generally found to be an amorphous phase which had Si as AN
™ its major cationic constituent. This silica-type phase did not surround YAl
- > each grain, however, but appeared around a small agglomerate of grains. et
In order to determine whether the presence of Si as an impurity is indeed g;,y}
responsible for the grain-boundary effect, we have very recently succeeded O
in preparing doped ceria samples from starting materials that were essen- S
tially silicon free. Our measurements show that in such a material the Dee
grain boundary effect is virtually eliminated. e
The remaining arc (arc 1 in Figs. 1b and 2) is that due to electrode 5;,;}

effects. Actually electrode processes are very complex and rarely give
rise to just a single arc [14]. For the case of oxygen-ion conductors, we

- have carried out extensive studies with porous Pt-paste electrodes as well
N as a variety of others [15]. The simplest behavior (i.e., a single de-

- pressed arc) was observed for freshly prepared Pt-paste electrodes at rel-
atively high oxygen partial pressures. With the aid of an auxiliary tech-
nique, called the current-interruption method [15], it was possible to
show that, in this simplest case, the electrode process is controlled by a
charge-transfer mechanism, in which an adsorbed oxygen adatom Oaq under-
goes the reaction

O +2¢ + Vo =0 +V,,

:[ where V, and V4 are lattice oxygen vacancy and vacant adsorbed site, re-
spectively. The cathodic reaction goes from left to right and the anodic

'y
1 Fig. 5. STEM .
: microstructure of a o
sintered Ce02:6% -

Gda03 sample show- oo

.,
-
>

ing "thick bound-
aries" of an

Le- ¥
-5
W

<. amorphous silica C]
= phase. From Ref. AT
;" [13]. Db
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in reverse. At low oxygen pressures or when the electrode has aged under
high temperature or high current, an increase in Z" on the low-frequency
side of the arc takes place. This is related to a transport limited pro-
cess, or "concentration polarization.”

DIELECTRIC AND ANELASTIC RELAXATION

Because of important similarities we will treat these two techniques
together. In both cases an alternating field is used, electric and stress
fields, respectively. We measure the fractional energy loss per cycle in
the form of the quantity tan §, where § is the angle by which the response
(polarization or strain, respectively) lags behind the applied field. In
both cases the simplest behavior takes the form of the well-known Debye
peak as a function of frequency:

tan § = A - wt/(l + w?t?)

where A is a measure of the strength of the relaxation process and T is
the relaxation time. In the.case of dielectric or anelastic relaxations
due to defect pairs (or higher clusters), A is proportional to the defect
concentration and to the square of the electric or elastic dipole strength
of the defect, respectively. On the other hand, the reciprocal t-?! is
related to the frequency of the controlling ionic migration process and is
therefore thermally activated:

-1 = v exp (-H./kT) (8)

where H, is the activation enthalpy for relaxation. Because of Eqs. (7)
and (8), it is possible to observe tan § either as a peak in frequency at
constant temperature or a peak in temperature at constant frequency. For
more complex processes, tan § must be written as a summation over expres-
sions of the type Eq.(7),and the corresponding peak is then broader than a
simple Debye peak [16]. ]

(7)

T

For dielectric relaxation an alternative to the a.c. tan § measurement
is available. It is called the TSDC (thermally stimulated depolarization
current) method (also known as ITC) [17]. This method offers an extremely
high sensitivity and therefore can detect the reorientation, under elec-
tric field, of electric dipoles at concentrations as low as 1 ppm. It has
been applied to ceramics of the type already discussed [18], but for lack
of space we will not be able to cover this work here.

To illustrate the use of these relaxation techniques we turn instead
to a different problem, that of the frequency instability of quartz crys-
tals. It is well known that a-quartz, due to its piezoelectric property,
can be fabricated into resonators that vibrate at a fixed frequency. A
common application is to control time pieces (i.e. watches). But applica-
tions of such resonators to controlling satellites and guidance systems
demand far greater frequency stability, often to as much as 1 part in 10* ‘
or 10!?, even in radiation environments. Frequency instabilities under
irradiation are found to be closely linked to impurities present in these
cr¥stals, one of the most important of which are alkali ions, e.g. Na‘* or .
Li* [19]. These alkalis are present in the crystal as compensation for the
impurity A1%*, which sits on Si“* site and is deficient one positive charge.
In recent years, techniques have been developed for replacing alkalis by
H* or one alkali with another by a process of electrodiffusion or
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"sweeping" [20]. In this process the crystal is treated at elevated tem- AR

perature under a strong d.c. electric field in an appropriate environment. S
i Atso, methods of hydrothermal growth have made possible the production of ‘
L synthetic quartz crystals that are often far lower in impurity content

than natural crystals. Figure 6 shows the effect of electron irradiation
- at room temperature on three quartz crystals, a synthetic and a natural,
0 both as grown, and on the same synthetic crystal after sweeping to replace
. alkali ions with H*. The scale of frequency changes in this graph is very
large compared to the best present-day requirements. Nevertheless, the
figure shows that H* sweeping greatly reduces the frequency change that
takes place under irradiation, Thus we see that alkalis contribute to &f.

T
27

j; One reason for a frequency offset at room temperature can be the

)
h
b,

occurrence of an anelastic relaxation peak at lower temperatures. The s ¥
10-? N :
SMH2 r
00N DOPED »
NATURAL QUAATZ ;
7

ot

Fig. 7. Anelastic loss (in-

b ternal friction, Q-!) of a Na- f_T.P
3 doped quartz crystal as a func- A
; tion of temperature. From
\ Ref. [20].
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> Ly
b formal theory of anelasticity [16] shows that the presence of an anelastic
& peak given by Eq. (7) produces a frequency depression .;;:,:
LY 5 A
"‘ _‘-.,'s
N §F/f = - A/2 (9) ARy
Y S
N at all temperatures above the peak, where &f is the change in frequency RS
. relative to a defect-free crystal. In other words, to understand a fre-

quency offset at room temperature requires that we know about relaxation el

peaks that occur below room temperature. Such peaks are indeed prevalent.
For quartz crystals containing Na*, a prominent pair of anelastic peaks is
found at low temperatures, as shown in Fig. 7. A comparable pair of peaks
is ooserved in dielectric relaxation [22]. These have low activation
energies (H,. = 0.05 and 0.14 eV, respectively) and are attributed to the

| AR AN

« Na* being bound to a substitutional A1°*, with the Na* residing in the in- SE
- terstitial channel. No such peaks due to Al-Li pairs have been found in TelE
. spite of a careful search for them [23], presumably because the Li* sits e

on a 2-fold axis of symmetry. Irradiation produces important changes in Tl

these defects. Electron-hole pairs generated serve to free alkali ions Laa
Il from the A1°* and to create Al-h (aluminum-hole) pairs instead. The mi- L
L gration of the alkali can be observed as conductivity enhancement immedi- O
o ately after irradiation [24]. It is not yet clear which defects serve as T
" the traps at which the alkali ions terminate, but such trapping sites prob- et
o ably also capture one or more electrons. The Al-Na peaks are eliminated N
= or reduced by the irradiation and, instead, new large peaks can be observed A
R both by anelastic and dielectric loss measurements. Figure 8 shows such ‘
Nt dielectric loss peaks for both Na*- and Li*- containing crystals. Similar

anelastic peaks have been observed [25]. It is not yet clear as to whether
these peaks are due to Al-h centers or to alkali centers which are created
- ~by the trapping of Lit or Na‘t freed by the irradiation. Nevertheless, R
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Eq. (9) shows that the elimination of a low-temperature anelastic relax-
ation peak by irradiation results in an increase in frequency, while the
creation of a new peak results in & frequency decrease. Thus, it is clear
that the solution to questions concerning frequency instabilities at room
temperature lies in a better understanding of these low-temperature relax-
ation phenomena.

In conclusion, it was intended to show how the methods described
herein give insight into ionic migration in ceramic materials. These meth
ods can be usefully complemented by other widely used techniques such as

’ diffusion and NMR measurements. Together, they give the type of insight
: into defect migration mechanisms that make it possible to eliminate prac-
’ tical problems or to determine conditions of maximum performance.
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