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The existence of a large dipole moment and low-lying energy levels associated with the
fluorine impurity ion in NaBr has been shown by measurements of paraelectric cooling, di-
electric susceptibility, and low-temperature specific heat. Equilibrium orientations for the
dipoles along the (110) directions have been deduced from measurements of the dielectric constant
under applied stress and high-field polarization. Thermal-conductivity measurements indi-
cate a rather long impurity-lattice relaxation rate. This has been confirmed by dielectric-
relaxation measurements which give a relaxation rate which varies linearly with temperature
below 5 K with a value of 10~ sec at 2 K. These observations are explained by means of a
model in which the impurity ion tunnels between potential minima displaced from the lattice
site, somewhat similar to the tunneling observed in KCl: Li'. Two major differences with the
data for KCl: Li', namely, a much broader specific-heat contribution and slower relaxation
rate, necessitate a modification of the simple tunneling model used in describing KCl: Li'. By
taking into account the effect of lattice strains on the tunneling motion, good agreement is ob-
tained with the data for NaBr: F". Using this model a value of 8.7 mK is calculated for the
tunneling matrix element. Thus NaBr: F represents a tunneling system in the limit of a small
tunneling matrix element while KCl: Li' is characteristic of a large tunneling matrix element.
Evidence is cited for other systems which might fit the strained tunneling model. These sys-
tems are RbC1:Ag', RbC1: OH, and KCl: OH .

I. INTRODUCTION

Impurities in ionic crystals which can reorient
at low temperatures by tunneling have been the ob-
ject of considerable experimental and theoretical
investigation during the past ten years. ' Quantum-
mechanical tunneling produces a splitting of the
orientational degeneracy analogous to the inversion
splitting of the ammonia molecule. The resulting
closely spaced energy levels give rise to a number
of unusual low-temperature properties. A partic-
ularly novel mode is exhibited by the monatomic
impurity ion Li' in KC1. It has been shown that the
lithium ion tunnels between potential minima dis-
placed from the center of the lattice cavity in the
(111)directions. A large dipole moment associated
with the displaced lithium ion makes possible the
manipulation of the ion's orientation by means of
electric fields.

The interest in the present work is twofold. First
of all, since KCl: Li' represents the only off-center
impurity which has been studied extensively, it is
of interest to investigate another system exhibiting
the same type of behavior to establish the tunneling
model as one which may occur with some generality
in solids. Secondly, if a system with a small tunnel
splitting and large dipole moment could be found, it
might have the potential of conveniently producing
very low temperatures by means of paraelectric
cooling. A small tunnel splitting might also make
possible observation of effects masked by the large
tunnel splitting of KCl: Li'.

A search was made for off-center impurity ions

TABLE I, Alkali halide systems tested for paraelectric
cooling.

Positive results

KC1: Ll,+ ~ RbC1: Ag+" NaBr: F- c,d

Negative results

NaC1: Li' '
:Cu''
~ F- c

NaBr: Li'

KCl: Rb'
:Ag'~
~ Cu' ~

~ F»
~ e a

KBr: Li' ~

:Cu"
:H"

RbC]. :Li' ~ f

Na'

:K"

Cu
, F c

RbBr: Ag' "
RbI: Ag'

CsBr: Na' ~

~Reference 17.
"Reference 41.
'Present work.
Reference 3.

'Reference 2.
G. Lombardo, Ph. D. thesis (Cornell University, 1971)

(unpublished) .

in a number of alkali halide systems using para-
electric cooling as a test. Similar efforts have also
been undertaken by Kapphan and co-workers' and
Lombardo and Pohl. Most of the systems tested
gave negative results. These are nevertheless of
interest since the occurrence of paraelectric cooling
is one of the most straightforward tests for mobile
off-center ions, and the possible existence of off-
center ions in a number of these systems has been
in question. A listing of the results thus far ob-
tained is given in Table I.
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The system chosen for more extensive study was
NaBr doped with NaF. Preliminary observations
by Lombardo and Pohl' of paraelectric cooling in-
dicated that the fluorine ions may occupy off-center
positions. A systematic study of NaBr: F was un-
dertaken employing measurements of specific heat,
paraelectric cooling, thermal conductivity, and
dielectric relaxation, the results of which are re-
ported here. In Sec. II the experimental results
are presented preceded by a brief description of
apparatus and technique. Section III begins with
considerations leading to a modification of the sim-
ple tunneling model used for KCl: Li', followed by
a comparison of the model with the experimental
results for NaBr: F . In Sec. IV data for RbCl: Ag',
RbCl:OH, and KC1:OH are discussed and simi-
larities between these data and the modified tunnel-

ing model are noted. Section V contains a summary
and conclusions.

II. EXPERIMENT

A. Experimental Details

The measurements described below were per-
formed in several different cryostats. Between
0.05 and 2 K an adiabatic-demagnetization cryostat
was used for all measurements except paraelectric
cooling and dielectric relaxation which were per-
formed in a He cryostat' operating to 0. 28 K. At
higher temperatures a He conduction cryostat,
modified by the addition of a bellows-type heat
switch, was used for measurements of specific
heat, thermal conductivity, and paraelectric cool-
ing, while the high-field polarization and dielectric
constant under stress were measured in He immer-
sion cryostats.

Standard procedures outlined in previous publica-
tions "were used in measuring the specific heat,
thermal conductivity, and paraelectric cooling.
The permanent thermal link between the sample
and post required for the low-temperature specific-
heat measurements was provided by a thin copper
wire attached to a metallic area contact on the sam-
ple. The large heat capacity at low temperatures
necessitated a large area to avoid contact resis-
tance. Gold films evaporated to a thickness several
times opacity provided the most reliable contacts,
with the wire attached to the film using Dupont elec-
tric -grade-4922 silver paint.

The dc dielectric constant was measured on a
circuit described by Fiory. Briefly, a constant
voltage supplied by a 5. 4-V mercury battery was
applied to the series connection of a large fixed
capacitor and the sample capacitance. The voltage
across the fixed capacitor was then measured with
an electrometer. This voltage was related to the
dielectric constant using the capacitance of the fixed
capacitor, the applied voltage, and the sample

thickness and electrode area.
The same circuit was used to measure the high-

field polarization. In this case the voltage was
supplied by a Hewlett-Packard precision high-volt-
age supply operating at voltages of up to 3000 V.
To increase the accuracy of the readings the output
of the electrometer was fed into a Heath digital volt-
meter. As a check on the measuring equipment, and
to facilitate subtraction of the pure-crystal contribu-
tion to the polarization, an undoped NaBr crystal
was measured. The polarization was found to be
linear to within +0. 25%.

A General Radio capacitance bridge was used for
the ac dielectric-constant measurements, operated
in the three-terminal configuration. The bridge
was designed to operate at frequencies less than
100 kHz, which was the upper limit of the narrow-
band amplifier and null detector used for zeroing.
By amplifying the signal from the bridge with a
Tectronics wide-band amplifier and displaying it on
an oscilloscope, it was possible to determine a rea-
sonably good null for the bridge up to frequencies
of 600 kHz. At these frequencies stray capacitance
and inductance in the bridge introduced considerable
errors, but useful qualitative results were still ob-
tainable. In all dielectric measurements carefully
shielded cables minimized stray capacitance effects
in the leads.

For measurements with applied stress a thin slab
sample was pressed between blocks of pure NaBr,
as shown in Fig. 1. The faces of the blocks and
sample in contact were of the same crystallographic
orientation to eliminate spurious strains. Gold
electrodes were evaporated onto the faces of the

Applied
Forcer Stainless

Rod

Gold
Electrodes

I—Sample~

~NaBr
Blocks

Field
Leads

IBM Card

FIG. 1. Mounting of s ample for measurement of dielectric
constant in applied stress.



T UN N E L IN 6 IN Na Br: F . . .

crystal with electrical contact made by gold strips
evaporated across the faces of the blocks. A check
for hysteresis in the stressing apparatus was made

by repeating points for increasing and decreasing
stress. Good reproducibility was observed.

Primary thermometry in all cryostats was pro-
vided by germanium resistance thermometers
originally calibrated against a platinum thermom-
eter, He and He' vapor pressures, and a cerium-
magnesium-nitrate salt pill. Carbon resistors
provided convenient secondary thermometry. Re-
sistance thermometers were measured with an ac
bridge described by Seward. '

The crystals were seed pulled from bromine-
treated pyrolytic-graphite crucibles in vacuum-
tight stainless-steel furnaces under a high-purity-
argon protective atmosphere. ' Bromine-treated
Merck Ultra Pure powder from the Merck Chemical
Co. (Darmstadt, Germany) was used as the starting
material. Considerable care had to be exercised
in handling the crystals due to the hygroscopic na-
ture of NaBr. By maintaining the relative humidity
of the room below 40/o and surrounding the work
area with heat lamps, a cleaved surface could be
kept clean and shiny indefinitely. To relieve strains
caused by cleaving and grinding the crystals were
annealed in a silica boat in vacuum at 500 'C for
15-30 min and then cooled slowly.

Analysis for fluorine-ion content was carried out
by the Materials Science Center Analytic Facility
using the specific-ion-electrode method. This
method of analysis is very sensitive to fluorine-ion
concentration, giving an accuracy of a few percent.
However, fluctuations in concentration occur within
a crystal boule, and thus an uncertainty in the flu-
orine concentration of a particular sample still
exists as not all samples cut from a single boule
are analyzed individually. In order to minimize the
variation in fluorine-ion concentration the samples
used for the high-field polarization were all cut
from the same region of a large boule.

Unwanted OH impurities present a considerable
difficulty in alkali halide crystals, particularly
NaBr. Although great care was exercised in grow-
ing the present crystals, there was some OH con-
tamination. An approximate determination of OH
ion concentration was made using uv absorption at
VV K. As a check for any other impurities, two
samples were given an impurity survey using emis-
sion spectography. The impurity concentrations
for all crystals used are given in Table II.

As a check to ensure that the fluorine ions were
entering the lattice substitutionally and not inter-
stitially the ionic conductivities of a pure sample
and a fluorine-ion-doped sample (1.8&& 10" cm )
were measured in an apparatus described by
O' Brien. ' No increase in the conductivity of the
doped sample over that of the pure was observed,

In considering the data obtained for NaBr; F it is
useful to have in mind the properties of the simple
tunneling model used so successfully in describing

TABLE II. Crystal boules, +N~~ = l. 88 x 10 molecules j
cm3. The concentration of fluorine grovrn into the crystal
(column 3) is only a small fraction of the concentration in
the melt (column 2).

Boule number

809161W
812121W
811011W
810281W
809261W
901281W
441

mole %
NaF in melt

0.01
0.1
0.2
0.5
1.0
1.0

XF(cm )

9.0 x 10~6

7.7 x 10
1.3 x 10
1.8x 10"
5.1x 10'8
5, 5x 10

&oH{cm-')

0.2x 10i6

0.4x 10i6
0.9x 10"
0.9x 10~6

1.3x 101
1.5»0«
6 x 10~6

Spectroscopic analysis

Estimated concentration (ppm)
Element detected Boule No. 809161W Boule No. 809261W

Mg
Al
Cu
K
Ca
Ag
Tl

1-10
1-10
1-10
10-100
1-10

1-10
1-10
1-10
10-100
1-10
0.1-1
0.1-1

indicating a substitutional placement.
The interest in the heat-capacity measurements

was due to the contribution of the fluorine ions.
Therefore, the specific heat of a pure NaBr sample
was measured so that this could be subtracted from
the total specific heat of the fluorine-doped samples.
Below about 1 K the specific heat of a pure alkali
halide obeys the Debye equation, with a T tempera-
ture dependence. The Debye temperature was cal-
culated from the specific-heat measurements using
the equation'

C„/Nk = 234(T/e~)'

with the results shown in Fig. 2. A low-temperature
limit of 215 K was found for QH~. The slight de-
crease of 8D at the lowest temperatures is likely
caused by residual impurities. Tunneling impuri-
ties in concentrations of less than 0.1 ppm would
be sufficient to cause the observed deviation. The
value of 215 K for P~ is substantially less than that
of ultrasonic experiments, ' where p~ is calculated
to be 224. 6 K. It is unlikely that residual impuri-
ties could account for this discrepancy, since their
effect would be negligible by 1 K. It might be noted
that similar discrepancies have been observed be-
fore, for example in NaF, "with no adequate ex-
planation having yet been found.

B. Data
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the KCl: Li' system. Although the model used for
KCl: Li' involves tunneling between eight equivalent

wells, the qualitative features of interest here can
be seen in the simple double-well harmonic-oscil-
lator model. This model is discussed more thor-
oughly in Sec. III, and its properties will merely be
summarized here. Quantum-mechanical tunneling

through the barrier between the wells splits the

doubly degenerate ground state of the system into
two levels, with a splitting given by twice the tun-

neling matrix element. The eigenstates are the

symmetric and antisymmetric combinations of the
single-well wave functions and give rise to a Schottky
specific-heat anomaly. The application of an elec-
tric field will tend to localize the ion in one well,
inducing a dipole moment. By taking a thermal
average of the states the average induced moment
can be calculated. For temperatures large com-
pared with the ground-state splitting the suscepti-
bility obeys the Langevin-Debye equation. At lower
temperatures saturation occurs at a value of the
susceptibility equal to the polarizability of the low-
est energy state. The temperature-dependent sus-
ceptibility makes possible the observation of para-
electric cooling by adiabatic removal of an electric
field.

In the KCl: Li' system early measurements of
paraelectric cooling and dielectric constant in-
dicated that the lithium ions made a Langevin-Debye
contribution to the susceptibility which led to the

proposal that the lithium occupies an off-center
position. Preliminary observations of paraelectric
cooling in NaBr: F at 4. 6 K indicated that here,
too, the impurity ion may be off-center.

In Fig. 3 the paraelectric cooling' is shown as a
function of temperature for two values of electric
field and fluorine-ion concentration. The shapes
of these curves are qualitatively similar to those
observed for KCl: Li'. At the highest temperatures
the cooling approaches a T dependence indicated

I 0- I
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FIG. 3. Paraelectric cooling of NaBr: F . Open

circles: N~= 5.1 && 10 cm; closed circles: NJ; ——7.7
&& 10"cm-'.

by the solid lines. Such a dependence indicates a
susceptibility varying as T ', where the cooling is
given by'

aT = N~ poE'/6Ak T',
where E is the applied electric field, N~ the chemi-
cally determined number of dipoles in the field, IU, O

the dipole moment, and AT' the lattice specific
heat. From this expression a value for the dipole
moment can be calculated with the results p, o= 3.4

D for the low-concentration sample and p, o= 3.9 D
for the high-concentration sample, uncorrected for
local field (1 D= 10 "esu). These values represent
a lower limit since true T behavior has not yet
been reached at these temperatures. (See the dis-
cussion of dipole moment in connection with the di-
electric-constant and high-field-polarization mea-
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surements below. )
At the higher temperatures the cooling varies

approximately linearly with concentration indicating
that the fluorine ions are a,cting independently. At

low temperatures the cooling becomes independent
of concentration. This results from the fact that
the low-lying energy levels of the fluorine ions are
dominating the specific heat and the iona are merely
cooling themselves. A more complete discussion
of the temperature dependence of paraelectric cool-
ing in tunneling systems may be found in the paper
by Pohl et g/. At present we merely note that the
dependence observed for NaBr: F is that expected
for a tunneling impurity.

To get a more direct measure of the polarizability
the dc dielectric constant of NaBr: F was measured
as a function of temperature from 80 mK to 20 K.
Thin-slab crystals with two different fluorine-ion
concentrations were used. A plot of the measured
dielectric constant as a function of T ' gives a.

straight line with positive slope for small values of
(Fig. 4). At temperatures below 20 K the host

dielectric constant is temperature independent and
thus the data indicate that the fluorine ions are
making a contribution varying inversely with tem-
perature. From the extrapolated vertical axis in-
tercept the host dielectric constant can be deter-
mined, with values of 6. 1 and 6. 4 for the low- and
high-concentration samples, respectively. This
discrepancy is within the limits of uncertainty in

the electrode area. For a Langevin-Debye polar-
izability the slope of the line is given by NJ;go/3k.
Using the chemically determined value of N~, the
dipole moment is calculated to be 4. 7 D for the low-
concentration sample and 5. 1 D for the high-con-
centration sample. An uncertainty of l(PO in these
values arises from uncertainties in the electrode
area and the fluorine-ion concentration. The values
of p p calculated here are larger than those calcu-
lated from the paraelectric-cooling data. As noted
above this may be due to the fact that the cooling
was not observed in the temperature range of true
Langevin-Debye polarizability. The question of the
correct value for the dipole moment will arise again
in the discussion of the high-field-polarization data.

By subtracting the contribution of the pure crystal
from the total dielectric constant the change caused
by the fluorine ions is obtained (see Fig. 5). Below
about 4 K this contribution begins to level off indi-
cating that the thermal energy is comparable to the
fluorine-ion ground-state splitting. For the higher
concentration the dielectric constant is actually
seen to pass through a maximum, decreasing slight-
ly at lower temperatures. This behavior has been
observed for a number of electric-dipole systems
and is attributed to electric dipole-dipole interac-
tions, as discussed in a recent paper by Fiory.
The effect is still very small for the highest concen-
tration used in the present experiments.

This dielectric behavior lends strong support to
the original contention, based on paraelectric cool-
ing, that the fluorine ion tunnels between off-center
potential minima. A measurement of the specific
heat should therefore yield a Schottky contribution
from which a value for the tunneling matrix element
could be cal.culated. The specific heat was mea-
sured for several fluorine -ion concentrations
varying between 9x10" and 5. 5&& 10" cm 3 (see Fig.
6). A large contribution to the low-temperature
specific heat is indeed observed, which increases
with the fluorine-ion content. However, the shape
of the excess contribution is c/early not that of a
Schottky anomaly. At the lowest temperatures the
present data decrease linearly in T rather than ex-
ponentially as observed in KCl: Li'. 2P At these low

temperatures the pure-lattice contribution to the
specific heat is negligible. This is the first clear
evidence of a difference between these two systems.

The excess specific heat, obtained by subtraction
of the pure-crystal specific heat (Fig. 7), exhibits
a peak at temperatures slightly less than 1 K, in-
dicating the presence of energy levels with a split-
ting on the order of 1 K in temperature units. The
dashed line in the figure shows the temperature de-
pendence of a Schottky term, which by 0. 1 K has
fallen several orders of magnitude below the pres-
ent data. From this it is clear that the evaluation
of the specific-heat data in terms of a tunneling
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matrix element, as was done for KCl: Li', is not
justified in the present case. This is also indicated
by the fact that the temperature at which the peak
occurs increases as the fluorine-ion concentration
increases. If the peak temperature were determined
by the tunneling matrix element, it would be the
same for all concentrations, as observed in
KCl: Li'.

The entropy associated with the specific-heat
peak was calculated by computing the area under a
plot of (C&,&„-C,„„)T' vs T. As shown in Fig. 8
the entropy divided by jVFk is nearly independent of
fluorine-ion concentration, increasing from l. 05
to l.66 as the concentration increases by a factor
of 60.

Another probe of the low-lying energy levels
which had proved useful in KC1: Li' was the thermal
conductivity. The lithium impurity ions are strong
resonant scatterers of phonons, with ion concentra-
tions of 10' cm ' causing a decrease in the thermal
conductivity at 1 K of nearly two orders of magni-
tude. However, in NaBr no effect of doping with
NaF was observable in the thermal conductivity.
The data for pure NaBr and two rather heavily doped
NaBr: F samples are shown in Fig. 9. Both the
pure sample and the fluorine-doped samples show a
slight decrease below the T' behavior observed for
very pure alkali ha&ides at low temperatures. The
decrease scales approximately with QH concentra-
tion and is therefore probably due to this impurity
which is a known phonon scatterer. It should be
pointed out that these QH concentrations are two

orders of magnitude too smail to account for the
large specific heat and dielectric contributions de-
scribed above.

It is concluded, therefore, that although there are
states of comparable energy splitting in both
KC1: Li' and NaBr: F, as evidenced by the specific
heat, in NaBr: F the phonon scattering of these
states is smaller by at least three orders of mag-
nitude. Since the phonon-scattering strength is
proportional to the impurity-lattice relaxation rate
the lack of observable phonon scattering for
NaBr; F impbes a relaxation rate three orders of
magnitude slower than that of the lithium ion in
KCl. This is the second major experimental differ-
ence between the two systems.

By means of low-temperature dielectric-relaxa-
tion measurements it was possible to directly de-
termine the relaxation rate in NaBr: F, ' something
which has proven difficult in KCl: Li' due to its very
fast relaxation. This same method, i.e. , dielec-
tric relaxation, has been used for the tunneling sys-
tem KCl: QH, ' but the high frequencies required
for this system made the measurements rather dif-
ficult. In Fig. 10 the real part of the dielectric
constant at four frequencies is plotted as a function
of temperature. The host dielectric constant is
frequency independent in this range, and thus the
change in E as a function of frequency reflects the
change in the fluorine-ion contribution to the dielec-
tric constant. At a frequency of 100 kHz this con-
tribution has been reduced nearly to zero, indicating
that at these frequencies the fluorine ion is unable
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FIG. 5. Fluorine-ion contribution to the dc dielectric constant of NaBr: F . Concentrations as in Fig. 4.
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to follow the rapidly changing electric field. Thus
a relaxation rate on the order of 10 sec is in-
dicated.

The frequency dependence is seen more clearly
by plotting the .real and imaginary parts of the di-
electric constant as a function of frequency, as

shown in Fig, 11 for T = 2. 1 K. The relaxation ap-
pears to be of the Debye type, with the real part of
the dielectric constant decreasing smoothly while
the imaginary part passes through a maximum. A
more accurate check on the Debye character of the
relaxation is provided by a plot of c vs E, often
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to the center of the circle in plots such as Fig. 12
and determining the frequency at which this value
of & was observed. The resulting temperature de-
pendence of the relaxation rate is shown in Fig. 13.
Below 5 K the relaxation rate (in sec ') is approxi-
mately proportiona, l to T (in K), i.e. ,

Similar measurements were made for a sample with

N+ = 7. 7~ 10' cm ' with results in agreement with
the above to within 20%. In contrast to this, the
relaxation rate for KCl: Li' at 1 K is at least 10
sec '. The difference of more than three orders
of magnitude explains the lack of observable phonon
scattering in NaBr: F .

The dielectric measurements discussed so far
indicate that a rotating dipole moment is associated
with the fluorine ion. Since the dipole rotates in a
cubic lattice, it would be expected to have equilibri-
um orientations determined by the cubic crystal
field. Only three sets of orientations are likely:
the six (100) directions, the eight (111)directions,
or the twelve (110) directions. Two experiments
were undertaken to distinguish between these three

FIG. 7. Specific heat of NaBr F with pure-crystal
contribution subtracted. Concentrations the same as Fig.
6. Dotted line shows temperature dependence of Schottky
term. Solid lines were calculated using a distribution of
energy level splittings as discussed in. Sec. III.

10I-

called a Cole-Cole plot" (see Fig. 12). The circu-
lar character of the plot with the center of the circle
somewhat below the horizontal axis is characteristic
of a Debye relaxation with a small spread of relaxa-
tion rates.

The average relaxation rate at each temperature
was determed by noting the value of e corresponding
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FIG. 8. Fluorine-ion contribution to the entropy of
NaBr: F as a function of concentration.

FIG. 9. Thermal conductivity of NaBr and NaBr: F .
The data for sample |.below l. 5 K are identical with those
for sample B and are omitted for clarity. The difference
between the conductivities of the pure and doped samples
at the lowest temperatures is probably due to different
residual OH contamination. See text.
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possibilities.
In the first experiment the polarization was mea-

sured as a function of crystallographic orientation
in fields up to 100 kV/cm. At high fields the polar-
ization will saturate at a value determined by the
component of the fluorine dipole moment along the
field, which will depend on the equilibrium dipole
orientations.

The polarization of the doped samples after sub-
traction of the pure-crystal contribution is shown
in Fig. 14 for electric fields in the [110],[111], and

[100]directions The .short horizontal lines at the
right of the figure indicate the relative spacings for

saturating polarization if the dipole is constrained
to the (110) orientations. The data are seen to be
consistent with (110) orientations although the
spacings are not quite right. This may in part be
due to a lack of full saturation of the polarization.

If it is assumed that the [110]polarization is
saturated at a value of N~p. o, the dipole moment
calculated using the chemically determined value
of N~ is 3. 5 D. This is comparable to the values
calculated from the paraelectric-cooling data and
substantially less than the values calculated from
the dielectric -constant measurements. It seems
unlikely that a lack of saturation could be sufficient
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to explain the discrepancy with the dielectric-con-
stant data and equally unlikely that the fluorine-ion
concentration could be so much in error. It would
seem, therefore, that two values of the dipole mo-
mentaremeasured, oneforfields greater than 3or 4
kV/cm as in the paraelectric-cooling and high-field-
polarization experiments, and one for fields on the
order of 0. 1 kV/cm as in the dielectric-constant
measurement. The significance of this observation
is not clear at present,

The second method of determining the dipole
orientation was to observe the effect of an applied
uniaxial stress on the dielectric constant. Pre-
viously, measurements of the effect of applied
stress on the NMR signa, l in KC1: Li' ~ and on the
optical absorption of CN ' and OH ~ in a variety
of alkali halides has been used to determine the
orientations of these impurities.

In the present experiment, measurements on two
crystals were carried out, one with stress and
electric field parallel to the [100] direction (N~ = 1.8
x10' cm ') and one with stress and field parallel
to the [111]direction (Nz=5. 1x10' cm '). Fre-
quencies of 0. 1 and 1.0 kHz were used which are
well below the relaxation rate. In both instances a
decrease in the dielectric constant accompanied the
increase in applied stress as shown in Fig. 15
where the pure-crystal contribution has been sub-
tracted. Similar decreases in the dielectric loss
were also observed. From these observations both
(100) and (ill) dipole orientations can be ruled out

by a simple argument: All (100) orientations are
equivalent in a [111Jstress (see Fig. 16) and no
splitting will occur upon application of the stress.
Thus a [111Jstress should have no effect on the di-
electric constant for (100) dipoles. This same
argument applies for (ill) dipoles in a [100]stress.
This argument does not apply, however, to (110)
dipoles since all (110) orientations are not equiva-
lent with respect to either a. [100]stress or a [111]
stress. The fact that a decrease in the dielectric
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FIG. 13. Dielectric relaxation rate for NaBr: F . NJ;
=1.8x 10(8 cm 3.

constant was observed for both stress directions
implies (110) orientations for the dipoles in agree-
ment with the high-field-polarization results.

It might be noted at this juncture that Wilson
et al. calculated off-center potential minima if
the fluorine ions were displaced from the lattice
sites along (111)directions. They did not calculate
the effect of moving the ions out along (110) direc-
tions to see if an even deeper minimum would be
found. Thus the present results are not in contra-
diction with their calculations.

The observed change in dielectric constant with
applied stress allows a determination of the stress
coupling coefficients P; defined by Kanzig ' as
4;= P;X, where X is the applied stress and 4, is
the stress-produced energy difference. For (110)
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dipole orientations four P, can be defined. From
present measurements two of these can be deter-
mined, P& for [111]stress and P, for [100] stress.

In Fig. 17 it is seen that for both [100J and [111J
stress directions the twelve (110) orientations
fall into two groups, one of which has dipole orien-
tations perpendicular to the stress direction. The
fact that the dielectric constant decreases with in-
creasing stress indicates that the electrically in-
acti'~e orientations with dipole moment perpendicu-
lar to the applied stress and electric field (filled
circles) go to lower energy. By a consideration of
the Boltzmann factors for the various orientations
the stress dependence of the dielectric constant can
be calculated. %'riting the change in energy due to
the applied electric field as 5= p. oE cos8, where 8
is the angle between the field and the dipole, and
the splitting due to the stress as 4, the induced
polarization for [100] fields is

-(6 6) /kT ~ (b, +to/0T~eP= NI" 0 cos&-„- „. (Lh, 6)/pT „-(6+t)/k1'4+4e +4e

Since 5 «AT, the exponentials can be expanded. The
derivative with respect to field then yields the dipole
contribution to the dielectric constant as a function
of stress

3
/k (la)

where the value of cose= I/W2 has been used. For
[111]stress and field, the expression is

Ns'j[Lo 2
3jpT e " +1' (lb)

The poorness of the fit may be due to the fact that
this sample represented the highest concentration
of fluorine ions which could be grown into a crys-
tal, and showed some evidence for electric dipole-
dipole interactions.

A fit of these expressions to the data determines the
values of P, and P4. For the [100Jdata the fit was
very good, as shown by the solid line in Fig. 15,
giving a value for P4 of

P4= 2. 1&&10 cm' .
The [ill] data gave a considerably poorer fit as
shown by the two lines for the 0. 1-kHz data, one
chosen to fit the low-stress data and one to fit the
high-stress data. Using these fits as limits, the
value for P& was found to be

P, = (0. 7+0. 2)&&10 ' cm' .
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FIG. 14. Fluorine-ion contribution to the dc polarization for NaBr: F . &&=5.1x 10~
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III. COMPARISON WITH TUNNELING MODEL

A. Modification of Simple Model

In Sec. II it was shown that the substitutional
fluorine ion in NaBr makes a Langevin-Debye con-
tribution to the dielectric constant down to low tem-
peratures. This implies that a dipole moment hav-
ing low-lying energy levels is associated with this
ion. ' Low-temperature specific-heat measure-
ments confirmed the existence of these levels. By
dielectric-relaxation measurements the reorienta-
tion rate was found to increase linearly with tem-
perature up to a temperature of 5 K. Equilibrium
orientations of the dipole moment were shown to be
along the (110) directions.

All of this evidence strongly suggests that the
fluorine ion tunnels between potential minima dis-
placed from the lattice site in the (110) directions.
When the results are compared with the simple
tunneling model used to describe KCl: Li', however,
two important differences are noted: (i) The spe-
cific-heat peak of the impurity ion is considerably
broader in NaBr: F, particularly on the low-tem-
perature side, and (ii) the relaxation rate of the
impurity ion is at least three orders of magnitude
slower in NaBr: F .

It seems impossible to accomodate these differ-

ences in the simple tunneling model used to de-
scribe the KCl; Li' system. This can be seen most
clearly in the specific-heat results. For an ion
tunneling between equivalent off-center sites the
ground state is split into a few levels whose separa-
tion is determined by the tunneling matrix element,
the same for all ions. " Thus the contribution of
the impurity ions to the specific heat will be of the
Schottky form. In contrast to this the fluorine-ion
contribution to the specific heat shows a very broad
peak decreasing linearly rather than exponentially
below the peak. The large contribution to the spe-
cific heat at the lowest temperature indicates that
there are a number of ions with very small energy
level splittings.

If the wells are made inequivalent, for example
by lattice strains, additional splitting of the levels
occurs which may result in a broadening of the
specific -heat contribution. This was demonstrated
in a calculation by Pompi and Narayanamurti" in
which two of the six (100) wells of the CN ion in
RbCl were separated in energy from the other four
by the addition of a noncubic term to the potential.
It was assumed that this term arose from lattice
strains. The resulting broad double-humped spe-
cific-heat curve gave a rather good fit to the data
of Harrison et al. " Although this perturbation
produces a considerable broadening of the specific
heat, it does not give the very smooth linear tem-
perature dependence observed in NaBr: F . How-
ever, if the strain splitting were to vary from ion
to ion, the energy level distribution would be spread
out, resulting in an increased breadth and smooth-
ness of the specific heat. That this may in fact be
occurring is evident in the RbCl: CN data which are
somewhat broader and less peaked than the calcu-
lation.

A rough idea of the energy level distribution
needed to fit the NaBr: F data at low temperatures
can be gotten by a consideration of the Debye spe-
cific-heat model. In the Debye model a T' tempera-
ture dependence of the specific heat at low tem-
peratures results from a density of states varying
as the square of the energy. " It can easily be seen
that a density of states which is independent of en-
ergy will result in a linear specific-heat contribu-
tion, as observed in NaBr: F . This density of
states is clearly different from the 6-function dis-
tribution for the simple tunneling model.

FIG. 16. Labeling of
(110) orientations for the
fluorine dipole in NaBr: F .
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where cu is the frequency of the particle in a single
well. Since we are interested in low-temperature
behavior, it will be assumed that kT«hen and there-
fore only the ground states of the two wells need be
considered. These will be denoted by la) and I b)
for the left- and right-hand wells, respectively.
The secular equation is

tE, -E g-SE
SE Eo

where

FIG. 17. Energy splitting of the fluorine-dipole orj.enta-
tions (indicated by balls) under the application of [100]
and [111]stress.

Th ther instance in which the present resultse 0
differ markedly from the tunneling observe in
KCl: Li' is the impurity-lattice relaxation rate.
Although energy level separations of comparable
ma itude occur in both systems as demonstrated
by the heat capacity which peaks at -0.5

magni e o

laxation ra e in at ' NaBr F is at least three orders
of magnitude slower. Another system in which a
slow reorientation occurs through tunneling is
KI:0, . By means of electron spin resonance Kan-
zi " and S'lsbee' measured the reorientation o
the O~ molecule following the application or removal
of stress. Although the slowness of the relaxation

recluded a direct measure of the ground-statepreclu e a ir
splittings, Silsbee estimated a value —,

' c& 2- K caused
by strains. A theory employing weak tunneling in
the presence of lattice strains first proposed by
Sussmann" and later developed by Pire, Zeks, and
G ' has been used to give a good fit o et the dataosal

' n. Itisin the region of single-phonon relaxation. is
shown that the relatively widely separated strain-
split levels relax slowly due to a small tunneling
matrix element.

The above examples of the effects of strain sug-
gest that the model to be used in describing
NBr: F is one in which a small tunneling matrix
e emen1 t connects wells made inequivalent by in-

of suchternal lattice strains. The general features o
t an be shown with a simple two-well

model which will be described next. Following is
the generalization to twelve &110) wells wall be dis-
cussed.

The problem of inequivalent wells is mos1 is most easily
1 d b first solving the equivalent-well problem

and using these solutions as a basis when

are made inequiva en .1 t The double-well harmonic-
oscillator potential shown in Fig.i . 18(a) can be writ-

Ei= 2hco+ I"

I

-x0

I

Xa

b)

xo
I

xo

18. Double-well harmonic oscillator. (a) WellsFIG. 18. u e-
equivalent; (b) wells znequzv

' alent.

z, =&a~a~a) =&&)a)t),

q=&s(a)S&,

s =&ash) .
This equation has the solutions

Z=(Z, ~q)/(1+S) .
If the barrier between the wells is large compared
to the zero-point energy, the overlap S w'S will be «1.
In this case the solution can be simplified to'9
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with eigenfunction

E,=-,'m~-(I'+~')'",
f

I)= ~
f I)+ Pl 2),

E„=—,'her+ (I"'+a')'/',
f

II& = —P
f

1& + a
f 2),

~, P~Q, a'+P2=1,
~R (FR g2)i/2+ F
~F (F2 j R)1/2

If 4=- 0, the symmetric and antisymmetric solutions
f2) and fl) are restored, as they must be. For
6» I', the solutions are given to first order in F/&
by

fl) = fa)+(r/2~) f», E, = ,'re~ —~, —

fII) = —ff)+(r/2~) f&), E„=-,'-@&+~. (2)

The effect of a large strain is to nearly localize the
particle in. one well with only a sma. ll fraction I'/26
of the wave function in the other well. The energy
difference between the states is = 2~, with the tun-
neling only contributing a small amount of order
1 /6, which is neglected

As shown by Sussmann phonons may induce
transitions between these states by means of their
fluctuating strain which produces a fluctuating com-
ponent 54 in the splitting of the wells. Following
Sussmann, the single-phonon relaxation is calcu-
lated by expressing the strain between the wells in
terms of the phonons,

E2= gA (d —I p

with eigenfunction

I
2& =- (I/~2)(l ~&+

l
»)

where

x( /v@)/e /

The energy splitting due to the tunneling is E& -E2
= 2I", and thus I" is called the tunnel splitting.

We now make the wells inequivalent as shown in
Fig. 18(b), with the curvature of the wells remain-
ing constant. This difference in energy of 24 is
envisioned as arising from the presence of lattice
strains. Assuming as before that S«1, the secular
equation can be written

Ej -E
=- Q

Ep —E

with solution

sity and 6, is a geometrical factor of order unity
involving the phonon polarization and propagation
directions. In writing this expression it is assumed
that the phonon wavelength is large compared to the
distance between the two wells. The strain in turn
produces a fluctuating energy difference between the
wells given by 5&= be„„where b is the strain cou-
pling coefficient. The transition matrix elements
are calculated using 54 and the initial and final
states which are products of the defect state,

f
I)

or
f
II), and the lattice-phonon state. Using the

Debye density of phonon states the transition prob-
ability for phonon absorption is

I 2h2(G2)
abs 2& @4 5 bz/oT

where &E=E» -E, and (G,) is the average of the
geometry factor G, over all polarizations and prop-
agation directions for phonons of energy 4E. Note
tha. t aside from the term in square brackets there
is no dependence of the transition probability on
the energy difference 4E. This results from the
decrease in the transition matrix element caused
by the increasing localization of the ion with strain
being compensated by an increasing phonon density
of states, as pointed out by Silsbee. "

Using standard rate theory, the relaxation rate
is calculated to be

I/r= W,„,(l+e /"
) .

For k T» 4E, the exponentials can be expanded,
resulting in

F2l 2 (G 2)

VP@ c

showing the linear temperature -dependence char-
acteristic of one-phonon relaxation. At higher
temperatures multiphonon relaxation will cause the
relaxation rate to increase more rapidly than T.
The expressions for multiphonon relaxation are
rather complex, and the present data are not suffi-
ciently detailed to warrant consideration of these
processes here.

To generalize this expression to the case of
twelve (110) wells, the expression for the transi-
tion probability must be modified to include the
greater variety of possible well orientations. The
result as quoted by Pire et al. ' is

where

where a, and g~ are the creation and annihilation
operators of a phonon with frequency ~,. and ve-
locity c,. V and p are the crystal volume and den-

4 Sq) —Sq2 2 S44

and S» -S» and S44 are the elastic compliance
constants of the pure lattice. This expression for
b' applies when the impurity tunnels by 60'. For
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(110) wells tunneling can also occur through 90'
across the face of the cube (see Fig. 16). Tunnel-
ing by 60' involves a shorter path length and would
therefore usually be larger. Since the measure-
ments discussed here are insensitive to which type
of tunneling is taking place, for simplicity only 60'
tunneling is assumed.

The relaxation rate is most easily related to the
transition probability in the case where the ion is
nearly localized by the strains. It will be shown
in Sec. III B that this is the case for NaBr: F .
Under these conditions transitions from one state
to another can be looked at as transitions from one
well to another. Since the dielectric consta, nt is the

quantity measured, we will be interested in the
transition rates between wells which contribute to
the polarization for a given field direction. For a.

[100] field Fig. 16 shows that the l wells have dipole
moments perpendicular to the field and thus do not
contribute to the polarization although transitions
between the m and n wells take place by tunneling
through the l wells. The expression for the transi-
tion rates is rather complicated since an ion in a
particular m well may tunnel to either of the two l
wells which may be of different energy due to
strains. At low temperatures the transition prob-
abilities will not in general be equal and there will
be no single relaxation rate. At higher tempera-
tures, however, the transition rates become inde-
pendent of the well energy difference. The rate
equation between wells nz and z can then be easily
written

d(m n)-
dt

= -2w(m -n),

where m and yg are the well populations. Thus the
relaxation rate is, using Eq. (3) and assuming

1 2I'g'kT
37lp6 c

B. Comparison with Data

We will now go back and see to what extent the
differences between the NaBr: F data and the sim-
ple tunneling model can be reconciled by the modi-
fication to the model just discussed. One of these
differences was the broad specific-heat contribution
of the fluorine ions with a linear temperature de-
pendence at low temperatures. It was pointed out
at the beginning of Sec. IIIA that to account for the
linear temperature dependence a region in the den-
sity of states roughly independent of energy is re-
quired. As shown in Eq. (2) in the limit where
I «& the splitting of the ground state is approxi-
mately independent of the tunneling matrix element
and proportional to the strain energy. In the case
of twelve (110)wells the level structure will of

course be more complex. The important point is
that for I"«& the splitting will be proportional to

Thus while tunneling alone will not provide the
di.stribution of energy levels required the random
variation of the internal strain will produce a broad
energy level distribution in the limit of a small tun-
neling matrix element.

It is difficult to predict the shape of the level
distribution since the splittings depend both on the
strain magnitude and direction. For example, a
strain in the [100]direction will split the tunneling
states into two levels of fourfold and eightfold de-
generacy (see Fig. 17). Deviations of the strain
from the [100]direction will further split these
levels, with the amount of splitting depending on
the component of the strain perpendicular to the
[100]axis. To get an empirical picture of the level
distribution, the specific-heat integral

C(T) = J C(&/aT)q(a) da

was numerically evaluated using the Schottky ex-
pression for C(4/kT). For the density of states
q(&), a number of expressions were used including
(a) a, flat distribution, q(b) = qo for 4 & ns, q(&) = 0
for L & ~s, (b) a distribution which was flat up to
4= —,'4~ and then decreased linearly to zero at
b, = 4~, (c) a, distribution decreasing linearly from
qo at 6= 0 to zero at n = 6~, and (d) a. Gaussian
distribution,

ti(g) —
~ e-~ «5

All of these distributions gave a qualitatively sim-
ilar temperature dependence for the specific heat,
varying approximately linearly at low temperatures
and passing through a relatively broad peak. Dis-
tributions (a) and (b) gave curves which were al-
most indistinguishable from each other. Likewise,
distributions (c) and (d) gave very similar curves
which had a somewhat broader peak and deviated
from a, linear temperature dependence at a lower
temperature than the curve for (a) and (b). The
curves were fit to the data by adjusting ~„ to get
the peaks at the right temperature. Expressions
(a) and (b) seemed to give the best fit, shown by the
solid lines in Fig. 7. Determining the best fit was
somewhat difficult since the discrimination was
made on the basis of the data at and above the peak
temperature where the uncertainty is greatest due
to the large value of the pure-crystal specific heat
which mus t be subtracted.

The values of n„/k needed to fit the data ranged
from. about 1.5 K for the lowest-concentration
sample to 3 K for the highest-concentration sample.
Using the stress-coupling coefficients the stresses
corresponding to these splittings are 2-4x 10'
dyn/cm2. These are rather large values for inter-
nal stresses although values of the same order of
magnitude were calculated by Sussmann'7 and Sils-
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tion from linearity may indicate that the tempera-
ture is comparable to the strain splitting and that
the simple expression for the relaxation rate is no
longer valid.

As shown in Eq. (4) in the linear region the re-
laxation rate is proportional to the tunneling matrix
element. All other parameters in this expression
are known, and thus the measured relaxation rate
can be used to calculate a value for the tunneling
matrix element. Using elastic compliance con-
stants derived from the elastic constants of Lewis
et a$. ,

' the stress-coupling coefficients calculated
in Sec. II, and the Debye sound velocity, the tun-
neling matrix element is calculated to be

l I

0.05 0.I

I I

0.2 0.5 I.0
I

2.0
1"=1.2&10 ' erg,

1/k =8.V mK.

I'IG. 19. Specific heat of HbCl: Ag' with the pure-crystal
contribution subtracted. N~~= 1.9 && 10 cm" .

bee for the Q2 molecule.
It was pointed out in Sec. II that the entropy cal-

culated from the specific heat increased math con-
centration from 8/N~ k = l. 05 = ln2. 9 to 8/N~k = 1.66
= ln5. 3. For an impurity tunneling between twelve
positions, a va, lue of S/N~k = ln12 would be expected
for all concentrations. Although no clear-cut res-
olution to this discrepancy can be given, the fol-
lowing argument is put forward. In calculating the
entropy from the specific heat, it was assumed that
the specific heat never rose above the linear tem-
perature dependence at temperatures lower than
50 mK. It may be that this assumption is incor-
rect. In order for the specific heat to decrease
linearly, the density of states must remain ap-
proximately constant. A constant density of states
is envisioned as arising from a, random strain
splitting of the ground state. However, the strain
is even and therefore cannot split the levels for
wells with inversion symmetry. Thus one would
expect a spike in the density of sta, tes due to the
levels which are not split by the strain. This spike
will occur at an energy equal to the tunnel splitting
between the degenerate wells which is too small to
be seen in the heat capacity above 50 mK (see be-
low). This inversion degeneracy will vary between
2 and 8 depending on the orientation of the strain
at a particular site (see Fig. 17). Thus the entropy
should be & NFk ln6, as observed.

The discussion of relaxation in Sec. III A showed
that there should be a temperature range in which
the relaxation rate is linearly proportional to the
temperature due to single-phonon relaxation. In
Fig. 13 it is seen that indeed such a temperature
dependence mas observed below 5 K. Above 5 K
the more rapid rate characteristic of multiphonon
relaxation is observed. Below 2 K the slight devia-

This is indeed small compared to the strain ener-
gies, justifying the assumption of nearly localized
ions. It is this small tunneling matrix element
which makes the relaxation in NaBr: F slow com-
pared to the. t of KC1: Li' where 1"/k = 1. 2 K. 0

The small tunneling matrix element also explains
why levels split by this amount would not give a
significant contribution to the specific heat at 50
mK. Since I" represents an upper limit to the tun-
nel splitting of the inversion degenerate wells (in
most cases the degenerate wells will be connected
only by tunneling of greater than 60' and will there-
fore have smaller splittings), it is reasonable that
no deviation from linearity was observed in the
low-temperature specific heat. It might also be
noted that the smaller tunneling matrix elements
for the degenerate levels will result in a slower
relaxation rate making detection of these levels by
other means difficult.

IV. SIMILAR SYSTEMS

It is interesting to look for other systems to
which the model discussed in the present paper
might be applicable. One system which has many
of the same properties as NaBr: F is the system
RbC1: Ag'. Early ther mal-conductivity measure-
ments showed no decrease in the low-temperature
conductivity for RbCl crystals doped with AgCl.
Measurements of paraelectric cooling by Kapphan
and Luty indicated that the Ag' impurities were
tunneling between (ill) off-center wells. The spe-
cific heat of RbCl: Ag', shown in Fig. 19, revealed
a broad low-temperature peak contributed by the
silver ions. The shape of the peak is qualitatively
similar to that observed for NaBr: F . By means
of dielectric relaxation the relaxation rates shown
in Fig. 20 mere obtained. Good agreement is found
with the value calculated by Kapphan and Luty from
paraelectric cooling data at 1.4 K. A rather broad
distribution of relaxation rates was observed, par-
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FIG. 20. Dielectric relaxation rate for HbCl: Ag'.
NAI=1. 9&& 10 cm . Filled circle indicates value quoted
by Kapphan and Luty (Ref. 41).

V. CONCLUSION

Fluorine ions in NaBr have associated with them

large dipole moments with low-lying energy levels.
The dipoles were found to have equilibrium orienta-
tions in the (110) directions. Debye dielectric re-
laxation was observed with the relaxation rate in-
creasing linearly with temperature for tempera-
tures less than 5 K. From these observations it
was concluded that the fluorine ions tunnel between

ticularly at the lowest temperatures, making the
points in Fig. 20 below about 1 K rather uncertain.
Recent measurements of paraelectric relaxation
by Bridges have shown a rather broad resonance
with a dependence on frequency indicating a small
zero-field splitting. Bridges quotes an upper limit
for the tunnel splitting of 0. 14 K. These observa-
tions are consistent with the model of a small tun-
neling energy in a strained lattice. From the re-
laxation rate a tunneling matrix element of the same
order of magnitude as that observed in NaBr: F
seems likely.

Other systems for which this model might be ap-
propriate are RbCl:OH and KCl: OH . Thermal
conductivity in RbCl: OH indicates rather weak
phonon scattering, and the heat-capacity exhibits
a broad peak with linear temperature dependence
below the peak. The heat-capacity contribution
of the OH ion in KCl is also considerably broader
than that of a Schottky term, indicating that
strains may be playing a role. On the other hand,
the dipole-lattice relaxation is large, as evidenced
from dielectric and thermal conductivity measure-
ments, which implies a large tunneling matrix ele-
ment. In the case of this ion, the possibility of a
combined center -of -mass and a rotational motion
further complicates the interpretation of the data.

potential minima displaced in the (110) directions
from the center of the lattice cavity.

The data, however, exhibited two important de-
partures from the behavior observed for a simple
tunneling system such as KCl: Li'. These were
(i) a much broader low-temperature specific-heat
contribution of the impurity ions and (ii) an impuri-
ty-lattice relaxation rate slower by at least three
orders of magnitude. To explain these differences
it was necessary to consider a modified tunneling
model in which the wells between which the ion tun-
nels are of different energy. This difference in
energy was assumed to arise from random lattice
strains. It was shown that in the limit of a small
tunneling matrix element it is the strain splitting
which determines the low-lying-energy-level struc-
ture. Thus the observed breadth of the specific-
heat peak was a result of the variation of the inter-
nal strain from one site to another, while the slow
relaxation rate was due to the small size of the tun-
neling matrix element connecting the wells. The
fact that the effect of strains was not apparent in
the data for KCl: Li' is due to the large tunneling
matrix element for this system which dominates
the strain splitting in determining the low-lying-
ener gy-level structure.

Several other systems with properties similar to
NaBr: F were discussed, namely, RbCl:Ag',
RbCl: OH, and KCl: OH . In all of these systems
the specific-heat contribution of the impurity is
considerably broader than that of a Schottky term.
In view of the model used for NaBr: F it is clear
that the deduction of a tunnel splitting from the tem-
perature dependence of the specific heat must be
done with extreme care since for small tunneling
the energy-level structure giving rise to the spe-
cific heat will be nearly independent of the magni-
tude of the tunneling matrix element. It is seen
that the KCl: Li' system represents a limiting case
in which the tunneling plays the dominant role in
determining the low -lying-energy-level structure
allowing the specific heat to be interpreted in terms
of the tunneling matrix element.

It was assumed in the discussion of the model
that the energy difference between the wells arose
from lattice strains. This may not be the only
mechanism present. Indeed, the large value of in-
ternal strain needed to explain the specific-heat
data suggests that perhaps some other mechanism
is contributing to this difference. The data pre-
sented are sensitive to the fact that differences
exist between the well energies but do not give an
indication as to the origin of these differences. A

very careful annealing study might help to resolve
this question.

Finally, it must be concluded that a small tunnel
splitting alone is not sufficient to produce an ef-
fective paraelectric-cooling device. The strong
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effect of lattice strains on the low-lying energy
levels produces a large zero-field splitting, severe-
ly limiting the lowest temperatures which may be
attained by paraelectric cooling.
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Radiation defects were introduced into 68 SiC by ion implantation and by electron bom-
bardment. The defects produce a new low-temperature luminescence that is independent
of the implanted ion, and one portion, the D» spectrum, persists after a 1700'C anneal. A

comparison of the D» spectrum in ion- and electron-bombarded samples shows that its in-
tensity is strongly dependent on defect concentration, suggesting that the luminescence
center is a pure-defect complex, possibly a divacaney. The D» spectrum, which was pre-
viously observed in cubic SiC, has a strong vibronic structure with localized and resonant
modes. In 6H SiC it is repeated three times, due to the three inequivalent sites in this
polytype. D» has an unusual temperature dependence, the low-temperature (1.4 K} spec-
trum being extinguished as the high-temperature (77'K} form is activated. The abrupt
change of spectrum is attributed to a lattice distortion at the low temperature. The changes
in luminescence on annealing are correlated with changes in electrical properties observed
in ion-implanted samples by Marsh and Dunlap.
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Photoluminescence of Radiation Defects in Ion-Implanted 60 SiC~

I. INTRODUCTION

Ion implantation in SiC results in damage to the
lattice that is difficult to repair, for some defects
remain even after a 1700 C anneal. One of these
persistent defects gives rise to a strong low-tem-
perature luminescence spectrum (the D, spectrum)
that has a characteristic vibronic structure. The
0, spectrum was first studied in cubic (3C) SiC,
and it was shown not to depend on the implanted
ion. ' VYe have now subjected 6II SiC to the same
damage and annealing procedures, and we have
found a very similar persistent luminescence. It
can be recognized as the D, spectrum of polytype
6IJ by the distinctive localized and resonant vi-
brational structure, but it is different from the 3C
spectrum in ways that are related to differences
in crystal and band structure. For example, it is
repeated three times, for there are three crystal-
lographically inequivalent lattice sites in 6P SiC. '
It is also displaced to higher photon energies by
about 0. 6 eV, the difference between 6H and 3C
energy gaps. '

The most striking feature of the D, spectrum is
its temperature dependence. In cubic SiC the ap-
pearance of the low- (L), medium- (M), and high-
(H) temperature forms of the spectrum were tenta-

tively attributed to Jahn- Teller distortion. The
symmetry of 6H SiC is lower (space group P6,mc),
and only two forms of the spectrum (called L and
H) are observed. It is probable that the symmetry
of the center is too low for the orbital degeneracy
that leads to a true Jahn-Teller effect. Neverthe-
less, the replacement of the II spectrum by the I
spectrum with decreasing temperature can best be
attributed to a change in lattice configuration that
may be called a pseudo-Jahn- Teller distortion.
The H form of the spectrum was reported earlier
by Makarov, but with less resolution.

The structUre of the D, luminescence center is
not known. A possible model mentioned in Ref. 1
is an impurity-vacancy pair. This choice was
based on the extensive work on radiation damage
and annealing in Si, where the progression from
simple vacancies and interstitials to more com-
plex defects in successive annealing stages has
been well documented. The work of %atkins and
co-workers on persistent defects is especially sig-
nificant. %'e have found a number of sample-de-
pendent spectra in 60 SiC that appear to be due to
impurity-defect complexes. However, a comparison
of ion- and electron-bombarded samples leads to
the conclusion that the D, center does not depend on
the presence of an impurity. A pure-defect model


