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Small electric-field-induced frequency shifts have been observed for resonant modes assoc-
iated with three defect systems. For Nal:Cl", the shifts have been used to measure the quar-
tic anharmonic terms of the interionic potential of the impurity ion. For KBr : Li*, the quartic
anharmonic terms are found to be very small, and an harmonic potential which includes a cen-
tral barrier with the barrier height less than the zero-point energy of the oscillator is required
to explain the experimental results. For NaCl:Cu*, only an “on-center” resonant-mode con-
figuration is consistent with the experimental results.

1. INTRODUCTION

The response of lattice resonant modes in alkali-
halide crystals to an external dc electric field is
a sensitive probe of the local impurity environment.
For a harmonic-oscillator resonant mode associ-
ated with an “on-center” defect, an applied electric
field shifts all energy levels by the same amount,
and no change in the far-infrared absorption fre-
quency is to be expected. For paraelectric im-
purities, whose far-infrared properties are strongly
modified by the tunneling motion of the “off-center”
impurity ion, giant electric field effects have been
observed.! We have measured small electric-
field-induced frequency shifts associated with three
“on-center” defect systems: Nal:NaCl, KBr:LiBr,
and NaCl:CuCl. Because these experiments com-
plement previous far-infrared measurements in-
corporating other perturbations,?'® some definite
features of the anharmonic potentials which bind
these impurities can now be resolved.

Of the three lattice-defect systems, the largest

electric-field-induced frequency shifts have been
observed in NaI:Cl-, The resonant-mode frequency
shifts have been used to determine the cubic sym-
metry of the defect site and to measure the quar-
tic anharmonic terms of the interionic potential of
the impurity ion. A preliminary description of
these findings has been given earlier.*?

The much smaller electric-field-induced shifts®
observed for KBr:Li* are significant in that they
eliminate the possibility that quartic anharmonic
terms play an important role in the local potential
of this defect. Both the small electric field shift
and the large isotope shift previously observed? are
explained with an harmonic potential containing a
central barrier. The barrier is small compared
to the zero-point energy of the resonant mode,
hence the impurity still appears to occupy the nor-
mal equilibrium lattice site.

The null electric field effects observed for
NaCl:Cu* are consistent with an “on-center” res-
onant-mode configuration. For this case, the exact
shape of the potential has not been determined.
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FIG. 1. He® handling system. Bellows valves 1-9
control the gas flow., TC denotes a thermocouple gauge
head. An Edwards No. 2M4A diffusion pump is the key
component.

In Sec. II, we describe some far-infrared tech-
niques including a He3-cooled-detector cryostat.
The experimental results are given in Sec. III. In
Sec. IV, a model of a resonant mode in which the
impurity ion moves against the rest of the lattice
is introduced. The experimental results are com-
pared with the frequencies calculated from an ex-
pansion of the potential energy for small displace-
ments of the impurity ion consistent with the O,-
site symmetry. We conclude Sec. III with a one-
dimensional calculation of an harmonic oscillator
containing a Gaussian-shaped barrier with a height
which is smaller than the zero-point energy of the
oscillator. Good agreement is obtained between
this model calculation and the experimental results
of KBr:Li*,

II. EXPERIMENTAL APPARATUS AND TECHNIQUES
A. Detector-Sample Cryostat

The majority of the far-infrared transmission
measurements were made using a Strong-type la-
mellar interferometer.® A microwave harmonic
generator operating at 5.5 cm™ provided corrobo-
rative data on the Nal:NaCl system.” A He®-cooled
bolometer, somewhat differentin design and opera-
tion from that described by Drew and Sievers,®
served as the radiation detector for all the mea-
surements.

The entire He® system is schematically repre-
sented in Fig. 1. The He® pump line is attached to
the cryostat by means of a bellows connection to a
separate pump station, which contains a mercury

| &

diffusion pump and associated vacuum plumbing.
The separate pump-station design permits the use
of the same He® pump and components with other
He® evaporators. During He® condensation, valves
5 and 8 are opened. The condensation rate is
limited by the 10-cm? surface of oxygen-free high-
conductivity (OFHC) copper cooled to 1 °K by the
He* tank. 4 cm® of liquid He® condenses in 15 min.
Once it is condensed all valves are closed, then
valves 3 and 7 are opened. Throttle valve 4 is
opened gradually as the He® section is cooled. Fi-
nally, valve 2 is opened to obtain full pumping
speed.

It has been found that continuous operation at
0. 35 °K from 8 to 20 h is obtained for this system,
depending upon the heat input through quartz vacuum
window shown in Fig. 2. This heat input is deter-
mined by the filtering used in the cryostat and by
the temperature of the samples. For those runs in
which the high-frequency limit was 100 cm™ and the
samples were at 4, 2 °K, the period of operation was
much closer to the upper limit than the lower one.
To ensure a 100-cm™ upper limit on the background
radiation, a composite filter consisting of thin
beveled slabs of LiF, NaCl, and KI was inserted in
the 4. 2 °K section of the light pipe.

Electrical
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Vacuum
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| —Light
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36in————
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" Ring
(]
¥
-+ 77 //11 77T
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Window
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FIG. 2. Sample-detector cryostat. Over-all view of
the cryostat, emphasizing the details of the sample sec-

tion. Samples are shown in place on the sample ring.
The cryostat is immersed in liquid helium,
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1. Sample Section

The section of the cryostat which contains the
samples is directly above the detector section, sep-
arated from it by the quartz vacuum window as
shown schematically in Fig, 2. It consists of a
90 x4. 75-cm-~diam thin-wall stainless-steel tub-
ing extending from the top of the cryostat down
into the outer He! bath to the detector section. It
may be partially or completely evacuated, or it
may be opened directly to the outer bath and filled
with liquid He* to the depth of the outer bath. Thus,
the sample-holding insert may be removed from
the cryostat without disturbing the detector system.
This configuration permits consecutive use of the
cryostat for several different experiments without
the necessity of warming it above liquid-helium tem-
peratures.

Shown in Fig. 2 is the insert of measuring the
bulk absorption in alkali-halide samples. Radiation
enters the cryostat through a polyethylene vacuum
window. It is transmitted down to the sample sec-
tion through a 1. 4-cm-diam stainless-steel light pipe,
gold plated on the inside. The samples typically
2-15 mm thick, are fastened over 1. 25-cm-diam
holes in a copper sample ring by means of phos-
phor-bronze clips. These four-position sample
rings can be rotated from the top of the cryostat to
position the desired sample in the beam. This per-
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FIG. 3. Cross-section view of the electric field insert.
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mits the transmission spectra of pure and doped
samples to be compared directly and the impurity-
induced absorption determined.

For temperature-dependence studies, the sample
section is sealed and coupled to the outer bath via
helium exchange gas. A heater is wound around the
sample ring and a carbon resistor is placed in
thermal contact with the samples. Heater and ther-
mometer leads are carried through the rotator rod
to an electric feed-through at the top of the cryo-
stat.

The electric field sample holder is shown in Fig.
3. The light beam is reduced from a 1. 25 cm diam
to a0.32X%1. 25-cm window in a tapered section.

A polarizer consisting of a fine-wire grid deposited
on Mylar film is mounted in the light path at the

end of the tapered section preceding the sample.
The complete sample is pressed against the body

of the sample holder by a brass ground electrode
and a nylon retainer. Below the sample, the 0.32
X1, 25-cmwindow tapers backto 1. 25 cm diam and this
light pipe leads directly to the detector section.

In order to minimize the effects of field inhomo-
geneity, a special sample configuration was devised.
It is shown in Fig. 4. The doped sample is framed
by four pieces of pure crystal in which no impurity-
induced absorption takes place. The fringing fields
of this parallel-plate arrangement occur mostly in
the pure crystal so that the field on the doped sam-
ple is uniform.

2. Detector Section

Probably the most significant improvement over
the previous refrigerator design® is the additional
internal pumped He* bath which condenses the He®
gas initially and thermally isolates the He® bath
from the outer 4. 2 °K bath. This isolation greatly
increases the capacity for continuous operation and
makes the bolometer insensitive to changes in the
temperature of the outer bath.

The section of the cryostat housing the bolometer
is shown schematically in Fig. 5. A 1.3-cm-diam
quartz vacuum window admits far-infrared radia-
tion from the sample section. A polished-copper
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FIG. 5. Cross-section view of the cryostat housing

the bolometer. Bolometer lead is carried to the top of
the cryostat through the pump-out tube.

light cone condenses the beam to the 4-mm-diam
entrance of the hemispherical 2. 5-cm-diam cavity
which houses the bolometer. The liquid He® is held
in a ring-shaped tank, shown in cross section in
Fig. 5. Liquid He! is held in the upper tank, whose
volume is ~70 cm®. It is filled via a needle valve
which opens the pump line to the outer bath; the
valve is operated from outside the cryostat. Both
tanks are pumped on through 1, 25-cm stainless-
steel tubes. A section of the He® pump line is in
thermal contact with the He tank; condensation of
the He® gas occurs in this section, once the upper
tank is pumped to 1.0 °K.

B. Measurement Techniques

All electric field measurements were made with
the sample holder immersed in liquid helium at
4.2°K. The high-voltage source was a 0-30-kV
Sorenson 1030-20 power supply. In series with the
samples were a 30-M resistor and a 0~16 micro-
ammeter. In this way the current (if any) passing
through the samples could be measured. It was
found that, when using this Nal: NaCl sample, ap-
plied voltages of 8 kV could be applied with no leak-
age, and 12 kV could be applied with a leakage cur-
rent about 3 pA. In this case, more than 99% of
the applied voltage appears across the samples.
Higher voltages caused intermittent breakdown, al-
though 16 kV could be applied for periods of several
minutes before breakdown occurred.

The far-infrared transmission spectra of the
samples were measured for a number of different
values of electric field, applied in the [100] and
[110] crystal directions. Incident radiation (Ez)
was polarized either parallel or perpendicular to
the applied field for E, I[100]. For E,I[110], in-
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cident radiation was polarized in the [110], [110],
or [001] direction.

Because of the impossibility of making a pure
(reference) sample with the same geometrical prop-
erties as the doped one, it was necessary to de-
termine the shape and frequency of the field-shifted
absorption lines by an indirect method. The trans-
mission spectrum with field E applied I(E, v) was
first divided by the unshifted zero-field spectrum
I(0,v). The electric-field-induced absorption coef-
ficient @(E, v) was then formed:

I(E, v)/1(0, v) = e~ E)t |

where ¢ is the sample thickness. We add the ab-
sorption coefficient of the unperturbed line «(0, v)
to a(E, v) to obtain the desired result.

Except for the method of detection, the measure-
ments with the microwave harmonic generator are
conducted in a manner similar to the paraelectric
resonance experiments used to study dipolar im-
purities in alkali halides.®''® The 1.8-cm™! klystron
output is incident on a point-contact diode, which
serves as the nonlinear element in generating the
microwave harmonics. The particular harmonic
desired (for Nal:C1", the third harmonic at ~5.4
cm™! is used) is isolated using a far-infrared grating
spectrometer. The transmission of this radiation
through the sample is then measured with the bolom-
eter. By sweeping the strength of the external
electric field, the resonant-mode absorption fre-
quency could be shifted through the third harmonic
frequency, allowing the applied field corresponding
to the maximum absorption to be determined.’

III. EXPERIMENTAL RESULTS
A. Nal:NaCl

Nal:Cl" has a low-lying resonant mode at 5.4
cm-, ! with a linewidth (full width at half-maximum
absorption) of 0.17 cm™!. Some broadening occurs
for the higher-impurity concentrations. The ab-
sorption frequency also has a weak dependence on
the C1- concentration, which must be taken into
account in the analysis of the electric field results.

Typical results of the data-reduction procedure
described earlier are shown in Fig. 6 for Nal:NaC1%’
(0.12%). 0- and 53-kV/cm applied fields are com-
pared for E;gll E4,l[100]. The absorption line shifts
upwards in frequency and broadens considerably
upon application of the field. The absorption
strength remains approximately constant. The re-
sults of the Nal:NaCl runs are summarized in Fig.
7 for E,I[100] and in Fig. 8 for E,/I[110]. The
zero-field absorption frequency in Fig. 8 is 5. 54
cm™!; the crystal contained 0.15% NaCl.

The linear fit shown in Fig. 7 represents a de-
pendence of the frequency shift on V", where V is
the applied voltage and #=2.0+0.1. This quadratic
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dependence is also seen in Fig. 8. The slopes of
the absorption frequency vs Eqyjomai> CULVES are
given in Table I for both field directions and all
polarizations.

The linewidth in Nal:NaCl increases quadratically
with field from about 0.3 cm™ at zero field to about
1.0 cm™ at 86-kV/cm applied field for Egll Eyll
[100]. The broadening is also observed for the
data presented in Fig. 8. However, no broadening
is observed for E.5lI[001] for which the shift is
nearly zero. The integrated absorption strength is
found to be constant with field, within the estimated
uncertainty of +20%. This is illustrated in Fig. 9
for Egll E,,l[100].

In the microwave absorption experiments on
Nal:NaCl, the applied field corresponding to max-
imum absorption was determined. As the dc voltage
was increased from 0.0 to 10.0 kV in 100-V steps,
the transmitted intensity varied smoothly. No fine
structure was seen above the 10% noise level.
Noise and drifts in the harmonic generator output
‘limited the accuracy of the determinations of the
peak absorption to + 0.3 kV. The slope obtained
from these measurements for EIRIIEch[IOO] is

TABLE I. Experimentally determined quadratic
frequency shifts.
Sample Polarization HAQ/E?
Eq4e Eirp  (107Y[em™!/(kV/cm)?
Nal:NaCI’"  [100] [100] 2.04+0,04
[100] [001] —0,04 0,02
Nal: NaCl [110] [110] 0.705+0, 04
[110] [110] 1.23+0, 04
[110] [001] ~0.02+0.,01
KBr:Li'Br  [100] [100] 0.16+0,06
[100] [001] —0.11+0.06

FAR-INFRARED PROPERTIES OF... V.
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(2.4+0.4)X10* cm™!/(&V/cm)?.. This agrees well
with the value of (2.04+0.04)X10™ cm™!/(kV/cm)?
found from the interferometer measurements.

B. KBr:Li’Br

The "Li* resonant mode in KBr is at 16.1 cm™, 2
In contrast to the Nal:Cl- system, it shows only a
small electric-field-induced shift, too small in fact
for an accurate determination of the shifts. With
E,.I[100], the observed shifts where 0. 08+ 0. 03
cm™ for 70-kV/cm applied and E;zll Ey,, and — 0. 05
£0.03 cm™ for 75-kV/cm applied and Eg L Ey,.
The magnitudes of the shifts were too small to con-
firm the expected quadratic dependence on E,,, or
to draw any conclusions about the field dependence
of the linewidth or absorption strength. No mea-
surements were made with EglI[110].

C. Nacl:Cu’’cl

The %Cu* resonant-mode absorption in NaCl is
at 23.57 cm=1.? Measurements were made with
E41[100]. With EgllE,,, applied fields of 120 kV/cm
were reached; for E;gz L E,, up to 70 kV/cm was
applied. In neither polarization was a shift of mode
frequency of more than 0. 005 cm™ or a change in
absorption strength of more than 5% detected. These
limits reflect experimental precision.

IV. DISCUSSION OF RESULTS
A. Nal:NaCl

1. Theovetical Development

In our analysis of the results, we first observe,
as did Gebhardt, *2 that the second-order Stark-
effect operator has the same symmetry and (even)

parity as does the uniaxial-stress operator. This
T T 1 T+ 1 [ 1111 rrrT
16k Field-Induced Frequency N
I shift EgllEpclilioo]

- i o |
£

s | ]

g 2+ o .
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FIG. 7. Electric field shift data for Egll[100]. EjgllEg,.

Data from two different runs on the same sample are shown.
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is because both operators are symmetric second-
rank tensors. Specifically, the perturbation op-
erator of the electric field has the form

3
He="2 Exi&;
i=1

where E is the local electric field strength and ¢,
are its direction cosines. For the second-order
effect, the perturbation operator is

H,=H,PH,=); x;t; EPx;{,E ,
i,d
where
P=);
7

E° is the energy of the state to which the perturba-
tion is applied and |7) are the other unperturbed
states of the system. The symmetry properties of
H are determined by the operator

1
| .
EO__EB I I

X1X; (,7=1,2,3),

which is a symmetric second-rank tensor, since
xy—yx=0. The stress tensor €,; is alsoa symmet-
ric second-rank tensor. This leads to the same
selection rules for both perturbations. We may

now apply the considerable body of group-theoretical
development devoted to the uniaxial-stress problem
directly to the determination of the defect-site
symmetry in our case.

In particular, the work of Kaplyanskii, * as sum-
marized by Fitchen, * is most useful. Fitchen
shows the intensity ratios for the split components
of the zero-phonon line for all possible defect sym-
metries in cubic crystals, as a function of applied-
stress direction (electric field direction in our

T T T T ) T
Field-Induced Frequency Shift

NaI: NaCl Epell [n0]

- o,a Eg ll (0]

,0E {[e)
osk ©9Em Il o}

4.2°K

0.2

Run 52 ©
Run 53 e O
Run 56 a

A7 = Shift in Center Frequency (cm~!)

1
¢} 20 30 60
V2 = (Applied Voltage)® (kV)?

FIG. 8. Electric field shift data for E4.ll[110]. Two
polarization directions for Eig are shown. Data from
three runs on the same sample are presented.
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mode strength, Data are for Eg4 [1[100] and Ejg | Ey.

case) and polarization direction of the incident ra-
diation. Our data on Nal:NaCl for E,I[100] show
two distinct lines of equal intensity corresponding
to the two polarization directions. For E,/I[110],
we see three distinct lines of equal intensity for
the three nonequivalent polarization directions.

By inspection of Fitchen’s results, we find that
only a cubic site with A, - T, unperturbed transition
predicts the observed polarization dependences.
Because the shift is quadratic with field, we may
rule out those cubic sites which lack inversion
symmetry, This leaves only O, and T}, sites as
candidates. We note that no siteinan NaCl-type
lattice has 7, symmetry and conclude that the site
symmetry is O, and that the observed transition is
A,;~ Ty, in the unperturbed crystal. )

By analogy with the uniaxial-stress development
of Gebhardt,!? we may now also obtain a general
expression for the shift ZAQ in transition energy
with applied field. We first observe that the op-
erator x; transforms like Ty, in O,. The operator
x;%; then transforms like the symmetric product

Tfu=Alg+ Eg+ Ty, .

By applying the Wigner-Eckart theorem, Gebhardt
shows that AQ may be written as a symmetric ex-
pression in the direction cosines ¢; and 7;:

HAQ/E? = Ay + Ay (285 - &3 - ) (21— 12 - )
+34,(8 - B - 1)
+ 2A45(815aM Mo+ La8sMaTg + £36,5My) . (1)

The ¢;’s refer to the external dc field and the n;’s
refer to the polarization of the incident radiation.
The coefficients A; are identified with the 4,, (hy-
drostatic), E, (tetragonal), and Ty, (trigonal) com-
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ponents of the perturbation operator for i=1,3,5,
respectively. They are analogous to strain-cou-
pling coefficients A, B, and C encountered in the un-
iaxial-stress problem.?

We now turn to a specific model in order to relate
the frequency shifts to the details of the environ-
ment of the impurity ion. A particularly tractable
approach is to let an anharmonic oscillator repre-
sent the impurity ion. Elliott et al.!®'!® found this
model well suited to describing many of the proper-
ties of the U center in CaF,. In our case, because
of the extremely low frequency of the resonant
mode, the corresponding normal mode of the lattice-
defect system will consist of the C1- ion moving
180° out of phase with long-wavelength oscillations
of the adjacent lattice.!” We can therefore describe
the position of the C1- ion in terms of its coordinates
(x,y, z) with respect to the center of mass of the
surrounding lattice. Then an expansion of the po-
tential energy of the impurity ion, consistent with
the O,-site symmetry already determined, gives

Volx, 9, 2) = 3mw? (62 + 9%+ 2%) + B(x* + 9% + 2%)
+ 0P+ 922+ 22) s O B) 4+ -, (2)

where m is the reduced mass. The isotope shift for
resonant-mode systems is approximately the
Einstein-oscillator value?

Q1/Qh= (mh/ml)l/z s

where @, and £, are the mode frequencies for iso-
topic impurities of mass m, and m,, respectively.
This indicates that the reduced masses for both the

modes should be the impurity ion mass. This is
B=-54y
- Eq 11.96
sl —— A, 11.95
1 0:02  FL ——— Toq 11.57
£
% 2= Jp—— Tuw 540
>
;g g0 - ———a, o©
ﬁ R Oy Q(cm")
FIG. 10. Decomposition of the spherical-oscillator

levels. Energies relative to the perturbed ground state
are given, based on the parameters determined in the
electric field measurements.
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consistent with our simple resonant picture of the
Cl1- ion moving out of phase with its neighbors;
when a large number of neighbors are involved,
their contribution to the reduced mass becomes
negligible.

Figure 10 shows the decompostion of the three
lowest spherical-oscillator states in an O, environ-
ment. Only the =2 state has some of its degen-
eracy removed by the cubic crystal field. We iden-
tify the 5.4-cm™ resonantmode as the transition
between the A;, ground state and the T,, first ex-
cited state. In terms of the model parameters, we
obtain in Appendix A an expression for this transi-
tion energy

EQ=rw+ 38+ 1)/ mw)? . (3)

We also find the anharmonic-oscillator wave func-
tions in terms of the linear-oscillator wave functions
|E1n) to the first order in B and 7.

The effect of an applied electric field is the addi-
tion to V, of another term H,=—e¢E.F. This term
is considered as a perturbation on the anharmonic-
oscillator wave functions already determined.

A second-order perturbation calculation (outlined
in Appendix B) gives the shift of the ground state
and the splittings of the first excited state for the
field directions of high symmetry. These results
are shown in Fig. 11. For E4[100], the O, sym-
metry is reduced to C,, and the T,, state splits into
an A, and an E state. For E,I[110], C,, symmetry
results and the T, state splits into an A;, a B;, and
a B, state. The predicted changes 7AQ/E? in the
O -1 transition energy are listed in the fourth
column of Table II in units of %e?/8mlw®,

We may now relate the coefficients A; to the
model parameters w, B, and y. Using the expres-
sions given in Table II for the shifts, we find

A;=16B+%8y, A;=88-%y, A,=-128+87.

2. Compavrison with Expeviment

From the experimental values of the frequency
shift given in Table I we can immediately determine
the three coefficient A;’s. Equation (1) is evaluated
for the two dc field directions studied and the re-
sults are listed in the third column of Table II.

Then we substitute the slopes from Table I for
Nal:NaCl into the appropriate expressions in Table
II and find

A,=(6.4+0.2) %10 cm™/(kV/cm)? ,
Az=(3.4%0.3) X107 cm™/(kV/cm)? ,
Ag=—(5.3+0.5) X10"® cm™/(kV /cm)? .

In these expressions, the applied field (as opposed
to the local field) is used. A similar calculation
for the E,I[100] data presented in Fig. 7 and Table
I yields
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FIG. 11. Splitting and shift of the anharmonic-oscillator

levels. Allowed transitions are indicated by solid lines
for the three directions of high symmetry.

Ay=(7.1£0.2) X107 cm™/(kV/cm)? |
Ag=(3.3£0.1)x10% cm™/(&V /cm)® .

The slight discrepancy in the A, values may be due
to a dependence on isotopic mass and/or unper-
turbed mode frequency, since the [100] and [110]
data were taken on different samples. In order to
test this conjecture and, more importantly, in
order to relate the frequency shifts to the details of
the impurity’s environment, we turn to our anhar-
monic-oscillator model.

We first check the internal consistency of our
data with the model predictions. For the [110] field
direction, the model predicts

A2[110] - AQ[001] _ 188+8y -8y _, oo
AQ[110] - 308 T

The experimentally determined slopes for the [110]
sample, listed in Table I, give

AQ([110] - aR[001] _ (0.36+0.02) + (0. 01 +0. 005)
AQ[110] - 0.63+0.02

=0.59+0.04 .

This close agreement indicates that the error in-
curred in dropping the higher-order terms in B,
y, and (eE)? in the perturbation calculation was
negligible.

We may further check the consistency by com-
paring the [100] data with predictions. The model
predicts that

AQ[100] _ 488 _
A0[170] - 308 =1.60 . (4)

Using the raw data in Table I we find

A2[100] _ 1.0420.02
AQ[110] ~ 0.63+0.02

The agreement, while not as good as seen above,

=1.65+0.06 . (5)
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3

is still valid within the experimental uncertainty.

However, we have seen that the model predicts
a dependence of the shifts on isotopic mass and un-
perturbed mode frequency. Specifically, A2
~(m3w®)"l, This correction is complicated by the
concentration dependence of the mode frequency. !
To include this effect, we normalize the [100] data
to the same Cl- concentration (0.15%) as the [110]
data. This gives 5. 46 instead of 5.43 cm™ for
2[100]. We approximate

w[110] = ©[110]
w[100] ©[100]

because we have assumed the anharmonic contri-
butions small throughout the calculation. The cor-
rection to Eq. (5) predicted by this approach is

(5. 54+ 0. oz>5 (35. 45
5.46+0.02 37

so that

3
>=0.96i0.04 ,

%%% =(1.65+0.06)(0.96+0.04)=1.58+0.09 .
Agreement with the predicted value of 1.6 is quite
good.

We now desire quantitative determinations of the
model parameters w, B, and y for the systems
studied. In the case of Nal:NaCl, because of the
high degree of internal consistency, we may use
either the [100] or the [110] data to fit the model;
we use the [100] data because the relative uncer-
tainties are smaller,

Before proceeding further, however, we must
relate the local field E at the resonant-mode site
to the applied field E,. For a perfect crystal, the
Lorentz correction has been shown®® to be valid:

= 3(€+2)E, .
For a nonpolarizable impurity ion, the Onsager
relation®® is believed to be appropriate:
E=3¢/(2¢ + 1)E, .

In both these expressions, the dielectric constant
is the one appropriate to the frequency region under
consideration. Since resonant-mode frequencies

TABLE II. Calculated shifts of the absorption line
for two field directions.

Direction Direction A/ E? rAQ/ E?
of Eg, of polar- (7ie®/ 8m3 w®) (7ie?/ 8m3w?)
ization Erp

[100] [100] Ay +4A, 488
[001] Ay=24, 8y

[110] [110] A +Ag+3A, 188+ 8y
[110] A +Ag—FA; 308
[001] A{—2A4 8y
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are well below the resistrahl frequencies of the
host lattices, the static dielectric constants are
used herein.

Mahan?® has shown that an approximate expres-
sion for the correction at an impurity site is

E=3e+2)[1-ga(a-a')]E,, (6)

where @ and o’ are the total (electronic +ionic)
polarizabilities of the host and impurity ions, re-
spectively, and g represents a complicated wave-
vector sum which has not yet been evaluated. As
expected, this reduces to the Lorentz correction
for a=a’,

We evaluate Eq. (6) in Appendix C and obtain
E=2.4E, for Nal:NaCI3". We now use this correc-
tion and the unperturbed impurity ion charge and
mass to calculate the model parameters. By sub-
stituting the measured values of  and AQ(E) into
Eq. (3) and the expressions for the frequency shift
given in Table II, we obtain the values listed be-
low:

B=8.54 X10' erg/cm®, y=-0.16X10' erg/cm*®,

w=9.61X10" sec™! . @
The anharmonic contribution to the transition en-
ergy, calculated from Eq. (3), is 7%. It is small,
reconfirming the validity of the perturbation ap-
proach.

From the values listed above and Eq. (3), we
can also predict the frequency shifts that result
from isotopic mass substitutions. For Nal:NaCl,
the value obtained is

(35)/2(37)=1.030 . (8)

This is consistent with the value of 1. 028 + 0. 008
reported by Clayman et al.!

Broadening of the absorption line with field is
due to at least two contributions. Nonuniformity
of the applied field strength, caused by fringing
fields and surface imperfections, is probably the
biggest contributor. Another important contribution
arises from the decreased lifetime of the resonant
mode as it shifts to higher frequencies. This is
due to the higher density of states of host-lattice
phonons. Another possible cause is nonuniformity
of the local field strength., The extended nature of
the resonant mode allows perturbation of the mode
by local field nonuniformity at lattice sites some-
what removed from the Cl- impurity site. Such
nonuniformity could arise from other lattice im-
perfections. The field-induced broadening has not
been analyzed quantitatively.

B. KBr:Li’Br

The success of the anharmonic-oscillator model
in explaining the Nal:NaCl experimental results
suggests that we try the same approach for
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KBr:Li"Br. Fourth-order anharmonicity can cause
the anomalously large ®Li*-7Li* isotope shift in
KBr, 2 but the crucial test is whether or not the an-
harmonic-oscillator model can self-consistently
explain both the isotope shift and the electric field
shifts. We assume for the purpose of the test that
the frequency shift is indeed quadratic.

With the measured resonant frequencies for 8Li*
and "Li* in KBr,? we can use Eq. (3) to obtain w
and (38+7), finding

w(Li") = 22. 0 X10" sec'=12 cm™
(38+7)=52x10' ergs/cm*,

so that the quartic perturbation must be very large
(~33%) to explain the isotope shift. This result is
consistent with the one-dimensional calculation
(37%) described in Ref. 2.

In Table II, expressions for the observed electric
field shifts are given in terms of the oscillator pa-
rameters B8, v, and w, Making the Lorentz local-
field correction to overestimate the local field, we
find for KBr: Li'Br

38=(1.1+0.4)X10' ergs/cm* ,
y==(1.2%0.7) X10' ergs/cm* ,
so that
(38+7)=(=0.1+0.8)X10' ergs/cm* .

This result shows that the amount of anharmo-
nicity necessary to explain the isotope shift is greater
by at least a factor of 50 than that required to ex-
plain the electric field shifts. Furthermore, the
value of (38+ %) calculated from the electric field
shifts may in fact be negative, which would make
the isotope shift smaller than that of a harmonic
oscillator. Thus, we must look elsewhere if we are
to understand both sets of experimental results.

Another mechanism which could be important is
a third-order dynamic coupling of the resonant-
mode oscillator to the phonons. It has been shown®
that such an interaction will cause a small negative
shift of the resonant-mode line for E;gll ElI[100].
However, this anharmonic interaction also reduces
the isotope shift from that of an Einstein oscillator,
so that no combination of fourth-order static an-
harmonicity and third-order dynamic coupling can
explain both the isotope shift and the electric field
shifts,

Recently, Quigley and Das?! and Wilson et al. 2
have performed calculations to determine the min-
imum energy configuration of Li* in KBr. Their
results indicate that the potential-energy minima
for the impurity ion are displaced in the [111] direc-
tions from the center of the host-ion (K*) cavity,
as has been confirmed for Li* in KCl. The barriers
on the [110] directions between adjacent equilibrium
sites are small; Quigley and Das find that they are
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smaller than the Li* vibrational zero-point energy.
In this case, we should consider the Li* ion as on-
center in a very anharmonic well. Gomez? has
pointed out that such a well can explain the large
8Li*-"Li* isotope shift in KBr. The question re-
mains whether this type of well gives a small Stark
effect; we now investigate this possibility.

Svare?* recently proposed a model in which the
low [110] barriers are removed entirely. This
leaves the Li* ion free to move in curve equipoten-
tial “tubes” in the [110] planes. The motion in
each tube is that of a particle in a one-dimensional
box, with energy levels given by

En= (ﬂzhz/szz)nar n= 1! 2: ctt .

Svare finds that L ~2 A fits the experimentally de-
termined KBr: LiBr absorption frequencies and is
consistent with the calculations of Quigley and
Das and Wilson et al.

The Stark-effect transition-energy shift of a
particle in a one-dimensional box is given by

nAQ = (AL% /™) E? 9)

for the ground-state to first-excited-state transi-
tion. Using the Lorentz local-field correction for
an applied field of 70 kV/cm, we find Z7AQ=1.6
cm™., This is in marked disagreement with the
measured value of 0.08+0.03 cm-!. Even if one
were to use the applied field in the calculation,

7 AQ lies a factor of 3 above the observed value.
We conclude that the extreme anharmonicity rep-
resented by the square well is not appropriate to
the KBr:LiBr system. The same conclusion was
reached earlier by Alexander ef al.®; they noted
marked discrepancies between the observed tem-
perature dependence and that predicted by Svare’s
model.

A more fruitful approach is to introduce the cen-
tral barrier as a perturbation to a harmonic well.
We consider a one-dimensional harmonic oscillator
with a perturbing potential of the form

Hy=Ae™ |
so that the Hamiltonian becomes
H=P?/2M + 1 Mw?x? + Ae™? . (10)

Treating H, as a perturbation, the first-order
perturbed eigenvalues are easily shown to be

Ey= 3w+ ARY? (ground state) ,
E;=3$nw+ARY/? (first excited state) ,

where R=Mw/(bhi+ Mw),
The experimental resonant frequencies Q("Li*)

=16.07 cm™ amd QCLI*)=17.7 cm™ can be fitted with

a range of the model paraineters A, b, and w, One
particular choice which gives the correct isotope
shift is A=11.7 cm™, b=1.19X10!" cm?, and
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w(Li*)=20.5 cm™., w(CLi* is then given by
wCLiY)=fw(Li*)=22.14 cm™ .

These parameter values change the O -1 transition
energy by —22%. In spite of the fact that this is a
rather large perturbation, the second-order energy
corrections (which can be summed exactly) are
negligible, since they change the transition ener-
gies by only 0.08 cm™, Their effect on the isotope
shift is found to be less than 0.05%, which is well
inside the experimental uncertainty.

The solid curve in Fig. 12(a) shows the unper-
turbed potential well $Mw?xx? and the ground- and
first-excited-state energy levels. The dash curve
shows H, for our choice of parameters. Figure
12(b) shows the resulting perturbed potential well
and the perturbed ground- and first-excited-state
energy levels. As can be seen, the height of the
central potential-energy barrier is considerably
less than the ground-state energy.

We now introduce the electric field perturbation
H,=—eEx. Using the first-order perturbed eigen-
functions of Eq. (10), we can calculate the electric-
field-induced shift in the O -1 transition energy.
Making the Lorentz local-field correction, the
shift is found to be 0. 03 cm™ for an external field
of 70 kV/cm. This value is comparable to the ob-
served shift of 0.08+0.03 cm™ . We see then that
a static potential well which has displaced energy
minima, but barriers which are small compared
to the impurity zero-point energy, causes a large
isotope shift, but only a small electric shift. The
discrepancy between the calculated field shift and
that observed experimentally could be eliminated
by a small increase in the % component of the
perturbation potential, with a negligible effect on
the calculated isotope shift. The important point

N FIG. 12. One-dimen-

, \ sional “off-center” model.
(a) Harmonic well with two
lowest states. Dashcurve
(@) shows perturbing potential
used. (b) Anharmonic well
\ | withtwo lowest states. Pa-

rameters are appropriate for

KBr: Li*.

(b)
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here is that a static potential well of a form for
which there is some theoretical justification ex-
plains the available experimental results on
KBr: LiBr.

C. NaCl:Cu®3Cl

As we have seen, the electric-field-induced
shifts due to fourth-order anharmonicity vary as
m™375, NaCl : Cu%Cl has both a large impurity
mass and a high resonant frequency, thus the cal-
culated shifts would be only ~ 10°* as large as the
NalI:NaCl shifts, A shift this small would be unob-
servable.

The main impetus for studying NaCl:Cu* is that
minimum energy calculations by Wilson ef al. 22
predict that Cu* should be off-center in the [111]
directions, with an associated permanent electric
dipole moment. If so, and if the tunneling barrier
are large compared to the impurity zero-point
energy, there would be closely-spaced tunneling
levels which split in the presence of an external
electric field. This would be reflected in a split-
ting or broadening of the observed resonant-mode
absorption line at 23.57 cm™, or in a change in
absorption strength. The experimental results on
NaCl : Cu®Cl show that no shift or broadening in
excess of 0.005 cm™ occurs, putting an upper limit
of ~107% eA (uncorrected for local fields) on the
impurity dipole moment. In contrast, the Li* dipole
moment in KCl is ~ 1.2 eA.! Although a potential
similar to that which explains the KBr : Li* results
can be used here, Cu® is still effectively on-center.

V. SUMMARY

For Nal:NaCl, the resonant-mode frequency
shifted quadratically with applied electric field. The
magnitudes and polarization dependences of the
shifts were found to be totally consistent with an
“on-center” substitutional site for the Cl™ impurity.
A three-dimensional harmonic oscillator perturbed
simultaneously by the cubic crystal field (to fourth-
order in the ionic displacements) and an external
electric field was found to be in perfect agreement
with the relative magnitudes of the shifts for dif-
ferent polarization directions. Using an approxi-
mate local-field correction, all model parameters
could be determined, and were also found to be in
agreement with previously determined isotope-
shift measurements.

For KBr: LiBr, small shifts of mode frequency
with field were measured. It was found that the
simple-oscillator model with quartic anharmonicity
could not be consistently applied to both the Stark-
effect and isotope-shift results. A one-dimensional
model, in which the potential perturbing the har-
monic oscillator was a small “bump” at the center
of the well, was found to give semiquantitative
agreement with both the large isotope shift and the
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small Stark effect. Because the central barrier
was less than the zero-point energy of the oscilla-
tor, the impurity ion still appeared “on-center.”

In the case of NaCl: CuCl, no shift of mode fre-
quency, line broadening, or change in absorption
strength with field was observed. This null result
is consistent with an “on-center” resonant-mode
configuration for this system; it is contrary to
recent theoretical predictions.

We have seen that externally applied electric
fields are useful probes of resonant-mode systems.
They can provide conclusive evidence of impurity-
site symmetry and can differentiate between on-
and off-center configurations. For two of the defect
systems studied, we have been able to establish
some definite features of the potentials associated
with low-lying modes. For Cl™ in Nal, the potential
is approaching that of a square well, while for the
much smaller Li* ion in KBr, a central instability
does already occur. Uncertainty about the local
electric field at the impurity site is the major dif-
ficulty in obtaining quantitative results. This sit-
uation is analogous to the uncertainty about the
local elastic constants in the case of uniaxial-stress
perturbations. 3 In both cases, detailed analysis in
terms of realistic models awaits further work on
the determination of the local fields.
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APPENDIX A: ANHARMONIC OSCILLATOR

The starting point of the perturbation calculation
is the isotropic harmonic oscillator

Hy=|P|3/2m + 3mn?(x® +y%+ 2%) .

The wave functions (19%), where s=0,1,2, -+ )
can be written as the superposition of three linear
oscillators

|99y = |krInY; El=nw(s +3%),

where s=k+l+n. k, I, and n can be considered the
quantum numbers of three linear oscillators in the
x, ¥, and z directions, respectively.

At a substitutional lattice site, the oscillator
will see a potential well of cubic (0,) symmetry.
In this case, an expansion of the potential gives
additional quartic terms. These are “anharmonic”
contributions

H,=Blx* +y*+ 2% + v (x%® + 9222 + 2%P) |
We treat H, as a perturbation of the harmonic os-
cillator. We will find that some of the degenerate
levels are split. By symmetry arguments alone

one obtains the representations of the oscillator
wave functions for the isotropic and the cubic cases.
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These are given in Fig. 10 for the three lowest-
lying states. The cubic field splits the s +d degen-
erate level into E,, A, and Ty, levels. To relate
the shifts and splittings of the energy levels to the
model parameters w, B, and Y, we seek solutions
of

(Hh+Ha),¢s>:Es’¢s>

to first order in 8 and Y. We write the perturbed
eigenfunctions as

[9s)=[9) + [95) 5
and the eigenvalues as
E,=E® +EM |

Because the unperturbed excited states |¢2> (s
=1, 2, --- ) are degenerate, we must solve a 3x 3
matrix for s =1 and a 6X 6 matrix for s = 2.

All of the matrix elements V;;=(i|H,|j) for s
=0, 1, 2 are given in Table III below in units of
(7/2mw)?. The higher states will not be considered
because they do not enter the later calculations.
The designation of the basis states for each value
of s is also given.

The matrix is diagonal for s =1 and produces
the expected threefold degenerate (T',,) state. For
s =2, the 6X 6 matrix factors into a diagonal 3X3
and a symmetric nondiagonal 3X 3. The diagonal
3Xx 3 yields the expected T,, state and the other
3x3 produces the A, and the E, states. These re-
sults are summarized in Table IV. We give the
perturbed eigenstates (to zero order in g and v),
their symmetry, and the parameters d; which
characterize the perturbation to the harmonic-os-
cillator energy levels:

E® = (dB+d)0/2mw)? .

The change in transition energy between levels s
and ¢ is

iQ,=EM-E®

TABLE IIl. Matrix Elements for V;, = (il H, |j) for
s=0, 1, 2 in units of (7/2mw)?

Matrix element Basis designation

1]

0 Vi1=98+3y I1)=1000)
1 Vi =218 +7y 11)=1100)
Vap=Vag=Vyy [2)=1010)
V;3=0, otherwise 18)=1001)
2 Vi1 =338 +15y [1)=1110)
Vay=Vig=Vy l2)y=]011)
V=458 +11y [3)=1101)
Vis=Veg= Vi [4)=1200)
Vis=Vie= Vg =2y [5)=1020)
V54:V65=V48:2'y '6>: I002>

V;;=0, otherwise

3

TABLE IV. Properties of the anharmonic oscillator.
s Symmetry Zero-order eigenstate  d, dy
0 Ay 1000) 9 3
1 Ty, 1001), etc. 21 7
2 4, (3)7172(1 200 ) + | 020)
+1002)) 45 15
2 E, @)"2(1200) — 1020))
(6)~172(1 200) + 1020)
—21002)) 45 9
2 Ty, 1011), etc. 33 15

For example,
Q0= [(218+77) - (98 + 3¥) )07/ 2mw)? ,
11§, = (3B +7)(E/mw)? .

This is the first-order correction to the O~ 1 trans-
ition energy and appears as the anharmonic term
in Eq. (3).

We will need the perturbed eigenstates to first
order in B and v in the later calculations. These
are easily found as linear combinations of the
harmonic-oscillator states:

0 H 0
= 2 Yl e B a,fut,
t#8,8’ s t s'ts
where
P | > WarlH Vh) G 1, 190)
s~ Es(l) —-Esd,) mtars? ES(O) _E;l) :

192,y are the states with which |¢2) is degenerate.
We find for s =1 and 2 that a,.=0 for all s’. The
perturbed wave functions are given below. For s

=0, the complete expression is given to first order
B and y. For s=1and s =2, only those terms needed
later in the electric field calculation are given.

s =0: [9(A,,)) = [000) - (38 +)(V2/w) i/ 2mw)?
x(|002) +]020) + | 200))
- 68(VZ /fiw)(7r/2m w)? (| 004) + | 040) + [400))
- (1/1w) e/ 2mw)3(| 220)+ [022) + [202)) ,
s=1: [95(Ty,))=]001) = (58+9)(V6/7w) i/ 2mw)?
x[008)~ (38 +2¥)(V2/hw)(/2mw)?(| 021)
+]201))+---

s=2: [9(Ay,))=(]200)+|020) + | 002))/V3

+ 98 + 31 )(VE /o) e/ 2muo)? (TL 4o

s =2: [9(E,)=(]200) - [020))/VZ +- - ;

[05(E,)y = (|200) + [020) - 2[002))/VE +--- ,
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TABLE V., Results of the electric field perturbation

calculation,
Polari- Sym- 7\NY) Ejp polar-
zation metry  Mode 7(eE)%/8m3w® ization
Ay 488 [100]
[100] C E 8y (100)
Ay 188 +8y [110]
[110] Cop B, 308 [1T0]
B, 8y [001]
Ay 8g+¥Y [111]
[111] Cyy E 208 +% ¥ (111)
§=2: [93(Tp)y=|011) 4+ - , etc.

APPENDIX B: STARK EFFECT

We now introduce the externally applied electric
field E, considering it as a perturbation to the two
lowest-lying states of the anharmonic oscillator:

H,=-eE(5x + £y +8452)

where the ¢;'s are the three direction cosines of
E with respect to the crystal axes. The first-order
change in energy is zero,

EQ =@ |H,|4)=0 for all s.

In second order, the perturbation operator be-
comes?

Hé=HePsHe ’
where

p-x @l

t#s Es - Et
The ground state is a singlet so that
E® = o] Hy| o) = (248 + 87)i(eE)?/8m%° .

Here, as in all similar expressions to follow, we
drop all terms of zero order in B or y because of
a well-known property of a harmonic oscillator:
There is no shift in transition energy under an
applied electric field. We retain only terms of first
order in E% B, and 7.

The first excited state is degenerate, so we must
solve a (3% 3) determinant to obtain the eigenvalues
E®:

|<¢S|Hé]¢s’> "EI(Z) 6ss'

Here s and s’ run over the three T, states. For
general values of &;, &, and ¢; the secular equa-
tion has no simple form.

We may, however, write down the matrix ele-
ments P, for the general case using the basis
states [¥4(Ty,)), where i=1, 2, 3:

Py, =3[ - (eE)?/2mw? + (728 + 8Y)i(eE)?/8m>w®]

=|P,.—E® 6| =0.

+(E2+ 8] - (eE)?/2muw® + (248 + 167 )1(eE)?/8m*w°]
Piy=8,8,(~ 128 + 8Y)i(eE)?/8mw° = P,, .

The other matrix elements are obtained by cyclic
permutations of the subscripts.

The perturbation matrix simplifies considerably
when the external electric field is applied along di-
rections of high crystal symmetry. The results of
the calculations for these cases are summarized in
Table V. Listed are the direction of the dc field
and the corresponding reduced-site symmetry. Also
listed are the irreducible representation which each
level transforms like, the change in transition en-
ergy 77 AQ between the A, ground state and the level,
and the polarization direction corresponding to an
allowed transition. Note that in the case of the de-
generate levels, we specify the plane in which the
incident radiation must be polarized for an allowed
transition,

These results are also shown in Fig, 11 for B
=-10y. Allowed transitions are indicated by solid
lines. For the case of E4 ||[110], L, refers to
E;r|I[110] and L, refers to E; 5 ||[001].

APPENDIX C: APPROXIMATE LOCAL-FIELD
CORRECTION

Mahan® relates the applied field E, to the local
field E by

E=3¢+2[1-gala-a')]E,, (6)

where o and o’ are the polarizabilities of the host
and substitutional impurity ion, respectively. At
far-infrared frequencies, the static dielectric con-
stant €,=6.60 for Nal is used. To evaluate Eq. (6),
we make three assumptions. (i) The Onsager!®
relation holds when a’=0:

(e +2)(1-ga®) Ey=[3¢/(2¢ +1)]E, .
(ii) The ionic polarizability of the resonant mode is

al’onlc = (u/m)(wR/Q)z (f)(aNaI)ionic .

Here wy is the frequency of the host-lattice TO
mode at £#=0, u is the Nal reduced mass, m is the
Cl” mass, and f is the oscillator strength of the
resonant mode, This is based on a comparison with
the reststrahl process in the unperturbed Nal crys-
tal. (iii) The electronic polarizability of the reso-
nant mode stems from two equally weighted con-
tributions:

ae’lec =(ac1-detec +%(aNa+aI')elec .

The required polarizabilities are listed in Table VI,
Qjonic 1S assumed to be equal to @por = Gerec. 28

Using these polarizabilities and the experimental
results for Nal:NaCl we find E. We first empiri-
cally evaluate the constant g using the Onsager rela-
tion and assumption (i) above:
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TABLE VI. Electronic,? ionic, and total polarizabil-
ity ® of Na*, I, Cl- ions.
Ton Qelec Qjonie Qror
(%) (A3 (&%)
Na* 0.255 1.35 1.61
I~ 6.20 2,51 8.71
Ccr- 2.98 2.00 4.98
2Values taken from Tessman ef al. (Ref. 18).
dyalues taken from Roberts (Ref. 26).
3e 3(6. 60)
& =1.40,

1 1-ga?) = =
3(e+2)1-800 =577 = 506, 60) + 1

CLAYMAN, KIRBY, AND SIEVERS 3

yielding g = 4. 80x 103 A", Next, usingthe oscillator
strength!! of the mode f=(6+2)x10™*, w =120
em™ %" and p=19.5 amu, we find

’ _ 33
alonic"o' 6 A",

The electronic polarizabilities of Na*, I°, and C1”
yield

@l1ee=6.21 A,

according to assumption (iii). The total polariza-
bility for the mode is then o’=6. 81 A%, This value
is used in Eq. (6) to get E=2, 4E,.
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