4 ELECTROCOLORATION IN SrTiOg:. .. 3557

were first observed and brought to our attention by tions were made by P. Asbeck while he was a
Z.J. Kiss, and the initial quantitative investiga- summer employee at RCA Laboratories.
!B. W. Faughnan, Phys. Rev. (to be published). 796 (1967).
2K. A. Miiller, Th. von Waldkirch, W. Berlinger, and 113,, c. walters and R. E. Grace, J. Phys. Chem.
B. W. Faughnan, Solid State Commun. 9, 1097 (1971). Solids 28, 239 (1967); 28, 245 (1967).
SB. W. Faughnan and Z. J. Kiss, IEEE J. Quant. 25ee R. C. Bradt and G. S. Ansell, J. Am. Ceram.
Electron. QE-5, 17 (1969). Soc. 52, 192 (1969), for a recent analysis with extensive
‘B. W. Faughnan and Z. J. Kiss, Phys. Rev. Letters bibliography.
21, 1331 (1968). 3R, williams, J. Phys. Chem. Solids 26, 399 (1965).
ST. C. Ensign and S. E. Stokowski, Phys. Rev. B1, 145, M. Pell, J. Appl. Phys. 31, 291 (1960).
2799 (1970). 15D, 1. Staebler and J. Blanc (unpublished).
®K. A. Miiller, W. Berlinger, and R. S. Rubin, Phys. 165, E. Carnes and A, M. Goodman, J. Appl. Phys.
Rev. 186, 361 (1969). 38, 3091 (1967).
"See R. N. Tredgold, Space Charge Conduction in Solids- "M. A. Lampert and P. Mark, Current Injection in
(Elsevier, Amsterdam, 1966). Solids (Academic, New York, 1970), p. 189.
8B. W. Faughnan and Z. J. Kiss (unpublished). 18A, E. Paladino, J. Am. Ceram. Soc. 43, 476 (1965).
®M. S. Kosman and E. V. Bursian, Dokl. Akad. Nuak 197, E. Paladino, L. G. Rubin, and J. S. Waugh, J.
SSSR 115, 483 (1957) [Sov. Phys. Doklady 2, 354 (1957)]. Phys. Chem. Solids 26, 391 (1965).

0. N. Tufte and P. W. Chapman, Phys. Rev. 155,

PHYSICAL REVIEW B VOLUME 4, NUMBER 10 15 NOVEMBER 1971
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We report here the observation of four impurity-induced lattice resonances in KI:Ag*. In
addition to the well-known T, symmetry resonant mode at 17.3 em™, we have observed two
even-parity resonant modes of Ay, and E, symmetries at 25 and 16. 35 cm“, respectively, and
a Ty, symmetry gap mode at 86.2 cm!, The two even-parity modes were detected using far-
infrared spectroscopic techniques with the sample in an external electric field. The field in-
duces a strong mixing of the modes of opposite parity and results in large field-induced shifts.
The E, symmetry resonance has also been seen in the Raman spectrum of KI:Ag*. Two weak
and broad absorption lines at 29.8 and 44.4 cm™! are attributed to the E,+Ty,and Ay, +Ty, com-
bination bands, respectively. These results are interpreted in terms of a model in which the
Ty, sSymmetry resonant mode is anharmonically coupled to the even-parity resonances.

L. INTRODUCTION involved in detecting and identifying them.
Both even-parity resonant and gap modes have

In recent years there have been a variety of ex- been observed indirectly as sidebands of the infrared-
perimental and theoretical investigations of the vi- active U-center local mode in KI and KBr,!~® The
brational properties of substitutional impurities in sidebands were made optically active by an anhar-
alkali halides. Thus far, most of the work has been monic coupling between the even-parity resonant
concerned with an understanding of the odd-parity and gap modes and the odd-parity local mode, In
(optically active) local, ™" gap, ®*® and resonant!?~1 a lattice-dynamical calculation, Gethins et al, !¢
modes. However, there can also be impurity-acti- found it necessary to include rather large force-
vated resonances with even parity., These modes constant changes between the impurity ion’s nearest
do not involve any motion of the impurity ion itself, neighbors and its fourth nearest neighbors (along
and because of their even parity, will not be opti- [100]) to obtain some quantitative agreement with the
cally active in the absence of an external perturba- experimental results of Timusk and Klein, 3
tion. To date, even-parity modes have received There is evidence that even-parity resonances

little attention, apparently because of the difficulties = have been observed in low-temperature thermal-
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conductivity measurements on doped alkali halides.
In KI:Ag",'" KBr : Li*,'® and NaCl: Cu*,!® low-tem-
perature dips in the thermal conductivity were ob-
served which did not appear at the correct temper-
atures to be due to the well-known infrared-active
resonances in these systems. However, thermal
conductivity is basically a broad-band technique and
cannot as of yet furnish precise information on the
frequencies, linewidths, or symmetries of the ob-
served resonances,

KI:Ag" is known to have a T, symmetry resonant
mode at 17.3 cm™.%!? We report here the obser-
vation of two even-parity resonant modes of A;, and
E, symmetries in KI:Ag* and offer evidence for an
anharmonic coupling between resonances of opposite
parity.

In Sec. II, the experimental results of far-infra-
red-absorption measurements and Raman-scattering
measurements on Ag*-doped KI are reported. These
two experimental techniques allow the observation
of both odd-parity and even-parity resonances.

In Sec. III, we develop a model in which the
17.3-cm™ T,, symmetry resonant mode in KI:Ag*
is anharmonically coupled to the observed even-
parity resonances of A;, and E, symmetries, and
in Sec. IV, the predictions of this model are com-
pared with the various experimental results,

In Sec. V of this paper, we speculate on the causes
of some of the discrepancies between the model and
experiment, and in the Appendix, we consider the
effects of a second-order dipole moment on the ex-
perimental properties of KI:Ag".

A preliminary report of some of these results
has been given elsewhere, ®

II. EXPERIMENTAL TECHNIQUES AND RESULTS
A. Far-Infrared Transmission Measurements

The single-crystal pure and doped KI samples
studied in this investigation were grown in an argon
atmosphere using the Kyropolous technique. Sam-
ples were obtained both from the Crystal Growth
Facility at Cornell University and from Dr. F.
Rosenberger at the Crystal Growth Laboratory of
the University of Utah. No differences were seen
in the spectra of the samples obtained from the two
sources.

The far-infrared transmission measurements on
the pure and doped KI samples were made using
interferometric spectrometers in conjunction with
cooled germanium bolometers. Most of the impu-
rity-induced absorption measurements were made
with a modified RIIC FS 720 Michelson interferom-
eter and a Ga-doped germanium bolometer detector
operating at 1,2 K. The samples to be studied were
mounted on a rotatable sample ring in a separate
chamber of the detector cryostat, and were cooled
to 4.2 K by exchange gas coupling to the outer he-
lium bath,
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The absorption spectra were obtained by mea-
suring the far-infrared transmission through both
the pure and doped KI samples. This technique
yields the impurity-induced absorption coefficient,

All of the electric-field-dependence measure-
ments were made with a lamellar interferometer?!
and a Ge bolometer cooled to 0.4 K,%'*® The sam-
ples were immersed in liquid He at 4. 2 K for these
measurements, The experimental techniques in~
volved in making these measurements have been
described elsewhere, 2*

Figure 1 shows the KI: Ag* far-infrared absorption
spectrum at 4, 2 K with an instrumental resolution
of 0.25 cm™, This particular sample contained
100-ppm Ag by weight. The spectrum is seen to be
complicated, with at least seven Ag-induced absorp-
tion lines. The dominant features of the absorption
spectrum are the well-known resonant mode at
17.3 cm™! and the gap mode at 86.2 cml, The reso-
nant mode is slightly broadened by the presence of
the two naturally occurring Ag isotopes (107 and
109 amu) in nearly equal amounts, The isotopic
shift of the gap mode has not yet been measured,
but is expected to be small.?'?® The spectrum in
the region of the gap mode was slightly distorted by
two relatively weak absorption lines which were
present in both pure and doped samples in unequal
amounts., These two lines have the same frequen-
cies (86.3 and 86.9 cm™) and relative intensities as
two of the lines observed by Renk in OH ~doped
KI.? Becker?” has shown that these lines are not
due to OH" impurities, Furthermore, we found no
evidence of the 69, 7-cm-! OH--induced line ob-
served by him. In any case, these two lines are
not due to Ag*, and their effect (~10%) on the ob-
served absorption spectrum has been roughly sub-
tracted out. Thus, the solid curve in the gap-mode
region of Fig, 1 shows our estimate of the real
Ag*-induced absorption line,

6'4 T T T T T =
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FIG. 1. Far-infrared absorption spectrum of Ki:Ag*

at 4.2 K. The instrumental resolution is 0. 25 cm™!,
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TABLE I. Observed far-infrared absorption lines in ! I ' | ' T T
Ki:Ag'. KI:Agt
) 031 175 kV/cm 7
Frequency Linewidth Absorption 42 K
(cm™?) (cm™) strength o2} - _
17.3 0.60 1.0 ‘e
29.8 3.2 0.3 v: ol .
44.4 6.6 0.2 q
51.0 1.6 0.01 ) LN
55.9 0.5 0.05 \/'
63.6 0.9 0.04 ol 4
86.2 0.65 4.0 ’
-0.2p 1 1 1 | 1 - 1 ]
10 20 30 40 50

An absorption peak also occurs at 29.8 cm™,
withabroad shoulder at ~32.8 cm™', The 44.4-cm™
line is similar to the 29, 8-cm™ line in width and
strength, The three remaining lines at 51, 55.9,
and 63,6 cm™! are relatively much weaker and nar-
rower,

The observed absorption spectrum varies linearly
in absorption strength with Ag concentration, al-
though the 51-cm™ line is too weak to be observed
at any but the highest concentrations. The whole
absorption spectrum shows the same peculiar aging
effect which was reported earlier for the resonant
mode, * For example, in one sample, the absorp-
tion strength of the resonant mode decreased by a
factor of 12 over a period of 15 months. No trace of
the 78-cm™ line which was reported to appear after
heat treatment!® was found in this particular sam-
ple. This indicates that more than one type of aging
mechanism exists.

The observed KI:Ag* absorption frequencies,
linewidths [full widths at half-maximum (FWHM) ab-
sorption], and integrated absorption strengths (areas
under the absorption lines) are summarized in Ta-
ble I, The absorption baselines chosen for the pur-
pose of measuring the linewidths and strengths are
indicated in Fig. 1. It should be noted that these
baselines are somewhat arbitrary. No corrections
for the finite spectrometer resolution have been
made, but these corrections are expected to be
small, 3

B. Electric-Field Dependence of the Absorption Spectrum

Figure 2 shows the results of a typical KI:Ag*
electric-field-dependence measurement, An ex-
ternal electric field (E,,) of 175 kV /cm was applied
in the [100] crystallographic direction, and the elec-
tric-field vector of the incident far-infrared radia-
tion (E,,) was polarized parallel to E;,.. These data
were obtained by dividing the field-on transmission
spectrum by the zero-field transmission spectrum
and result in the “electric-field-induced absorption
coefficient” (Aa), In this case, a negative A« in-
dicates a decrease in absorption with applied field,
while a positive A« indicates a field-induced in-

FREQUENCY (cm™)

FIG. 2. Electric-field-induced absorption coefficient
for Ki:Ag*. Here, E[lE4 |l [100], and the instrumental
resolution is 0.55 cm™!,

crease in absorption at that particular frequency.
Clearly, a shift in the absorption frequency of a line
will give rise to a negative A near the unperturbed
absorption frequency and a positive A« near the
perturbed line position. In the general case, both
field-induced dichroisms and shifts are expected to
occur,

In the high-field region, much of the field-shifted
structure is almost completely resolved from the
zero-field structure. In this limit, the zero-field
absorption spectrum [a (0, v)] can be obtained di-
rectly from the negative part of the A«a(E, v) curve.
Then the impurity-induced absorption spectrum with
applied field E can be obtained from the relation

a(E,v)=a(0,v) + Aa(E, V) . @

The results of carrying out this procedure for a

I
: KI:Agt
: Egc |1 [100]
0.3 i Eir I Ege
l —-——— 0 kV/cm
130 kV/cm

ABSORPTION COEFFICIENT (cm_l)
o o
— n
T T

| 1 1
21 23 25 o7
FREQUENCY (cm™)

13

FIG. 3. Ki:Ag* absorption spectrum below 20 cm=!
with a dc electric field of 130 kV/cm applied along [100].
Here, Ey, I E4., and the instrumental resolution is 0.35

cm 1.
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FIG. 4. Frequency vs external electric-field results
for the T,, and E, symmetry resonances in KI:Ag*. The
solid curves were fitted using the anharmonic-oscillator
model described in Sec. III. i

typical measurement are shown in Fig, 3. Here,
E4 I [100]ll E,,.. The solid curve shows the KI: Ag*
resonant-mode absorption line in zero field. The
dashed curve shows the observed absorption spec~
trum for E,,=130 kV/cm. The field dependence of
this spectrum shows that the 18-cm™! line is due to
the field-shifted component of the (73, symmetry)
resonant mode. It shifts up in frequency and de-
creases in strength with increasing field. The line
near 15.5 cm™! appears only when a field is applied.
It shifts down in frequency and increases in strength
with increasing field, The behavior of these two
lines is characteristic of two modes of opposite par-
ity being mixed by the (odd-parity) electric field.
It will be shown that this is indeed the case and that
the lower frequency mode has E, symmetry in zero
field.

A somewhat similar field dependence is seen in
the 24-30-cm™ region of Fig. 2. One component
of the 29, 8-cm™! line shifts to lower frequencies
and decreases in strength with increasing field.
Simultaneously, the 25-cm™ line grows in strength
and also shifts down in frequency. We shall show
that the 25-cm™! line has A;, symmetry in zero field.
However, the mixing in this case is complicated be-
cause both lines shift down in frequency. This will
be discussed in more detail in Sec, IV,

[100]-field measurements have been made for
E, .l Ey, and E; L E;., For a [110] electric field,
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there are three distinct polarization directions cor-
responding to E, .|l E4, E,.llI[110]L E,., and
E,.lI[001]L E,.. Field-dependence measurements
have been made for all three polarization directions.
The field-induced shifts for the two lines in the
17-cm™ region are summarized in Fig, 4. For
those polarization directions not shown, no shifts
were observed. The frequency shifts in all cases
are found to be linear with field in the high-field
limit. The frequency-vs-field curves for the lower
frequency line could not be extended into the low-
frequency region because of its vanishing absorption

- strength and its proximity to the resonant-mode ab-

sorption line, For these reasons the zero-field
frequency of this line is known only to an accuracy
of 16.35+0.1 cm™!, The meanings of the solid
curves in Fig. 4 will be explained in Sec, IV,

For a [100] field, frequency shifts are observed
only for E. |l E;.. For a [110] field, no shifts are
found with E,, || [001]. We now use these results to
show that the 16, 35-cm™ mode does have E, sym-
metry. With a [100] external field, the defect site
symmetry is reduced from O, to C,,, so that an E,
mode splits into two levels, transforming as the A,
and B, irreducible representations of C,,. Of these,
only the A, is optically active, and then only for
E; |l E4. For a[110] applied field, the site sym-
metry becomes C,,and the E, mode splits into levels

30 T T T
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FIG. 5. Frequency vs external electric-field results

for the A;, symmetry resonant mode and the 29. 8-cm~!

line. Here, Eji llE4 !l [100]. The circles are the ex-
perimental data. The curves are explained in the text.
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FIG. 6. Linewidth (FWHM absorption) vs external
electric-field results for the Ty, and E, symmetry reso-
nances. Here, E. I E4 lI[100]. No corrections have
been made for the instrumental resolution of 0.35 cm™!,

transforming as the A; and B, irreducible represen-
tations of C,,. Both of these levels are optically
active, the A, for E,.|| E;, and the B, for E, |l [110]
L E;.. This analysis agrees with the experimental
results and confirms that the mode in zero field

has E, symmetry,

Figure 5 shows the experimental-frequency-vs-
field points for the 29.8-cm™ line and the field-in-
duced 25-cm™ line for the E,.IIE4/[100]. No reli-
able frequencies could be obtained in the low-field
region, but the field dependence of the 29.8-cm™ line
below ~ 100 kV/cm must be very strong if it is to
move up to its zero-field position. This is sche-
matically indicated by the dashed line in Fig. 5.
This may mean that the 25-cm™ line also has a
strong low-field dependence so that its zero-field
frequency is higher than 25-cm™.

An A,, mode should be observed with E, Il E,, for
both [100] and [110] fields, but not for E,, L E4,.
The Ag* concentrations in the samples used for the
E,. | E4 1[110] measurements were apparently too
low for either the 25-cm™ line or shifts of the 29. 8-
cm™ line to be observed. It is more significant
that the 25-cm™ line was not observed with Eg, Il

[110] and E,,1[110] even though shifts of the 29. 8-
cm™! line were observed. In view of this, we con-
clude that the even-parity mode near 25 cm™ does
have A;, symmetry in zero field.

The linewidths (FWHM absorption) exhibit some
weak field dependences, as shown in Fig. 6 for
E,. I E411[100]. The T,,-mode linewidth (closed
circles) increases by ~25% with increasing field,
as does the A,, -mode linewidth (not shown). How-
ever, the E,~-mode linewidth (open circles) appears
to decrease by a few percent with increasing field.
The solid curve has been fit to the E,-mode line-
width and will be explained in Sec. III.
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C. Raman Measurements

Some preliminary Raman spectra of KI: Ag* were
obtained using a Spex double monochrometer and
a Coherent Radiation Model 52 argon-ion laser
operating with ~1 W of power at 4880 or 5145 A.
Photon-counting techniques were employed to im-
prove the signal-to-noise ratio. The symmetries
of any observed scattering peaks could be deter-
mined by appropriate combinations of light polariza-
tion and crystal orientation. The sample was cooled
to 8 K using a commercially available optical cryo-
stat. During the course of a scan, the sample tem-
perature remained constant to better than 1 K.

Figure 7 shows the 5145-A Raman spectrum of
a[110]-cut KI: Ag* sample for a scattering geometry
of z(yx)y, which yields scattered light from E,
symmetry states. As can be seen, there is a peak
at 16.1+0.5 cm™, in good agreement with the far-
infrared results. The linewidth of ~3 cm™ is pri-
marily determined by the spectrometer slit width.
We were unable to see a Raman peak due to the 25-
cm™A 1¢ mode, most likely because of the much
greater Rayleigh scattering which occurs for that
particular scattering configuration.

III. FORMULATION OF MODEL
A. Harmonic-Lattice Calculations
To understand the dynamics of the KI: Ag* defect-
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FIG. 7. E, symmetry Raman-scattering spectrum of
KI:Ag* at 8 K. The scattering geometry is z(yx)y, with
x1[110], yli[T10], and z1I[001]. The instrumental reso-
lution is 2 cm-1,
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FIG. 8. Normal modes of an X¥; molecule.

lattice system, we first look to a harmonic near-
est-neighbor (nn) model which includes central-
force-constant changes, as has been described by
Klein. s It will be seen that such a simplified
model cannot explain the experimental results, but
it does offer a physical picture of the possible mo-
tional states which can cause the observed far-in-
frared and Raman spectra of KI: Ag®.
the central displacements of the impurity and its
six nn form a 9X9 reducible representation of the
octahedral group O,. This group representation
can be reduced by considering the normal modes

of the XYz molecule formed by the impurity and its
nn. The XY, normal modes are found to be an A,,
“breathing” mode, as shown in Fig. 8(a); an E,
“tetragonal” mode, both components of which are
shown in Fig. 8(b); and two T, modes, with one
component of each shown in Fig. 8(c). The two

Ty, modes are normally coupled together when the
full lattice-dynamical problem is considered. The
modes in Fig. 8 are not true normal modes of the
defect-lattice system. They must be considered

as linear combinations of the perturbed band modes,
which cause a line shape that reflects the system-~
mode density of states for that particular configura-
tion. The important point here is that the nn-cou-
pling model can lead to two optically active T, res-

onances (presumably the resonant mode at 17.3 cm™

and the 86. 2-cm™ gap mode) and two even-parity
resonances, as we have observed in KI: Ag’. The
addition of noncentral-force-constant changes or
the inclusion of a larger defect space only increases
the number of possible resonances. Extensions
such as these will certainly be necessary, since

In this model,
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Benedek and Nardell!? have shown that a nn central-
force-constant model cannot give both a low-lying
Ty, resonant mode and a Ty, gap mode in KI: Ag*,
Furthermore, using their calculated A,, and E,
Green’s functions for positive impurities in KI, it
is easy to show that the nn effective coupling con-
stant reaches zero long before the even-parity res-
onances reach such low frequencies, as we have
observed.

In addition to the four resonances just discussed,
KI: Ag* shows several other optically active absorp-
tion lines which must be explained. The weak and
narrow lines at 55.9 and 63.6 cm™ can be correlat-
ed with host-crystal density-of-states peaks, after
Dolling et al.?® These peaks have been seen in KI
doped with other impurities, 2°'3° but they are par-
ticularly sharp in the case of KI: Ag*. The third
weak line at 51 cm™ is not yet understood, but we
note here that it is at an appropriate frequency to
be associated with the 17. 3-cm™ resonant-mode
third harmonic.

It is then the two broad lines at 29.8 and 44.4
cm™ which have yet to be explained and which will
be important in the discussion to follow. We will
see that these lines are combination bands, corre-
sponding to the simultaneous excitation of one T}, -
mode quantum-and one even-mode quantum. In the
harmonic approximation, the combination bands
would not be optically active. However, the strong
temperature dependence of the 7y, mode observed
by Alexander, Hughes, and Sievers® and the large
uniaxial stress shifts of the Ty, mode observed by
Nolt and Sievers®® show that the defect system is
very anharmonic. The question remains as to the
nature of the anharmonicity.

. The uniaxial stress shifts of the T,, mode have
been interpreted in terms of coupling of the mode
to the host-crystal phonons. %'3% This would seem
to be quite a reasonable assumption. However,
Alexander et al.® pointed out that coupling to the
phonons could #zot simultaneously explain the tem-
perature dependence of the 7}, mode and the uniaxial-
stress shifts. They used the measured-stress cou-
pling coefficients to determine the amount of anhar-
monic coupling to the phonons, and found that the
calculated temperature dependence of the absorp-
tion strength was a factor of 100 too small. Further-
more, if they assumed that the T;, mode was anhar-
monically coupled to a postulated E, symmetry res-
onance, they obtained reasonable agreement for
both the temperature dependence and the stress
dependence of the T, mode. We will see in Sec.

IV that these intuitive ideas can be at least partially
verified using a simple phenomenological model for
the defect-lattice system.

At this point, it is worthwhile to discuss another
mechanism which may be of importance in the KI:
Ag® system. In the case of the U-center local mode
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in alkali halides, it appears that higher-order di-
pole moment effects are responsible for a few per-
cent of the observed phonon sideband structure. 7
Klein'® has pointed out that second-order dipole-
moment terms may be even more important for
resonant modes than for local modes. This would
seem to be especially true for KI: Ag*, since Ag*
has a tendency to form covalent bonds,* and this
could be important for the charge-transfer mech-
anism which gives rise to a second-order dipole
moment.

As shown in the Appendix, a second-order dipole
moment can make the combination bands optically
active, and also cause an electric-field-induced
mixing of the modes. In fact, the field-induced

shifts due to a second-order dipole moment are iden-

tical in form to the field-induced shifts produced by
an anharmonic coupling of the odd- and even-parity
modes. Thus, the measurements presented here
cannot distinguish between the two mechanisms.
However, to explain the uniaxial-stress dependence
and the temperature dependence of the Ty, mode,
we have seen that large anharmonic terms are nec-
essary., So we will proceed, in Sec. III B, with a
perturbation treatment of the even-odd anharmonic
coupling, realizing that higher-order dipole-mo-
ment effects may also be important.

B. Anharmonic-Oscillator Model

The observation of two T,, symmetry modes and
two even-parity resonances, all of which are quite
narrow, makes feasible a phenomenological treat-
ment of the resonances and their interactions. As
a first approximation then, we assume that the 7,,,
Ay, and E, resonances can be treated as indepen-
dent harmonic oscillators. No evidence that the
gap mode participates in the coupled motion has
yet been found, so it will not be considered here.
Then, neglecting the phonons, the harmonic Ham-
iltonian may be written

3 3
Ho=21 (P%;/ZMTHE %MT 972' Qia'i
i=1

i=

2 2
+ Z>1 (P2, /2Mm;) + ?1%ME QF QE, +Pf/2M,
i= .=

+z My QF Q%, (2

where the subscripts A, E, and T refer to the A,
E,, and T, modes, respectively, the @’s are the
mode normal coordinates, the M’s are the oscillator
effective masses, and the @’s are the corresponding
resonant frequencies. In the absence of a lattice-
dynamical calculation, the oscillator masses are
not known since the amplitudes of vibration may be
large far away from the impurity site. For sim-
plicity, we take M, =M(Ag*), My=Mz=M(I"),

The eigenvectors of H, are denoted by |klm;vs;t ),
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with associated eigenvalues (k+ [ +m + 3)iSy

+ (7 +8+ 35 + (t+ 3)7Q,, in an obvious notation.
In this approximation, infrared-absorption mea-
surements would lead to a single (5-function) line
at 7, and Raman scattering would give lines of

Ay, and E, symmetries at Q4 and Qp, respectively.

To include the effects of anharmonicity, we ex-
pand the potential energy in powers of the harmonic-
mode normal coordinates. Because of the inver-
sion symmetry about the defect site, the (odd-par-
ity) Ty,~-mode coordinates must enter only as even
powers. Then the lowest-order terms in the an-
harmonic potential will be of the forms Q%; @, and
Q% Q4. Static potential terms such as @%; will not
be considered, nor will coupling between the two
even-parity modes be included. These terms may
be important in determining the perturbed even-
mode energies, but they cannot be responsible for
the presence of the combination bands in the infra-
red absorption spectrum. Neither can they lead to
a strong electric-field dependence, because of the
large oscillator masses. 3%

Then using the transformation properties of the
system normal modes, the most general form of
the cubic interaction between the 7y, mode and the
even-parity modes may be written

HY = Va(QF1+ Q%2+ @5 @a
+ VE[(ng'l - erz" ers) Q@pz+ ‘/3—(Q212 - ers) Qg1 .
@)

H ﬁ” will enter in second order of perturbation
theory. The quartic terms, which are of the form
Q% Q% en, Will enter in first order, and so are ex-
pected to contribute to the perturbed energies in
the same order as HY’. However, the quartic
terms cannot cause the combination bands to be
optically active, and they cannot cause a first-
order electric-field-induced mixing of the even-
and odd-parity modes. Furthermore, a large
quartic anharmonicity would cause quadratic com-
ponents in the stress-induced frequency shifts of the
T,, resonant mode, whereas the experimental
shifts are found to be linear.3 For these reasons,
we consider only the perturbation H fj’) in what fol-
lows. The one-dimensional analog of this perturba-
tion calculation has been considered by Hughes, *
in a slightly different context.

We treat HY as a perturbation, finding the sec-
ond-order perturbed energies €5, and the first-
order perturbed eigenvectors 1y}5, ). The per-
turbed transition energies from the ground state
are listed in Table II for some of the lower-energy
states.

IV. COMPARISON WITH EXPERIMENT
A. Zero-Field Absorption Spectrum

One method of proceeding now would be to fit the
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TABLE II. Perturbed transition energies from the
anharmonic-oscillator model, where Ug=Vg/8MQp
X (1/2MgQp)t!? and Uy =V,/AMpQp (5/2M 40,12,

Final state Perturbed transition energy
7 7 7 )
1 100; 00; 0 ) nop-2UE__4Us _8U4_ _2U4
Qp fﬂﬁﬂg 522,4 2Qp+Q,
3U 3U
000; 10; 0 - - E
r000; ’ 7t 2Qp—Qp 297+ 95
3U2 U2
000; 00; 1 -~ °YA . __3Ux
1 000; ) 782, 2Qp—Qa 207+
WE 4yl 8U2
. . — — — ——.A
1100; 10; 0) HQp+ A, e 2-_E_-QT+QE R
__bui o}
IJZQT—QA ZQT+QA
4U} 11U% U2
100; 00; 1 HQp+ iy — o — E__ b3
I ;1) Qp+ 15 gl s el
_8Uf _ 2u}
Q4 20ptQ,

perturbed energies of Table II to the observed mode
frequencies and so obtain values for the anharmon-
icity coefficients V, and V; of Eq. (3). This can
be done analytically, but it is not very meaningful
since many anharmonic terms which may contribute
to the mode shifts in the same order as H'® have
been neglected. In fact, if this calculation is done,
we find that V, must be imaginary. While an imag-
inary coupling coefficient is not necessarily devoid
of physical meaning, it most likely indicates that
the neglected anharmonic terms are important. We
then conclude that it is more reasonable to deter-
mine V, and Vy from the strengths of the combina-
tion bands for, as pointed out earlier, these quanti-
ties are nearly independent of the cubic and quartic
terms not included in the perturbation calculation.
For this purpose, we must calculate the electric
dipole matrix elements connecting the perturbed
ground state [ 39 ) with the T,;, components of the
E,+T,, and A,, + Ty, combination bands. The
E,+ T, band consists of two three-fold degenerate
states, transforming as E,XTy,=T,,. The Ty,
level will be optically active, and we find the ratio
of its integrated absorption strength to that of the
T,, resonant mode to be

S(E,+ Ty,) /S (T4,)=81%(Qr+Q5)/
M5 MpQrQ5(2Q7+ 25)%. )

The A,, + Ty, combination band consists only of
one Ty, level, and we calculate a similar ratio

S(Au+ T1,)/S(Ty,)= Zh”Vi(Q,& Q,/
ME M40 .95 20, +0,4)%.  (5)
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In calculating these expressions, it is assumed
that the perturbed-mode frequencies can be approx-
imated by the harmonic-mode frequencies. Using
the values of the ratios given in Table I, setting
Mpa=Mg=M(1"), My=M(Ag"), and assuming that
the harmonic frequencies can be replaced by the
observed frequencies, we calculate V= 5.7x10"!
and V,=1.8x10" erg/cm®. These coefficients are
very large, so that the system is very anharmonic.
From the expressions for the perturbed energies
of Table II, we calculate that coupling coefficients
this large lead to anharmonic shifts of the Ty, res-
onant frequency of ~10 cm™, so that the anharmon-
ic contributions to the oscillator energies are
nearly as large as the harmonic contributions.

This means that a perturbation calculation cannot
be expected to be quantitatively correct. It can,
however, give a semiquantitative indication of the
importance of the anharmonic coupling, as we now
show.

B. Electric-Field Dependence of the Absorption Spectrum

The electric-field-dependence results can verify
the form of the coupling terms used in the pertur-
bation calculation. The application of an external
electric field in the [100] direction introduces the
perturbation

Hz=-e} E;Qm, (6)

where E, is the local electric field at the impurity
site, and ej is the effective charge associated with
the odd-parity mode. Since the E, and T, (per-
turbed) modes are nearly degenerate, we let 2A be
their zero-field separation and do first-order de-
generate perturbation theory with H;. This leads
to a mixing of the two modes and results in the
field-induced shifts (for E,, Il E4,)

W(E;)=+(A%+R*EZ)Y/? @)
where
R=2e}1 Vg/(29Qp~ Qz) Qs My (MpMzQp025) 2.

The plus and minus signs in Eq. (7) are to be as-
sociated with the T,, and E, modes, respectively.
The results of extending this calculation to the other
field and polarization directions are summarized in
Table III.

The solid curves in Fig. 4 show the calculated
shifts of Table III. The value of R (and hence of
Vi) has been chosen to fit the [100]-field dependence
of the E, mode. The agreement for the other E,-
component shifts is quite satisfactory, and so offers
evidence that cubic anharmonicity is the dominant
mixing mechanism involved. The value V;=3.7
x 10! erg/cm?® (setting e¥ = | e| and making the
Lorentz local-field correction) calculated from the

_fit to the experimental curves compares favorably

with the estimate of V; obtained from the strength
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TABLE III. Calculated electric-field shifts of the E -
and Ty,~-mode components, where R =2 d}iVg/(2Qr — Qz)
X QpMp MM gQrQg)/ 2.

Polarization Calculated shifts
Eqe Ey

[100]  [100] +(A%+ R2EH1/?
[100]  [001] 0

[110]  [110} +(A%+ 3R EYH/2
[110] * [110] +(A%+ 3R2EYH /2
[110]  [001] 0

of the E, + Ty, combination band.

In Fig. 4, the experimental shifts of the T;,~-mode
components are all smaller than the calculated val-
ues. This indicates that mixing of the A,, and T,
modes should also be considered. The T,,-mode
shifts resulting from the A,,~ T,, mixing are easily
estimated to be on the order of 1 cm™ for E4 =200
kV/cm. There must however be other contributing
factors, such as coupling to the host-crystal pho-
nons, since the E, - and T;,-mode components do
not shift equal amounts when E4. I[110] and E,,
I1[110]. In this particular field configuration, the
Ay, - Ty, mixing cannot cause any shifts.

The field dependences of the A,, resonances and
the 29. 8-cm™ combination band are more difficult
to understand. We consider Fig. 9, which shows a
schematic diagram of the perturbed energy levels.
Those levels indicated by a solid line have been ob-
served experimentally. Those denoted by dashed
lines have not been observed, but are predicted by
the anharmonic-oscillator model. The T,,~- and E -
mode second harmonics in the 30-35-cm™ region
are quite likely responsible for the “anomalous”
electric-field shifts of the 29, 8-cm™ combination
band. The combination band is predicted to be
strongly mixed by the electric field with the mode
second harmonics, and only weakly mixed with the
25-cm™ Ay, resonance, resulting in a net downward
shift. However, the weak mixing between the A4;,
even mode and the combination band creates some
difficulties of its own. An estimate shows that the
A,, mode should be shifted slightly up in frequency
by an electric field, since the mixing with the
17.3-cm™ Ty, mode is stronger than that with the
29. 8-cm™ combination band.

Broadening of the absorption lines with field is
due to at least two contributions. Nonuniform field
broadening would be expected to cause an additional
linewidth proportional to the magnitude of the fre-
quency shift of the line. Another source of broad-
ening is due to the changing phonon density of states
as the line is shifted up or down in frequency. Since
the density of states is proportional to w? , this con-
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tribution to the linewidth should also vary as w?.
The solid curve in Fig. 6 is a least-squares fit to
these two broadening terms of the form

I=a[Q:(E)-Q5(0)]+8R%(E)). (8)

The coefficient 8 is found to be 8=0.0048 cm.
While the data points do show a good deal of scat-
ter, the fit of the curve is evidence that the line-
width of the E, resonance is primarily determined
by one-phonon decay.

C. Uniaxial-Stress Results

The KI: Ag* T,, resonance at 17.3 cm™ is known
to undergo large frequency shifts with an applied
uniaxial stress.”? We will show here that large
stress-induced shifts are consistent with the an-
harmonic-oscillator model. Using the cluster
model described by Alexander ef al.,%! in which
only coupling of the defect to its nn is assumed to

be important, it can be shown that
Va=V3 AMQr/V2Ha, Vg=vV3 BMyQq /fa,

where A and B are the 4,, and E, stress coupling

90
T, gop made
[ ————T), mode 3™ harmonic
504 ———— Ajg mode 3'$ harmonic
_____ Eq mode 3" harmonic
T T (Ajg+Tjy combination band)
40
{o___ Aig+Eg+ Tog (Tiy mode 2" harmonic)
————— AgtEq (Eq mode 2"harmonic)
30fF===="T,+Tp, (Eg+TIu combination band)
_Alg
20— resonant modes
——— T
] Eq
10
O————A, ground state

FIG. 9. Schematic diagram of the perturbed vibration-
al energy levels of KI:Ag*. Those levels indicated by a
solid line have been observed experimentally. Those de-
noted by a dashed line have not been observed, but are
predicted by the anharmonic-oscillator model. Mode
harmonics higher than the third are not included in this
figure.
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coefficients,® respectively, and « is the nn dis-
tance. Using the measured values of A and B, cor-
rected for the local compliances at the impurity
site,*” we calculate V;=8.8x10'" and V,=1. 36

x 10 erg/cm®. These values are only in rough
agreement with our earlier estimates. This is not
too surprising considering the many approximations
which have been made, Furthermore, the values of
V4 and Vg obtained from the strengths of the combi-
nation bands are a measure of the dyramic coupling
of the T,, mode to the two even modes. The stress
measurements on the other hand probe the static
coupling, There is no a priori reason why these
two coupling coefficients should be the same, Per-
haps more important is the fact that the local com-
pliances used in determining the stress coupling
coefficients were calculated from a nn central-
force-constant model,® which is clearly not ade-
quate for KI:Ag*. The important feature here is
that the anharmonic-oscillator model can give rise
to stress shifts of magnitude similar to those ob-
served.

D. Temperature of 7, Mode

One of the more striking features of the T,, sym-
metry resonant modes in alkali halides is their
rapid temperature dependence. This is particular-
ly true of KI:Ag", where it has been found that the
integrated absorption strength of the T,, mode de-
creases by a factor of 5 by 15 K. Alexander,
Hughes, and Sievers® (hereafter referred to an
AHS) showed that this aspect of the temperature de-
pendence could not be explained in terms of linear
coupling of the resonant mode to a Debye spectrum
of phonons, but some measure of agreement with
experiment could be obtained if linear coupling of
the Ty, mode to a postulated even-parity resonance
of E, symmetry was included. We treat these ideas
here using the perturbation approach outlined ear-
lier.

In contrast to linear-coupling theory, as applied
by AHS, the perturbation approach does not give a
simple analytic solution for the temperature de-
pendence. Here, even a three-dimensional calcu-
lation is rather formidable, and to make the prob-
lem somewhat more tractable, we resort to a one-
dimensional calculation in which the 4,,, E,, and
T,, modes are treated as if they were singly degen-
erate, Then the transition energy from a perturbed
initial state |ngmgn ) to a final state Ing+ 1;ngn, )
is given by

Vin
i, 5 AMEQEM;SQ;

4np+1) np+2nm+2 2m;—n
X T
[ Q20,4+ q +ZQT—QJ' ©

AQng,ngymy)= Q-

The integrated absorption strength of the T},
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| v

mode is then given by

me mode 2(V)AV

z {(4n? /3cim) AR g, ng, 0y [Plrgp, ng,n,)

SnpnEna

= Plnp+1,ng,ng] |ptig,ng,n,)|2}, (10)

where P(ny,ng, n,) is the Boltzmann population of
the state lngngn, ), and uley,ng,n,) is the elec-
tric dipole matrix element connecting ln,;ngn, )
with np+1; ngn, ). To obtain u(ng,ngz, n,), the
wave functions must be calculated to second order.
We have evaluated Eq. (10) by a computer calcula-
tion, including all states up to np=nz=n,=4. For
temperatures below 15 K, the error incurred in
neglecting higher energy states should be negligible.
Using the values of the anharmonic coupling coef-
ficients determined from the strengths of the com-
bination bands, the calculation predicts that the in-
tegrated absorption strength of the T, mode at 15 K
should be 66% of the low-temperature strength.
This should be compared with the experimental re-
sults of AHS, who found that the 15-K strength is
20% of the low-temperature strength.

E. Thermal Conductivity

Baumann and Pohl!” have measured the low-tem-
perature thermal conductivity of KI: Ag*, finding a
dip at 4 K, which indicates the presence of a res-
onance at 12 cm™+20%. This estimated frequency
is somewhat lower than either the E, or T,, res-
onances. The 25-cm™ A,, resonance would be ex-
pected to cause a thermal conductivity dip near
8 K.!" Experimentally, the E,-mode linewidth is
found to be a factor of 3 larger than the T,,-mode
linewidth. (In making this comparison, it is nec-
essary to use a T;,-mode linewidth of 0.4 cm™, as
has been measured for isotopically pure Ag® impu-
rities.!® The presence of both ®’Ag* and ®Ag* iso-
topes increases the measured T,,-mode linewidth
to 0.6 cm™, but is expected to have little effect on
the even-mode linewidths.) The E,~mode linewidth
also appears to show the frequency dependence ex-
pected for a resonance coupled to the phonons. The
greater linewidth of the E, resonance might suggest
that it is the more important of the two in deter-
mining the low-temperature thermal conductivity.
Klein® has recently calculated that the phonon
scattering by a resonant mode obeys a “peak-scat-
tering theorem,” which says that all resonances of
the same degeneracy and frequency in a given host
lattice should have the same peak-mean-scattering
rate, independent of their widths or shapes. The
total scattering strength however varies as (line-
width)2. Since the frequencies of the two modes
are not very different, one would on this basis ex-
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pect the E, mode to be ~ 6 times as effective as the
Ty, mode in producing a low-temperature thermal
conductivity dip. A possible experimental test of
this result is to measure the thermal conductivity
of KI:Ag" with an electric field applied. However,
the analyses of such results would be complicated
by the nearly complete mixing of the E, and T},
modes in the high-field region.

V. SUMMARY AND CONCLUSIONS

KI: Ag® shows a complex far-infrared absorption
spectrum, with seven optically active energy levels
below the TO phonon frequency. We have observed
resonant modes of A4,,, E,, and T}, symmetries,
as well as a Ty, symmetry gap mode. The pres-
ence of four resonant modes with these symmetries
is predicted by a nn central-force-constant change
model, but the observed resonant frequencies are
not consistent with a single force-constant change.
Part of the reason for this may be that the system
is very anharmonic, but a more plausible explana-
tion is that the defect space used in the lattice-dy-
namical calculations'? was too small. The low fre-
quencies of the even-parity resonance strongly sug-
gest that the lattice-relaxation model of Gethins
et al.,'® which includes force-constant changes be-
tween the impurity’s nearest neighbors and its
fourth nearest neighbors along [100], would be
more realistic.

The presence of the A,,+ Ty, and E,+ T, combi-
nation bands and the strong electric-field-induced
mixing of the odd- and even-parity resonant modes
demonstrates that the two types of resonance are
strongly coupled. We have found some agreement
between the experimental results on KI: Ag* and a
model in which the 7y, symmetry resonant mode is
anharmonically coupled to the observed A, and E,
symmetry resonances. The perturbation treatment
given here explains semiquantitatively the pres-
ence of the combination bands and the electric-field
shifts of the modes, as well as the uniaxial-stress
dependence of the 7y, mode. The agreement for
the temperature dependence of the T,, mode is less
satisfactory, but this may be expected in view of
the many simplifications used in the calculation.

The question arises as to whether the lack of
good agreement for all of the experimental results
stems only from the use of an oversimplified mod-
el, or if, in addition, there are other mechanisms
which are important and have not been taken into
account, One purpose of this section is to discuss
this aspect of the problem.

The model calculation suffers from several
drawbacks. First, the perturbation is rather
large. The values of the anharmonic coupling co-
efficients suggest that the 7, mode is shifted by
~10cm™ by the anharmonicity. Such a large an-
harmonic contribution to the energy is hardly con-
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sistent with a perturbation treatment, so that good
quantitative agreement cannot be expected.

Second, we have neglected any quartic anharmon-
icity and any static anharmonicity. Simple argu-
ments tell us that quartic anharmonicity (taken to
first order) should be as important as cubic an-
harmonicity (taken to second order) in determining
the perturbed mode energies. Yet, this appears to
be inconsistent with a linear shift of the 7',,~-mode
frequency under uniaxial stress.

Third, no coupling of the resonance to the host-
crystal phonons has been included. Such coupling
can clearly lead to additional anharmonic shifts of
the modes, cause large uniaxial-stress shifts, and
explain some features of the temperature depen-
dence.®® However, it cannot produce the large ob-
served electric-field shifts or the combination
bands, and it cannot explain the temperature depen-
dence of the strength of the Ty, mode.

The combination bands and the electric-field
shifts of the modes can be explained by cubic an-
harmonicity, but these results are equally consis-
tent with the presence of a second-order dipole mo-
ment, A second-order dipole moment by itself,
however, cannot cause the observed uniaxial-stress
shifts and temperature dependence of the 7,, mode.
It has been shown?® that these two mechanisms are
not independent, and furthermore that a large sec-
ond-order dipole moment implies a large cubic an-
harmonicity. Thus it appears that both effects will
have to be included consistently if we are to under-
stand the KI: Ag* vibrational spectrum.

While we have not been able to obtain good quan-
titative agreement with all of the experimental re-
sults of KI: Ag*, the inadequacy of the nn central-
force-constant change model and the importance of
anharmonicity for KI: Ag* have been demonstrated.
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APPENDIX: SECOND-ORDER DIPOLE MOMENT EFFECTS

To include a second-order dipole moment, we
start with the harmonic oscillator Hamiltonian
[Eq. (2)] and expand the dipole moment M in terms
of the resonant-mode normal coordinates. If we
consider only central motion of the impurity and its
neighbors, we may write

3
M =; eXQ r; +izj)=1 a;; Q;ven(:-s” =MD 4 ﬁ(?.)’
' (A1)
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where @;"" is one of the even-mode coordinates
Qx1, Qg2 OF @, M is the linear dipole moment,
and M @ is the second-order dipole moment.

Using group-theoretical arguments, it is easily
shown that there are only two independent coeffi-
cients a;;, so that the x,y, and z components of the
second-order dipole moment may be written

M;? =255 Qp2Qr1+ S4QaQr15
M == Sg QpaQra+ V3 SpQr1Qra+ SAQ4Qr2,
M:a) == Sgp QE2Qr3— V3 SpQr@rs+S4Q4Qrs,

where S, and Sy are constants, and @z, and Qg,
are the E,-mode normal coordinates, as shown in
Fig. 8().

The first point to notice is that a second-order
dipole moment will make the even-odd combination
bands optically active. The ratios of the integrated
absorption strengths of the A,,+ Ty, and E, + T},
combination bands to that of the T;, resonant mode
are found to be

(A2)

S(Agp+ Ty) /S(Ty,) =1 S5 (Qp + Q) /2632 M Q4 Q.

(A3)
S(E,+ Ty,)/S(Ty,)=21S%(Qp+ Qz) /e Mg Qs Q.

Assuming that the observed combination bands
are due only to a second-order dipole moment, we
calculate S,=0.2 and S;=0. 1 statC/cm, using the
absorption strengths of Table I. These values for
the second-order dipole-moment coefficients are
an order of magnitude larger than those estimated
for pure KI by Xinh,”

A second-order dipole moment also leads to
electric-field-induced mixing of the T,, resonance
with the even-parity resonances. For simplicity,
|

which leads to the secular equation

A-W 0 0
0 A-W 0
0 0
€E, /N2 —€E,/2V2 0
0 V3 eE,/2v2 0

This has the solutions
W(A)=+(a2+1 2 E2)Y2
W(B)=+(a2+ 22 E2)Y2, W(Bp=+4,

where A;, By, and B, are irreducible representa-
tions of C;,. Assuming that the observed electric-
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and to facilitate comparison with the cubic anhar-
monicity calculation, we include here only mixing
of the T,, and E, modes.

Applying a local electric field E, in the [100] (x)
direction reduces the site symmetry from O, to Cy,
and introduces the perturbation

Hg==-M? E;=- M{PE; = - 255 QzQniE; . (AQ)

From first-order degenerate perturbation theory
with Hg, we then obtain secular equation

T () Tuly) Tulz) E[1) E(2)
T1(0) [a-w o 0 €E, o |
T 0 a-w 0 0 0
TWd| 0 0 a-w o 0o |-o0,
El)| eE;, O 0 -A-W O
E(M| o o 0 0 -a-w

(A5)
where 24 is the E, ~ T, zero-field splitting, and

€=—T1Sp/(MpQpMgQg)? .
Equation (A5) has the solutions
W(A)=+(a%+ 2 E2)V/2,

W(B)=-4, W(E)=+4, (A6)

where A,, B;, and E are irreducible representa-
tions of the C,4, point group.

With a [110] field applied, the site symmetry be-
comes C,,, and the perturbation is

Hg == 2SpE;Qz2Qr1+ (3 SpE) Qz2Qra

-3 V3 Sz E; Qm@Qr2, (A7)
€E,/V2 0 ]
—€E;/2V2 V3 €E,/2V2
0 0 =0. (A8)
-A-W 0
0 . =—A=-W

field-induced shifts of the E, mode arise only be-
cause of a second-order dipole moment, we obtain
Sz=0.15 statC/cm. This is about the same as our
estimate of S; from the strength of the combination
band.

In view of these results, it must be concluded
that one cannot distinguish cubic anharmonicity
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from second-order dipole effects on the basis of
electric-field-induced shifts. The relative shifts
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of the Ty, and E, components are identical for the
two mechanisms.
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