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Far-ir uniaxial-stress experiments reveal the unusual result that the pocket gap modes in KI:Ag* cou-
ple much more to the fully symmetric ( 4 ;) strain than to the tetragonal (E;) and trigonal (T, ) strains;
other modes due to monatomic substitutional defects are found to couple with similar strengths to both
Ay, and E, strains. Theoretical calculations based on perturbed breathing-shell-model phonons and a
simple anharmonicity model suggest the presence of unusual pressure-induced microscopic displace-
ments in the vicinity of the defect’s fourth-nearest neighbors. The coupling coefficients of the pocket gap
mode at 86.2 cm ™! are measured to be temperature dependent, with the E, coefficient actually changing
sign at 12 K; such behavior has not been found for other impurity-induced localized modes.

I. INTRODUCTION

At first sight, the spectroscopic data describing the de-
fect dynamics of the Ag™ impurity in KI or RbCl appear
readily interpretable: The low-frequency resonant mode
associated with Ag* in KI is representative of an on-
center impurity,! while the tunneling levels for Ag™ in
RbCl are characteristic of an impurity ion that is off
center with respect to the normal lattice site.>”® Howev-
er, systematic experimental studies of both of these
lattice-defect systems have led to the discovery of a num-
ber of unexpected vibrational characteristics.°”'° Prom-
inent among these is the near instability of the Ag™ ion in
both systems.

For the RbCl host, a modest hydrostatic pressure tunes
the on-center configuration into the same energy range as
the off-center one. In paraelectric resonance studies over
a narrow hydrostatic pressure range, microwave transi-
tions have been observed between the off- and on-center
configurations.” The integrated strengths of these transi-
tions decrease much more rapidly with increasing tem-
perature than population effects predict.®

For the KI host, the low-temperature dynamics of the
Ag" ion show drastic but analogous temperature-
dependent changes in the characteristic far-ir,” radio-
frequency,'” uv,!" and Raman!! spectra with temperature.
The strengths of the impurity-induced vibrational modes
observed with far-ir or Raman techniques vanish when
the system is heated to approximately 25 K, with the
simultaneous appearance of several new modes associated
with the high-temperature configuration.

The results for both Ag*-defect systems are consistent
with the local arrangement of the impurity and its sur-
roundings being in one of two possible configurations:
For KI, these are a low-temperature on-center
configuration and a high-temperature off-center
configuration; for RbC], the  low-temperature
configuration is an off-center one, with a hydrostatic-
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pressure-induced on-center configuration nearby in ener-
gy. A surprising feature common to both of these Ag*-
defect systems is that the strengths of the characteristic
spectroscopic transitions can completely disappear with
increasing temperature at a rate much faster than expect-
ed from population effects, indicating that the high-
temperature configuration must have a much larger num-
ber of available states than the low-temperature one.
Because the low-temperature KI:Ag* on-center impur-
ity system presents fewer parameters in a comparison be-
tween theory and experiment than does the off-center
RbCl:AgJr system, we have focused our attention in re-
cent years on determining whether or not a harmonic
model using perturbed breathing-shell-model (BSM) pho-
nons'? can account for the unusual low-temperature ex-
perimental results in KI:Ag™. In our initial effort, we
found that the measured frequencies and relative
strengths of the resonant and gap modes observed for the
zero-temperature on-center configuration of KI:Ag™ can
be described accurately within the framework of per-
turbed BSM phonons.!! When the perturbed BSM pho-
nons are fit to the observed frequencies of the strong ir-
active resonant and gap modes of KI:Ag™ at 17.3 and
86.2 cm ™!, respectively, the model predicts the existence
of three different-symmetry gap modes of nearly equal
frequencies.'> These are a nondegenerate A g mode at
87.2 cm™', a twofold-degenerate E, mode at 86.0 cm™ !,
and the threefold-degenerate T, ir-active mode at 86.2
cm™!. The calculated displacement patterns for these
modes are shown in Figs. 1(a)-1(c). All of the displace-
ment patterns for these modes essentially involve only
motion of the defect’s fourth-nearest neighbors, as noted
by the positions of the dashed circles in Fig. 1. The near-
ly degenerate frequencies of these modes result from the
local dynamics within each of the fourth-nearest-
neighbor “pockets,” which are weakly coupled to pro-
duce the different-symmetry modes. We shall refer to
these modes as “pocket gap modes.” For contrast, Fig.
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FIG. 1. Calculated displacement patterns in the x-y plane for
different KI:Ag* modes. (a) 87.2-cm™' A4,, pocket gap mode.
(b) 86.0-cm™' E,(1) pocket gap mode. (c) 86.2-cm™' T, (x)
pocket gap mode. (d) 17.3-cm™! T,,(x) resonant mode. Here
T,,(x) denotes the T, partner which couples to X-polarized ra-
diation and Eg(1) denotes one of the two degenerate E,
partners. Note that the displacement pattern for the resonant
mode is peaked on the defect and its nearest neighbors, while
the displacement patterns for the pocket gap modes [(a)—(c)] are
peaked on the fourth-neighbor sites, away from the defect. The
displacements for the different symmetries are not drawn to
scale.

1(d) shows the computed displacement pattern for one
partner of the threefold-degenerate 17.3-cm ™! T, reso-
nant mode, whose displacements are essentially confined
to the defect and its nearest neighbors.

The apparent correctness of the model was
strengthened recently by the prediction and subsequent
observation of a large host-induced splitting in the gap-
mode spectrum as a result of the presence of the two
most abundant naturally occurring K" isotopes. This
spectroscopic signature is caused by the unusual pocket
nature of the gap-mode displacement patterns.'> Howev-
er, the observed rapid temperature dependence of the en-
tire impurity-induced spectrum suggests that the defect
system must be strongly anharmonic in some way. Since
some experimental and theoretical results are compatible
with a harmonic model while the observed temperature
dependence of the line strengths suggest a strong anhar-
monic behavior, the correct picture of the underlying dy-
namics of KI:Ag ™ remains a puzzle.

To examine the size and properties of the anharmonici-
ty in the low-temperature on-center configuration, we
have extended the earlier uniaxial-stress measurements
on the resonant mode!* to the higher-frequency ir-active
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pocket gap mode. We measured the effect of uniaxial
stress on these modes, as well as on ‘‘standard” gap
modes produced by the monatomic substitutional defects
Cl™, F centers, Cs*, and Rb™ in the same host, KI, at
low temperatures. Moreover, the temperature depen-
dence of the pocket-mode stress dependence was studied;
we have found that the 4,, and E, coupling coefficients
are both temperature dependent, with the E, coefficient
actually changing sign at 12 K. Such temperature-
dependent behavior is not found for other impurity-
induced localized modes.

The main theoretical purpose of this work is to deter-
mine whether or not the previously successful harmonic
model used to describe the experimental results in Refs.
11 and 13 can be extended to account for the unusual
stress shifts measured for the KI:Ag™ pocket gap modes,
reported here. In particular, we would like to determine
the anharmonic potential-energy terms near the pockets
from the stress data. By comparing the measured stress-
induced frequency shifts with the predictions of a simple
anharmonic extension of our defect model, we find that
the on-center Ag " configuration gap mode has an overall
anharmonicity comparable to or somewhat smaller than
that of gap modes caused by other point defects in KI, as
reflected in the stress coupling coefficients. However, it is
unusual in that the anharmonic coupling is predominant-
ly to 4, strains.

In the next section, the uniaxial-stress apparatus and
experimental techniques are described. The experimental
results are presented in Sec. III. It is found that the qual-
itative uniaxial-stress behavior of the standard gap
modes, whose displacement patterns are localized at or
near the defect sites, differs from that of the pocket gap
modes. Our anharmonically extended breathing-shell
model is introduced in Sec. IV. To relate the stress
response to the anharmonicity, a quasiharmonic model is
assumed in which frequency shifts linear in stress arise
from force-constant changes caused by the stress-induced
local strains via third-order anharmonicities. The calcu-
lation of the stress coupling coefficients follows. The ex-
perimental and theoretical findings are discussed in Sec.
V, where the analysis of the KI:Ag" pocket-mode stress
shifts suggests the presence of unusual pressure-induced
microscopic displacements in the vicinity of the defect’s
fourth-nearest neighbors. Section VI presents the general
conclusions. A more detailed discussion of the stress-
shift theory is given in the Appendix.

II. EXPERIMENTAL TECHNIQUES

A. Samples

The pure KI starting material, doped with Agl in nom-
inal concentrations ranging from 0.1 to 0.5 mol %, was
grown into crystals by the Czochralski method at the
Cornell Materials Science Center Crystal Growing Facili-
ty; the crystals used are identified in Table I. A careful
spectroscopic study of the crystals in the region of the KI
phonon gap shows that the spectral structure is depen-
dent on the KI source material;'> thus, some care is re-
quired in choosing this material. We have found that



TABLE 1. Identification of crystals used in this study. The
Agl content listed is that of the melt.

Boule no. Identification no. Nominal composition
1 9012144W KI+0.1 mol % Agl
2 9106255W KI+0.1 mol % Agl
3 9101164W KI+0.4 mol % Agl
4 9111065W KI+0.5 mol % Agl
5 805235 KI+0.5 mol % Agl
6 8711185W KI

some nominally pure KI contains naturally occurring
Rb™, which gives rise to KI:Rb™ gap modes at nearly the
same frequency as the KI:Ag* pocket gap modes of in-
terest here. These gap-mode features are shown in Fig. 2
at a resolution of 0.1 cm~!. The spectrum showing the
KI:Ag* modes is labeled B, and the spectrum showing
the modes caused by the two isotopes of Rb™ is labeled
A; these KI:Rb™ gap modes are identified here for the
first time. The weak KI:Ag™ absorption line at 84.5
cm™ ! in B results from the mixing of the nearly degen-
erate A,,, E,, and T, pocket gap modes caused by the

naturally occurring 7% isotopic abundance of 'K in the
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FIG. 2. Absorption coefficient at 1.7 K over part of the pho-
non gap region of KI. Curve 4 is a spectrum of nominally pure
KI (No. 6 in Table I), showing the gap-mode doublet at 86.3 and
86.9 cm ™! caused by naturally occurring Rb* (the Rb™* concen-
tration is not known); curve B is a spectrum of KI+0.4 mol %
Agl (No. 3 in Table I), showing the pocket gap and isotope
modes caused by Ag™ at 86.2 and 84.5 cm !, respectively. (The
KI starting material for the “pure” sample, containing Rb™,
was of a lower-purity grade than that used for the KI:Ag* sam-
ples; see Ref. 15.) The resolution of these spectra is 0.1 cm ™.
The isotope splitting for KI:Rb™, observed here for the first
time, is due to the natural abundance of ’Rb (28%) and *Rb
(72%); the line at 86.9 cm™! is 2.7 X stronger than the one at
86.3 cm ™!, and the FWHM of each line (Ref. 16) is 0.14 cm ™.
Note that the KI:Ag"™ modes are significantly broader than the
KI:Rb" ones.
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KI host.”> This mode, whose displacement pattern in-
volves a single pocket,!> will be referred to as the
“KI:Ag" isotope mode.”

Measurements on the “standard” gap modes caused by
the C1~ and Cs™ in KI were performed on KI:Ag™* sam-
ples containing these defects as naturally occurring im-
purities. The F centers (e~ ) were produced in undoped
K1 crystals by irradiating them at room temperature with
4 eV radiation from an excimer laser."”

The samples used for the [100] stress measurements
were cleaved from the boule to a thickness of 2-10 mm
and slightly wedged to avoid channel spectra; the samples
used for the [110] stress measurements were sanded to the
correct orientation after cleaving. Aggregates of Agl,
which build up in a crystal with time at room tempera-
ture, were dispersed just before cooling each sample by
heating it to ~200°C and quenching it back to room
temperature.

B. Uniaxial-stress apparatus

The cryostat insert used to apply uniaxial stress is
shown in Fig. 3. A balanced set of weights hang on lever
arms with a 12:1 mechanical advantage and, external to
the cryostat, push down on a piston, which in turn
pushes on the sample. The lower part of the piston is
separated from the upper part by a ball bearing in order
to maintain the vertical direction of the force at the sam-
ple. Cardboard spacers are placed on the top and bottom
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Seal 1
|
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B l
Piston Ball Bearing ‘
e ‘
Weight /i/
Cardboard
Spacer
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FIG. 3. Schematic view of the uniaxial-stress cryostat insert.
The weights hang on lever arms external to the cryostat. The
flange seals the top of the cryostat sample chamber. The force
is transmitted to the sample by a piston which enters the cryo-
stat through an o-ring seal. Cardboard spacers are used on the
top and bottom of the sample to distribute the pressure uni-
formly. An electrical feedthrough allows temperature measure-
ments by connecting to a calibrated carbon resistor near the
sample. The total length of the insert is ~ 1 m (not to scale).
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surfaces of the sample to distribute the pressure uniform-
ly. The weights used ranged up to 7 kg on each arm, de-
pending on the cross-sectional area of the particular sam-
ple. The maximum stress, beyond which the samples
tended to shatter, was found to be ~3.5X10” N/m? for
[100]-oriented crystals and ~2.5X 107 N/m? for [110]-
oriented crystals. An electrical feedthrough at the top of
the uniaxial-stress cryostat insert allowed temperature
measurement through a calibrated Allen-Bradley resistor
located next to the sample.

C. Transmission measurements

Transmission spectra were taken with a rapid-scan
Fourier-transform interferometer at resolutions of 0.05-1
cm~!. A wire grid polarizer on a polyethylene substrate
was used to measure spectra with the incident radiation
polarized parallel and perpendicular to the applied stress
direction. The samples were placed in a liquid-helium
immersion cryostat which had room- and helium-
temperature polypropylene windows. The construction
of the cold windows, illustrated in Fig. 4, is similar to
that described in Ref. 18, but is perhaps more versatile
because the windows are not glued directly to the cryo-
stat, making their replacement easier. The cold windows
must be replaced periodically because of repeated tem-
perature cycling or aging of the epoxy seal.

The construction of the polypropylene cold windows
shown in Fig. 4 is more complex than that of Mylar ones
because polypropylene is much more difficult to seal with

Retainer
Seat Epoxy

Vacuum

N\
75N

N
BN

S

Solder

Polypropylene

Film (50 um) Cryostat

Epox
poxy Inner Tube

FIG. 4. Design of the polypropylene cold windows for the
cryostat’s sample chamber. The thin polypropylene film (50
pm) is sandwiched with epoxy between two concentric brass
rings, the outer one being soldered to a counterbored hole in the
cryostat’s sample chamber. These windows have an overall di-
ameter of 2.5 cm and a clear-view diameter of 1.9 cm (not to
scale). A side view (upper panel) and a top view (lower panel)
are shown. The assembly procedure is described in the text.
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epoxy. The Mylar windows are generally made by epoxy-
ing the Mylar film between two brass washers and then
soldering the assembly to the cryostat.' A similar tech-
nique was found not to give satisfactory results with po-
lypropylene. As a result, the method shown in Fig. 4 was
developed, which prevents heating of the epoxy seals:
First, the brass seats are soldered in the two window posi-
tions on either side of the sample chamber; second, the
polypropylene film (cut into circles that fit inside the
brass seats) and the brass retainer rings are epoxied in
place; third, the epoxy is cured at room temperature.?
The extra effort involved in this procedure is justified by
the superiority of the ir transmission of polypropylene to
that of Mylar.®

III. EXPERIMENTAL RESULTS

Figure 5 gives the far-ir absorption coefficient in the
phonon gap region of KI, showing modes associated with
substitutional Ag+, Cl™, and Cs' defects. The resolu-
tion is 0.1 cm~!. The absorption coefficient was obtained
by taking the ratio of the spectra of two KI:Ag™ crystals
of the same concentration (KI+0.4 mol % Agl) having
different thicknesses (2.9 and 1.3 mm). Although the
dominant feature in Fig. 5 is the pocket gap mode at 86.2
cm™ ! other strong features can be seen, namely, the
KI:Cl~ gap-mode doublet at 76.8 and 77.1 cm ™" (Ref. 1)
and the KI:Cs* gap mode at 82.9 cm™'.! (Cl™ and Cs™
are present in most of our samples as natural impurities.)
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FIG. 5. Absorption coefficient of a sample of KI+0.4 mol %
Agl in the gap below the optical-phonon region at 1.7 K. The
resolution is 0.1 cm™'. The dominant features are the KI:Ag™
pocket gap mode at 86.2 cm™~! and the gap modes due to
KI:Cl™ (76.8 and 77.1 cm™!) and KI:Cs* (82.9 cm™!); the latter
are present as natural impurities (No. 3 in Table I). Additional
weak features due to KI:Ag™ are at 55.8, 63.6, and 84.5 cm ™!
All are associated with the on-center configuration of the Ag™*
impurity. (A weak mode is also visible at 78.9 cm ™ !; its origin is
unknown, but is not due to isolated Ag™ ions.) Some properties
of the KI:Ag™ modes are summarized in Table II.
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TABLE II. Far-ir modes due to the KI:Ag* low-temperature
on-center configuration measured at 1.6 K. All strengths are
given relative to that of the 86.2-cm ™! gap mode.

Frequency FWHM  Relative
(cm™!) (cm™!)  strength Identification
55.8 0.29 0.006 band mode
63.6 1.9 0.024 density-of-states feature
84.5 0.5 0.04 isotope pocket gap mode
86.2 0.51 1.00 pocket gap mode

Note that the KI:Ag" pocket gap mode at 86.2 cm™! is
substantially broader than the gap modes produced by
other monatomic substitutional defects. In addition, Fig.
5 shows weak Ag™' features in the acoustic-phonon re-
gion of KI at 55.8 and 63.6 cm ™. The line at 55.8 cm ™',
previously observed at lower resolution?' and assigned to
a density of states feature,’ is remarkable in that its full
width at half maximum (FWHM) of 0.29 cm ! is smaller
than that of the pocket gap mode even though it is locat-
ed in the high-density-of-states region of the acoustic-
phonon spectrum.?? The frequencies, FWHM’s, and rela-
tive strengths of these KI:Ag" modes are summarized in
Table IL!® When these results are compared with those
in Table I of Ref. 21, it is found that in the earlier study
neither the gap mode nor the 55.8-cm™! line were fully
resolved. However, all of the KI:Ag+ modes identified in
both of these tables disappear as the temperature is in-
creased to 25 K, indicating that they are all associated
with the on-center configuration.” At higher tempera-
tures other features appear which are associated with the
off-center Ag™’ configuration.’ In addition, host-crystal
difference-band absorption then begins to play an impor-
tant role in determining the absorption coefficient.

Application of uniaxial stress causes the KI:Ag*
features in Fig. 5 at 86.2, 84.5, and 55.8 cm™ !, as well as
the KI:Cl1~ and KI:Cs* gap modes, to shift. The fre-
quency shifts, which are linear in applied stress in the
small-strain regime examined in this work, are smaller
than 0.4 cm ! at the maximum applied stress; the actual
magnitude depends on the polarization and stress direc-
tion relative to the crystallographic axes. Negligible
changes in the linewidths are observed with applied
stress.

Because the frequency shifts are often smaller than or
comparable to the linewidths, especially in the case of the
relatively broad KI:Ag® pocket gap modes, visual in-
spection of the positions of the maxima was found to be
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an insufficiently accurate technique for determining the
sizes of the shifts. The accuracy of our determination has
been increased by using a “global” analysis in the region
of the lines, which takes fuller advantage of the available
data.?* The method consists of overlaying the shifted line
at some given nonzero stress onto the corresponding line
at zero stress and varying the position and width of the
line at nonzero stress until the area between the two
curves is minimized. This area is given by the integral

f a(sv) B a,(v—Av) dv )

a&ueak ageak

as a function of the two variables s and Av, where the two
absorption lines a(v) and a,(v) have been normalized to
unit height by dividing them by their maxima a§** and
aE“k, respectively. The width of the first line relative to
that of the second is then equal to s, and its frequency
shift is related to Av. A computer algorithm was imple-
mented to perform this minimization.

After the frequency shift at each value of applied stress
was determined, the shifts were plotted against the ap-
plied stress and the slope was obtained; this procedure
was repeated for each polarization and stress direction
for each spectral line. Since all of the defects of interest
here are on center in the KI host cubic lattice at low tem-
peratures (i.e., the defect replaces an ion in the host lat-
tice at a normal lattice site), the slopes are linearly related
to the compliances of the host through three coefficients
A, B, and C, whose sizes are indicative of a particular
mode’s coupling to the fully symmetric (hydrostatic)
(4,,), tetragonal (Egz)’ and trigonal (7T, ) components of
strain, respectively."?* Since the compliances of bulk KI
are known,?® experimental values for the coupling
coefficients can thus be determined. The equations relat-
ing the slopes to the compliances through the coupling
coefficients are summarized in Table III for the cases of
[100] and [110] applied stress.

In general, the [100] stress data, which were more ac-
curate because of the higher achievable stress, were used
to determine the A and B coupling coefficients, and the
less-accurate [110] data were used to determine C (see
Table III). The scatter in the points determined the error
bars associated with the slopes, which were propagated
through the equations of Table III to obtain the errors in
the coupling coefficients.

Figures 6(a) and 6(b) show the effects of [100] and [110]
stress, respectively, on the position of the KI:Ag™ 86.2-
cm ™! pocket gap mode at 1.7 K. There is a small shift to

TABLE III. Frequency shifts Av of the T, states with applied uniaxial stress, AP, along [100] and
[110] crystal directions. The coefficients 4, B, and C describe the coupling of the T}, modes to Ay,
E,, and T, strains, respectively. The S,5’s are compliances of the host lattice (KI); their values at 4.2
K are §,,+25,,=2.62X10"" m*N, S;;—S8,;=3.16X10"!"" m?/N, and S, =27.2X10"!' m%/N

(from Ref. 26).

Stress Polarization —Av/AP
100 100 A(S“+2S12)+4B(S11“‘S12)
100 010 A(S)+2S,)—2B(S,,—S}3)
110 110 A(S,|+25,)+B(S;,—S,)+CS4 /2
110 1-10 A(S),+25,)+B(S|;,—S,,)—CS4 /2
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0.4 T T ‘ I most exclusively to fully symmetric strains, i.e., that the
0.3F (a) 4+ (b) - A coupling coefficient is much greater than both the B
0.2 L P and C coefficients (see Table 1V), although none of the

s coefficients for this mode is zero within experimental er-
0.1 " _ ] ror. Similar results are found for the isotope gap mode at
00 - 84.5 cm ™!, as shown in Figs. 6(c) and 6(d); for this mode,
T =01 L L the C coefficient is found to be zero within experimental
§ 0.4 T T T T T T error.

\; 0.3 - (d) - The stress results for the sharp 55.8-cm ! KI:Ag'
£ oo band mode are shown in Figs. 6(e) and 6(f). Although the
& qualitative behavior of this mode is similar to that of the
> 0.1 B i pocket gap modes in Figs. 6(a)-6(d), the stress shifts for
c 00 - the 55.8-cm ™! mode are significantly smaller, indicating a
3 —0.1 L Lo weaker coupling to the applied stress than that of the
E 0.4 ' T ' L pocket gap modes. There are additional subtle
0.3F (e) 4F ) - differences between this mode’s stress behavior and that
02k 2L o of the pocket modes (see Table IV): Namely, the B
_= -7 coefficient of this mode is zero within experimental error,
01r = T - 3 I while the magnitude of its C coefficient is slightly larger

0.0 et o—— than for the pocket gap modes.
-0.1 L Lo For comparison to the KI:Ag™ pocket gap modes, we

i
0 1 2 3 40 1 2 3 4
Stress (107 N/m?)

FIG. 6. Frequency shifts of KI:Ag* on-center configuration
modes between 1.7 and 4 K induced by uniaxial stress. The
86.2-cm ' pocket gap mode: (a) [100] stress and (b) [110] stress
(Nos. 1, 2, and 3 in Table I). The 84.5-cm ! isotope gap mode:
(c) [100] stress and (d) [110] stress (Nos. 2, 3, 4, and 5 in Table I).
The 55.8-cm ™! mode: (e) [100] stress and (f) [110] stress (Nos. 3,
4, and 5 in Table I). The circles (triangles) are the data, and the
solid (dashed) lines are the best fits for polarization parallel (per-
pendicular) to the stress direction. (For [110] stress the perpen-
dicular polarization is along [1-10].)

higher frequency for both parallel and perpendicular po-
larizations in both stress directions. The small size of the
difference between the slopes for the two polarizations in
the [100] stress direction is unusual: Combined with the
similar [110] result, it implies that this mode couples al-

have measured the stress behavior of some ‘“‘standard”
gap modes produced by other monatomic substitutional
defects in KI. We find that the behavior of these gap
modes is qualitatively different from that of the KI:Ag™*
pocket gap modes. For example, the stress dependences
of the 77.1-em™! KI:Cl~, 82.9-cm ! KI:Cs*, and 86.9-
cm ™! KI:Rb™ gap modes are shown in Fig. 7: For [100]
stress the shifts are very different for the two orthogonal
polarizations, unlike the case of the KI:Ag™ pocket gap
modes [compare Figs. 7(a), 7(c), and 7(e) with Figs. 6(a),
6(c), and 6(e)]. This large difference between the two po-
larizations for [100] stress implies significant coupling to
tetragonal strains for standard gap modes, in addition to
the coupling to the fully symmetric strains. Inspection of
the coupling coefficients collected in Table IV reveals
similar behavior for all standard impurity gap modes in
KI. This suggests that a small B/ A ratio is a stress-
behavior signature of the pocket gap modes, which sets
them apart from the standard gap modes.

TABLE IV. Measured values of the stress coupling coefficients of the ir-active gap and resonant
modes of the KI:Ag*, KI:Cl~, Kl:e KI:Cs*, and KI:Rb™ defect systems. Note that B/ A nearly
vanishes for the first two modes, which are pocket modes, and for the 55.8-cm ' KI:Ag* mode in the
acoustic spectrum. On the other hand, the KI:Ag* resonant mode at 17.3 cm ™' and the last six “‘stan-
dard” gap modes have much larger values of B/ A. The stress coupling coefficients are given in units of
cm ™ '/unit strain. The measurements were made between 1.7 and 3.5 K.

Frequency
Mode (cm™1) A B C B/A
KI:Ag™ 86.2 186+21 9+6 —7+6 0.05+0.03
KL:Ag* 84.5 188+22 7+6 0x6 0.04+0.03
KL:Ag® 55.8 143432 219 —16+9 0.01+0.06
KLAg*?® 17.3 390+90 51070 —15+10 1.31%0.35
KI:.Cl™ 76.8 102136 53t10 —19£10 0.52+0.21
KI:Cl™ 77.1 10136 55+10 —20+£10 0.54+0.22
KI:.e ™ 82.7 143+55 39+18 —20+15 0.27+0.16
KI:Cs™* 82.9 148+56 80+15 —20x15 0.54+0.23
KI:Rb™ 86.3 147+£55 69+ 14 —21+15 0.47+0.20
KI:Rb* 86.9 143£55 68+14 —20x15 0.48+0.21

*From Ref. 14.
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FIG. 7. Frequency shifts of several “standard” gap modes at
1.7 K induced by uniaxial stress. The 77.1-cm~! KI:Cl~ mode:
(a) [100] stress and (b) [110] stress (Nos. 2 and 3 in Table I). The
82.9-cm™! KI:Cs™ mode: (c) [100] stress and (d) [110] stress
(No. 3 in Table I). The 86.9-cm™' KL:Rb* mode: (e) [100]
stress and (f) [110] stress (No. 6 in Table I). The circles (trian-
gles) are the data, and the solid (dashed) lines are the best fits for
polarization parallel (perpendicular) to the stress direction.
(For [110] stress, the perpendicular polarization is along [1-10].)

To further emphasize the fundamental difference be-
tween the stress results for the pocket gap modes and the
results for modes due to other point defects, we note that
a relatively large B/ A ratio is found for local modes
above the LO-phonon region in other defect systems, as
well as for the low-frequency 17.3-cm™! KI:Ag™ reso-
nant mode (see Table IV). These examples demonstrate
the unique nature of the stress behavior of the KI:Ag™
pocket gap mode, the related isotope mode, and the 55.8-
cm~! band mode. Note that the values of the A4
coefficients of the KI:Ag™ and KI:Cl~ gap modes report-
ed here are in good agreement with previous hydrostatic
stress measurements.?’ The A and B coefficients reported
for F centers in KI are in good agreement with the results
of a previous uniaxial-stress study.?®

The discovery of the 55.8-cm ™! KI:Ag T mode, which is
not predicted by our BSM calculations and whose origin
is not understood, is indeed intriguing; it is the narrowest
line produced by the KI:Ag™* on-center configuration, in
spite of the fact that it is located in the high-density-of-
states acoustic-phonon region of KI. The fact that this
mode shares the small B/ A-ratio stress signature of the
KI:Ag™ pocket gap and isotope modes suggests that it
too may have a pocket-type displacement pattern.

The weak and broad 63.6-cm™! KI:Ag™ mode, shown
in the spectrum of Fig. 5, has no measurable stress shifts
within experimental error. This mode, like the 55.8-
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FIG. 8. Temperature dependence of the stress coupling
coefficients of the 86.2-cm™! KI:Ag® pocket gap mode.
Identification: (a) fully symmetric A4 coefficient, (b) tetragonal B
coefficient, and (c) trigonal C coefficient (Nos. 3 and 5 in Table
I). The circles are the experimental points, and the lines are
guides to the eye.

cm™! KI:Ag' mode discussed above, is also not predict-
ed by the shell-model calculations and its origin is not un-
derstood. This lack of coupling to any strain symmetry
has not been observed previously for any resonant, gap,
or local modes.

The only mode whose stress coefficients are found to
have significant temperature dependence in this restricted
temperature region is the KI:Ag% pocket gap mode at
86.2 cm™!; the results are shown in Fig. 8. At about 12
K, the B coefficient goes to zero and then becomes in-
creasingly negative upon raising the temperature still fur-
ther. Also, at about 12 K, the A coefficient starts to
grow, while the C coefficient begins to approach zero.
The sign change of the B coefficient is the most striking
temperature dependence ever observed for the stress be-
havior of any localized defect mode. The temperature
dependence of the stress coefficients of the related isotope
gap mode at 84.5 cm ! could not be studied because this
mode is not resolved from the 86.2-cm~! mode at higher
temperatures due to the increased linewidth. For the
55.8-cm™! KI:Ag™ mode, the only temperature depen-
dence observed is a slight increase in the magnitude of 4
with increasing temperature; this is similar to the charac-
teristic behavior of the standard KI gap modes men-
tioned above. Thus the temperature dependence of the
86.2-cm™! KI:Ag™ pocket-gap-mode stress coefficients is
unique among all modes measured to date.

IV. THEORY

A. Model

The parameters which characterize the perturbed BSM
phonons,!! include the defect mass, defect-nearest-
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neighbor (0-1n) longitudinal force-constant changes 9§,
and relaxation-induced 1n-4n longitudinal force-constant
changes &’. All other long- and short-range force con-
stants are unperturbed. The force-constant changes 6
and &’ are fit to the observed T, resonant and gap modes
at 17.3 and 86.2 cm ™!, respectively, yielding the values
given in the first row of Table V. The model then pre-
dicts an Eg resonant mode at 20.5 cm ™!, in fair agree-
ment with the observed Raman-active mode at 16.1
cm L1121 Moreover, as discussed in the Introduction,
the model also predicts nearly degenerate pocket gap
modes of three different symmetries (A4 ,,, E,, and T, ).
Table V summarizes some of the important predictions of
the harmonic-defect model.

While the low-temperature far-ir and Raman spectra,
as well as the gap-mode isotope splitting, are well de-
scribed by our harmonic-defect model,!""!* the stress-
induced frequency shifts reflect anharmonic terms in the
potential energy. Our procedure for calculating the
stress-induced frequency shifts is schematically outlined
in Fig. 9 and is described below. Details of the calcula-
tion are presented in the Appendix.

To relate the stress to the anharmonicity, we adopt a
quasiharmonic model in which frequency shifts linear in
stress arise from force-constant changes caused by the
stress-induced local strains via third-order anharmonici-
ties. The stress-induced force-constant changes do not
couple even- and odd-parity modes, and so the stress
shifts for the ir-active gap mode at 86.2 cm ™! are deter-
mined by a degenerate perturbation calculation involving
only the three degenerate ir-active T, pocket gap modes.

Unlike the T, pocket gap modes, the 84.5 cm™
KI:Ag* isotope mode is a linear combination of the odd-
parity T;, and even-parity E, and 4,, pocket gap
modes.!> Thus, in principle, the calculation of the
isotope-mode stress shifts should involve pocket gap
modes of all three symmetry types. However, since the
stress-induced frequency shifts are less than a factor of
0.2 smaller than the ~1.5-cm™! separation between the
isotope and main gap modes, we can use nondegenerate
perturbation theory to determine the isotope-mode stress
shifts.

The local strains needed for the theory are the stress-
induced ionic displacements in the defect crystal. These
will be strongly affected by the zero-stress harmonic

1
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FIG. 9. Schematic diagram illustrating the procedure for cal-
culating the stress coupling coefficients of the KI:Ag™ ir-active
pocket gap modes. Note that the defect-crystal strains and
gap-mode displacements are both determined from the per-
turbed harmonic theory. The anharmonicity is only needed to
determine the force-constant changes produced by the
harmonic-defect-crystal local strains.

force-constant changes (8,8’) in our model. By compar-
ing the expressions for the response to a given stress act-
ing on the defect crystal and on the pure crystal, Elliot,
Krumbhansl, and Merrett?* have shown how to relate the
microscopic defect-crystal strains to their pure-crystal
counterparts, using zero-frequency perturbed harmonic
Green’s functions. As a result, the external stresses can
be readily converted to the local ionic displacements near
the defect.

Since the largest stress-induced force-constant changes
should originate from the strong and rapidly varying
short-range overlap forces, we will only consider nearest-
neighbor anharmonicities. The pocket nature of the T,
gap and isotope modes is reflected in the fact that their
amplitude patterns are strongly peaked at the defect’s
fourth neighbors—thus, for these modes, the amplitudes
on the (200) sites are a factor of ~5 larger than the next

TABLE V. Theoretical and experimental resonant- and gap-mode frequencies for KI:Ag™*, together
with K* —*'K™* (200) pocket-gap-mode isotope shifts, for the force-constant changes (8,8') discussed
in the text, compared with experiment. The model predicts the relative intensity for the T, resonant
and gap modes to be S(86.2)/S(17.3)=1.4 (the experimental value is 3) and the relative intensity for the
YK /*K (200) pocket gap modes to be S(84.5)/5(86.2)=0.07 (the experimental value is 0.04). The
force-constant changes are given as fractions of the KI nearest-neighbor longitudinal overlap (shell-
shell) force constant, kK =18.84 N/m, of the breathing-shell model (Ref. 11). All frequencies are given

1

incm™ .

8/k &' /k T,, resonant T,, gap E, resonant Isotope shift
—0.563° —0.528% 17.3 86.2 20.5 —1.5
Experiment?® 17.3 86.2 16.1 —1.7

*From Ref. 13. The value of §/k differs slightly from the value (—0.564) given in Ref. 11 because the
T,, gap-mode frequency has been found to be 86.2 cm ™" in higher-resolution measurements (compared

to the value of 86.3 cm™! given in Ref. 11).
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largest amplitudes, which occur at the (300) sites [see Fig.
1(c)]. Even though these modes are strongly peaked on
the (200) sites, we find it necessary to include displace-
ments from several other sites, such as the (300), (400),
and “pocket second-neighbor” sites (101) and (301), in
our stress calculations. We have included a total of 72
sites in our calculations for the 7, 86.2-cm™' pocket
gap mode and a total of 34 sites in our calculations for
the (200) pocket isotope mode. Estimates using pure-
crystal strains and calculated displacements show that
our resulting values of the anharmonic parameters ob-
tained by fitting the experimental stress data would
change by less than 7% if we included displacements at
additional sites. Considering that the defect- and pure-
crystal strains are found to differ by less than 2% a few
sites away from the defect, these error estimates should
be accurate.

The (200) pocket isotope mode’s largest displacements
are confined to the pocket in the (100) direction. In con-
trast, the X-polarized T, pocket gap mode has large dis-
placements in the pockets in both the (100) and (— 100)
directions. This difference accounts for some of the extra
sites included in our stress calculations for the T, pock-
et mode, but which are not needed in our stress calcula-
tions for the pocket isotope mode. Beyond this, the T,
pocket-gap-mode stress calculations require the inclusion
of additional sites, such as (020) and (030), in non-(100)
directions, in order to determine the T,, strain-induced
coupling between the degenerate unperturbed T, pocket
modes. In our perturbation approach, such coupling
does not occur for the isotope modes; hence, the inclusion
of these additional sites is not needed for the isotope-
mode stress calculations.

Since we assume central potentials, the defect’s crystal
symmetry reduces to 9 the number of independent cubic
anharmonic coefficients needed to determine the force-
constant changes between the (200) site and its nearest
neighbors. Only six of the nine coefficients are needed to
calculate the stress-induced frequency shifts:

A, =, (100,100,200), A4,=®, . (200,200,300) ,

XXX (

B,=®,,,(100,100,200), B,=%,,,(200,200,201) ,

B,=®,,,(200,200,300), C,=®,,,(200,200,201) .

w

These coefficients are appropriate to the unstressed
defect-crystal equilibrium configuration.

In our perturbed-phonon model, only the (000)-(100)
and (100)-(200) longitudinal force constants are per-
turbed; thus, we will treat 4,, B,, B3, and C, as for the
pure crystal. In the pure crystal, point symmetry and the
central potential assumption lead to C, =0 and B;=B,.
Moreover, B, involves just V’(r) and V’(r), both of
which may be obtained from the known nearest-neighbor
overlap (shell-shell) force constants of the BSM,!? togeth-
er with the Coulomb interaction. This gives
B,=2.02X10" dyn/cm®. Knowing B,, we then have
three unknown independent anharmonic parameters,
namely, 4, 4,, and B;.
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B. Anharmonic fit to the stress data

Our three independent anharmonic parameters can be
fit to the measured stress coefficients 4, B, and C. The
first row of Table VI gives the results of fitting these
anharmonic parameters to the stress coefficients for the
86.2-cm ™! gap mode.’® If we then use these values of 4,
A,, and B,, obtained by fitting the 86.2-cm™' Ty,
pocket-gap-mode stress data, to compute 4, B, and C for
the 'K ™* (200) isotope mode, we obtain 4 =186 cm™'
and B=7 cm™ !, in good agreement with the experimen-
tal results of Table IV. Given the pocket nature of the
T,, gap and isotope modes, it is not surprising that they
have such similar 4 and B stress coefficients. The stress
coefficient C describes the coupling between degenerate
T,, modes produced by T, strains; however, as pointed
out in the description of our stress model, there is no
such coupling for the isotope mode. Hence, in our mod-
el, C should be identically zero for this mode, also in
agreement with the experimental results.

C. Comparison between the fit and simple potential models

At this stage, our anharmonic model amounts to a pa-
rametrization of the data; an assessment is needed as to
the reasonableness of our fit values for 4,, 4,, and B,.
Given the many simplifying assumptions of the model
(e.g., the neglect of the effects of defect-induced static dis-
tortions beyond the defect’s fourth neighbors), we will
compare with values obtained using a simple Born-
Mayer’! plus Coulomb nearest-neighbor potential

2

V(r)=7Le_’/P—(O'% , (2)
where 0.9¢ is the BSM value of the ionic charge and, for
consistency, the KI Born-Mayer parameters are comput-
ed from the KI BSM shell-shell force constants (p=0.260
A, A=8.47X10"? erg). To determine A, and B,, we
first combine this potential with our perturbed harmonic
force-constant change &' between the (100) and (200) ions,
to compute the relaxed equilibrium separation between
these ions, and then evaluate the first, second, and third
derivatives of V' (r) at this separation. Since relaxation
beyond the (200) ions is neglected in our model, the
remaining anharmonic coefficients follow directly from
potential derivatives evaluated at the host-crystal equilib-
rium separation. Our resulting values for 4,, 4,, and
B, are given in the second row of Table VI, and they are
seen to disagree with the fit values. The replacement of
the Born-Mayer potential by a power-law potential for
the overlap interaction yields no improvement.

TABLE VI. Anharmonic parameters 4,, 4,, and B, deter-
mined from the experimental 86.2-cm™' gap-mode stress
coefficients 4, B, and C, and from the Coulomb plus Born-
Mayer (BM) potential fit to the harmonic-defect model. The
units are 10'2 dyn/cm?.

A, A, B,
Fit to experiment 6+1 —17+3 3+4
BM —2.24 —6.48 —0.0812
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TABLE VII. Stress coupling coefficients A4, B, and C for the
86.2-cm ! gap mode, as determined from the Coulomb plus
Born-Mayer (BM) potential fit to our harmonic-defect model,
compared with the experimental results of Table IV. The units
of A, B, and C are cm ™ !/unit strain.

- A B C B/ A
BM 216 92 —1.8 0.43
Experiment 186121 916 —7+6 0.05+0.03

In addition to comparing our Born-Mayer values of
A,, A,, and B, with the fit values, it is instructive to use
the Born-Mayer values to predict the stress coupling
coefficients 4, B, and C. These results are given in Table
VII. The very unusual measured stress dependence for
the KI:Ag ™ pocket gap and isotope modes seen in the ex-
periments is reflected in the small measured value,
~0.05, of the ratio B/ A. In contrast, the B/ A ratio of
0.43 predicted by the Born-Mayer anharmonicities is typ-
ical of that seen for standard impurity systems (e.g., Cl~,
Rb™, and Cs™ in KI; see Table IV).

The most striking difference between our fit values for
A, and A4, and their Born-Mayer counterparts is that
the values for 4, have opposite signs (see Table VI). The
fit value for 4, implies that the (100)-(200) longitudinal
force constant weakens when the (100)-(200) distance de-
creases under stress. By contrast, the Born-Mayer value
predicts that this force constant should strengthen when
the distance decreases. If the (100)-(200) interaction is
correctly described by any rapidly varying, strong repul-
sive potential plus a weaker attractive Coulomb potential,
the force constant should strengthen when the (100)-(200)
separation decreases. Thus our positive fit value of 4,
might be thought to imply that the attractive Coulomb
term dominates the potential. However, even if we
neglect the repulsive term altogether, the defect-induced
relaxation would need to decrease the (100)-(200) separa-
tion by ~40% of the pure-crystal separation to repro-
duce our fit 4, value. Clearly, this is an unreasonably
large relaxation. In contrast, the Born-Mayer potential
combined with &' predicts a more reasonable 7.2%
defect-induced decrease in the (100)-(200) separation.
Hence an anomalously weak repulsive interaction is not a
likely cause of the unusual experimental stress results.

V. DISCUSSION

The results in Table IV show that the most striking
difference between the stress coefficients of the KI:Ag™

TABLE VIII. Calculated E (1) stress-induced relative dis-
placements Ar(l,m) per unit stress along (100) between the /th
and mth sites for the pure crystal and for our defect model, in
units of 107! cm’/dyn. Note that the (300)-(200) separation
changes less in the defect crystal than in the pure crystal.

Ar(200,100) Ar(300,200) Ar{400,300)

Pure crystal —0.55
KL:Ag® —-1.0
(harmonic-defect model)

—0.55
—0.27

—0.55
—0.43
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pocket gap modes and those of gap modes of standard de-
fect systems is the very small measured value of B for the
former. In our model it is the weakening of the (100)-
(200) force constant under E, stress which results in the
small values of B for the pocket modes. As shown in
Table VIII, under an E, stress, the (100)-(200) distance
decreases. With A4, >0, this decrease produces a weak-
ened (100)-(200) force constant. This weakening of the
(100)-(200) force constant partially cancels the stress-
induced stiffening of the other force constants which
determine the T, pocket-gap-mode frequency, leading to
a small frequency shift for these modes under E, stress.
The differences between the A, and E, strain patterns
suggest a mechanism for weakening the (200)-(300) force
constant that can also partially cancel the stiffening of the
other force constants, but does not require the presence
of the anomalous A, >0 anharmonicity. Because of the
substantial force-constant weakening between the (000)-
(100) and (100)-(200) sites in our model, an E, stress ap-
plied to KI:Ag" produces a smaller decrease in the
(200)-(300) separation than that observed in the pure
crystal, as shown in Table VIII. A similar but smaller
effect occurs under an applied 4, stress. When we fur-
ther weaken the force constant & between the (100) and
(200) sites beyond our ir fit point, the separation between
the (200) and (300) ions eventually increases when subject-
ed to an E, stress. When coupled with ‘“normal,” i.e.,
repulsive-dominated, anharmonicity, this leads to a
stress-induced anharmonic weakening of the (200)-(300)
force constant, which partially compensates for the
stress-induced stiffening of the other force constants and
produces the small frequency shift observed for E, stress.

However, changing the &' force constant changes the
defect-model fit to the low-temperature ir and Raman
spectra. We have found that we cannot obtain a reason-
able fit to the ir and Raman spectra with a weak enough
force constant 8’ to produce the above strain effect. If
the strain effect is, in fact, the correct explanation, this
suggests that we need to include additional force-constant
changes in our harmonic model in order to accurately de-
scribe the low-temperature spectra and simultaneously
produce the unusual E, strain pattern.

VI. CONCLUSIONS

The unusual nature of the stress dependence measured
for the KI:Ag" pocket gap modes is demonstrated in
Table IV: Whereas standard gap modes (e.g., KI:Cl,
KI:F center, KI:Cs ™, and KI:Rb") are coupled strongly
to both fully symmetric and tetragonal strains, as
reflected by the comparable values of the 4 and B cou-
pling coefficients, the KI:Ag" pocket gap and isotope
modes, as well as the 55.8-cm ! band mode, have similar
A’s, but nearly vanishing B’s; thus, these three modes
couple almost exclusively to fully symmetric strains. The
ratio of the coupling coefficients B/ A (see the last
column in Table IV) of the previously measured KI:Ag™
low-frequency resonant mode is more similar to the B/ 4
values of the standard gap modes than to those of the
KI:Ag™ pocket gap and isotope modes, and of the 55.8-

cm~ ! mode. This suggests that a small B/ A4 ratio may



be a stress-behavior signature of the pocket nature of a
mode.

An interesting question raised by these results concerns
the lattice-dynamical origin of the 55.8-cm~! KI:Ag™
mode. This anomalously sharp but weak mode inside the
high-density-of-states acoustic-phonon region is found to
share the unique uniaxial-stress behavior of the pocket
modes, suggesting that it in turn may also have a pocket-
type displacement pattern. However, there is no evidence
of any such mode in the defect-induced T',, spectrum cal-
culated from the harmonic shell model, which successful-
ly predicted the pocket gap mode and its isotope effect.
Thus the origin of the 55.8-cm ™! KI:Ag™ line remains an
open question.

In trying to explain the unique pocket-mode stress be-
havior, we have consistently extended our harmonic
model for the low-temperature dynamics of KI:Ag™ to
describe the ir-active gap-mode frequency shifts under
uniaxial stress. We were able to fit the cubic anharmonic
terms between the (200) site and its nearest neighbors to
the experimental stress data. However, our fit anharmon-
icity A, between the (100) and (200) sites is anomalous if
the interaction between these ions is described by the usu-
al strong rapidly varying repulsive potential with a weak-
er Coulomb potential.

The computed stress-induced displacement patterns
point toward another possible explanation of the unusual
stress coefficients observed for the T, pocket gap modes,
without requiring anomalous anharmonicity. If the
(100)-(200) longitudinal force constant in our defect mod-
el for the low-temperature dynamics were weakened
beyond the value we obtained by fitting the T, gap and
resonant modes, the (200)-(300) separation would actually
increase under an E, stress, in contrast to the decrease
which occurs in the pure crystal. If the (200)-(300) poten-
tial were dominated by a standard strong repulsive term,
this increase in the separation would weaken the (200)-
(300) longidinal force constant under stress, thus partially
compensating for the stress-induced stiffening of other
force constants. This could produce a small B value,
such as that observed experimentally. However, chang-
ing the defect-model force constant would change the
predicted far-ir and Raman spectra. Varying just the two
force constants we have used to fit the far-ir data, we
were not able to maintain a reasonable fit to the low-
temperature far-ir and Raman spectra with weak enough
force constants to produce this strain effect. This sug-
gests that we need to include additional force-constant
changes in our model in order to describe the far-ir and
Raman spectra and to produce the unusual E, strain pat-
tern suggested by the measured stress coefficients.

We have seen that the fit values for the anharmonic
coefficients are anomalous when compared with
coefficients obtained within our model using simple po-
tentials. Given the uncertainties in the validity of simple
phenomenological potentials over a wide range of defect-
induced static displacements, it would be desirable to
have a test for our fit anharmonic coefficients which
avoids any use of potentials. A theory analogous to that
used here for the stress-induced shifts can be developed
to relate the anharmonicity to the frequency shifts and
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mixing of the pocket gap modes produced by an applied
static electric field. Since the *‘strains” produced by such
a field should be markedly different from the stress-
induced strains, the stress and electric-field experiments
together can provide a direct test of the model, with no
use of potentials whatsoever.
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APPENDIX: STRESS-SHIFT THEORY

In the main text, we gave a qualitative outline of how
we extended our harmonic model to describe the pocket-
gap-mode stress-induced shifts. Here we present a more
detailed discussion of how this was done.

In the presence of external forces, the equations of
motion for N ions interacting via harmonic forces is

Mii=®u+F,, , (A1)

where u={u,(/)} is the 3N-dimensional vector contain-
ing the ion displacements from their equilibrium posi-
tions, &= {® 4(/,m)} is the harmonic force-constant ma-
trix, M ={M,3,,,8,5} is the diagonal mass matrix, and
F..={F,()} contains the external forces acting on each
of the ions. Here, ,m =1,...,N label the ion sites,
while a, 3=x,y,z denote Cartesian components.

When identical stresses are applied to the defect and
pure crystals, the stress-induced static displacement £ for
the defect crystal can be related to the pure-crystal
stress-induced displacements &, by solving Eq. (A1) for
the external forces and equating the resulting pure- and
defect-crystal expressions to yield?’

E=[I+G,(0)C] g, . (A2)

This matrix equation can be partitioned into two equa-
tions: one involving displacements and matrix elements
inside the defect space determined by the harmonic-
defect model’s perturbed mass and force-constant
changes, and a second which determines the displace-
ments outside the defect space. These equations are

E=Uy+GoyCy)~ o
and

Er=—GoriCuért&or > (A4)
where Gy(0?)=(®y—w?*M,)” ! is the harmonic Green’s

function for the pure crystal and C=A®—w?AM con-
tains the defect-induced mass change and force-constant

(A3)
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changes AM and A®, respectively. The I and R sub-
scripts refer to components inside and outside the defect
space, respectively. If the defect space is small, which is
expected to be the case for isoelectronic point defects,
one can readily solve Eq. (A3) to determine the defect-
space ion displacements from the pure-crystal stress-
induced displacements and the defect-space Green’s func-
tion elements. Equation (A4) then determines the
defect-crystal stress-induced displacements outside the
defect space. Because of the localized nature of the gap
modes, we only need a limited number of stress-induced
displacements outside the defect space to determine the
stress-induced frequency shifts.

In order to determine the Green’s-function elements
needed for Egs. (A3) and (A4), the static Green’s function
can be rewritten as G(0)=73 ; X(f)f(f)/w%, where x(f)
is the 3N-dimensional normal-mode displacement pattern
for mode f (f =1,...,3N) with frequency w,, normal-
ized according to ¥(f)Myx(f)=1. For the pure crystal,
the normal modes are plane waves and the x’s are com-
plex: x, (Lblkj)x<e,(blkjlexp[ —ik-R(Lb)], where the
{e,(blkj)} are components of the polarization vector, k
is the wave vector, j labels the branch, and R(Lb) is the
equilibrium position for the (Lb) ion, with b specifying a
particular atom in unit cell L. A given Green’s-function
element Gg,4(/,m) can be calculated by directly summing
over the pure-crystal normal modes determined by the
breathing-shell model.

The pure-crystal stress-induced displacements can be
obtained directly from elasticity theory as

gOa(l):% 2 Ra(l)EaB+Ra(l)£aa .
B#a
Here €,5 are the pure-crystal elastic strains and R(/) is
the equilibrium position for the /th ion measured relative
to the ion at the origin, which does not move under
stress. The sum in Eq. (A5) is extended beyond the six in-

(AS)

dependent elastic strains by using the identity
€,3=€g,- The six independent elastic strains
(Exx>€pyr €275 Exy» Exzr €y, ) are related to the crystal stresses
g by

(A6)

€ap™ 2 Saﬁd/ﬁayﬁ ’
v

and a,f3,7,0 are Cartesian indices.

Under an applied stress, the ions’ equilibrium positions
shift in the manner described above. In a purely harmon-
ic crystal, these displacements would not change the
force constants. However, in the presence of anharmoni-

where S is a fourth-rank tensor of crystal compliances

_
A(S,,+25,,)
+2B(S,,—S},)2a*— 32 —v?) CS B CSay
A(S,,+25,,)
A=207,P CS,aB +2B(S,,—S ) 28— —7?) CS.By :
A(S,,+25,)
CSuay CSyBy +2B(S), =S )2y —a?—B?)
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city, we need to expand the potential energy about the
new equilibrium positions to determine the new force
constants. To lowest order in the stress-induced displace-
ments, the corrections to the unperturbed defect-crystal

force constants are
8P lm)=3 @5, (I, m,n)§
ny

(n), (A7)

¥
where the P
coefficients.

The frequencies and displacement patterns for the nor-
mal modes of a harmonic crystal are determined by the
matrix equation

(@—alM)X(f)=0 . (A8)

To determine the frequency shifts produced by the
stress-induced force-constant changes, we treat the
force-constant changes as small and do a perturbation ex-
pansion of the mode-displacement patterns and frequen-
cies. Substituting these expansions into Eq. (A8), we ob-
tain the lowest-order squared frequency shift for a nonde-
generate mode as

At =X(£)8DY(f) .

In the present study, the isotope gap mode is separated
by ~1.5 cm™! from the other gap modes; this is a large
separation compared to the stress-induced frequency
shifts. Thus nondegenerate perturbation should apply to
this mode. By contrast, the T, ir-active pocket gap
mode is threefold degenerate, and so we need to use de-
generate perturbation theory to calculate the stress-
induced frequency shifts for these modes. This yields

(A—Aw*l)a=0, (A10)

where A,.=X(f)8®x(f’) are the components of the
3 X3 matrix A4 coupling the degenerate T, modes, and
the components of the eigenvector a determine the
zeroth-order displacement patterns ¢ as linear combina-
tions of the three T, gap modes; ¥ =3 ra x(f), where
the sum only runs over the three 7,, modes. We will
take x,y,z-polarized T, gap modes as the basis for the
degenerate perturbation calculation. Even though the E,
and A4,, pocket gap modes are nearly degenerate with
the T, gap modes, they are not involved in this calcula-
tion because the stress-induced strains do not couple odd-
and even-parity modes.

Using symmetry arguments similar to those used by
Gebhardt and Maier,?> we can rewrite the matrix 4 cou-
pling the T, modes as

(I,m,n) are the cubic anharmonic

aPy

(A9)

(A11)



where a, B, and ¥ are the x-, y-, and z-direction cosines,
respectively, of the applied uniaxial stress of magnitude P
and wr;, is the unperturbed T, gap-mode frequency.
The stress coefficients 4, B, and C couple the T, modes
to Ay, E,, and T,, stresses, respectively. These
coefficients can be determined easily by calculating the
matrix elements of A for various directions of the applied
stress (see Table III).

The stress coefficients 4 and B coupling the isotope
pocket gap mode to 4,, and E, stresses can also be

46 STRESS DEPENDENCE OF THE POCKET GAP MODES IN KI:Ag™*

11 519

determined. For a (200) ¥’ K * isotope mode, we obtain
A0t =R 18DX(f)
=205, P[ 4(S,,+25,,)

+2B(S;,—S,)2a =B —yH)]. (A12)

Here x(f) is the normalized isotope-mode-displacement
pattern. The stress-induced (200) isotope-mode splitting
has the same form as the splitting predicted for the X-
polarized T, pocket gap mode, except that C =0.
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FIG. 3. Schematic view of the uniaxial-stress cryostat insert.
The weights hang on lever arms external to the cryostat. The
flange seals the top of the cryostat sample chamber. The force
is transmitted to the sample by a piston which enters the cryo-
stat through an o-ring seal. Cardboard spacers are used on the
top and bottom of the sample to distribute the pressure uni-
formly. An electrical feedthrough allows temperature measure-
ments by connecting to a calibrated carbon resistor near the
sample. The total length of the insert is ~1 m (not to scale).



