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Far-infrared static electric field measurements have been made for a variety of Kl point defects which
produce vibrational modes in the pure crystal phonon gap. The extremely small field-induced frequency shifts
(<0.02 cm'?) of the KI gap modes associated with anion impurities were accurately determined with a
precision of+0.003 cm* by using a global analysis method. No frequency shifts were observed for the Rb
or Cs" gap modes, up to the maximum applied field~af00 kV/cm in the[100] direction. Most revealing are
the field-induced frequency shifts for the pocket gap modes associated with Thienpgrity, which are nearly
two orders of magnitude smaller than the field-induced shifts measured for low-frequefiepduged reso-
nant modes. The fact that the pocket-mode displacements are sharply peaked(2@0tHamily of ions
renders them sensitive to the host-lattice anharmonicity near those sites, whereas the resonant modes probe the
defect and its nearest neighbors. Thésteld measurements and earlier stress-shift measurements are ana-
lyzed using a quasiharmonic perturbed shell model. In this approach the effect of either an applied stress or an
applied E field is to move the equilibrium positions of the ions, thereby renormalizing the harmonic force
constants via the local cubic and quartic anharmonicity. The two types of experiments produce local strains of
orthogonal symmetries, and hence provide complementary information. The theoretical analysig fiettie
and stress measurements allows us to establish firmly that theohgin Kl possesses a significant electronic
quadrupolar deformability. In turn, this finding strongly supports earlier suggestions that the silver ion quadru-
polar deformability is an important feature in the dynamics of other host-silver defect systems and of the silver
halides.

[. INTRODUCTION temperature configuration involves a large number of states
of nearly the same energy as the on-center configurtion.
Low concentrations of substitutional Agons in Kl pro-  This raises the question of the applicability of standard Lif-
duce an unusual impurity-induced vibrational spectrum thashitz defect phonon theofy;*® which assumes a single,
has been examined in some detaf.The observation that well-isolated, potential energy minimum.
the entireT=0 K spectrum disappears upon heating to 25 K Motivated by these experimental results, we have carried
(Refs. 6-8 results from the Ag ion moving from the on- out a series of detailed experimental/theoretical investiga-
center configuration to an as yet incompletely determinedions of the vibrational properties of this unusual point-defect
off-center positior?. With increasing temperature, tf&=0  system in thél=0 K on-centerconfiguration’-®® Our theo-
K) IR (Refs. 10 and 1land Ramahresonant modes simply retical approach has been to analyze the measured spectral
vanish, with a single distinguishing temperature dependencproperties by applying a perturbed shell model within the
and with very little shifting or broadening. This behavior is standard Lifshitz theory. Surprisingly, we find that, despite
quite different from that of systems exhibiting thermal insta-this system’s highly anomalous thermal behaviorTitsO K
bilities driven by “soft” modes, whose frequencies approachon-center dynamics are well described by a quasiharmonic
zero with decreasing temperatdfeMoreover, the observed defect model, which treats anharmonic effects as perturba-
rate at which the Kl:Ag-induced vibrational spectra disap- tions. However, the experimental/theoretical comparisons
pears is much faster than can be explained by populatiohave revealed several unusual properties, includidy:a
effects associated with the Agon moving off center in a class of impurity modes, called “pocket” gap modes, whose
static anharmonic potential well, suggesting that the highvibrational amplitudes are not peaked at the defect site but
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rather are highly localized on host lattice ions well removedever, with the addition of A§ electronic quadrupolar de-
from the Ag";®'’ (2) anomalous stress-induced frequencyformability (QD) to the original perturbed harmonic shell
shifts measured for the pocket modé¢3) small dcE-field-  model, the predicted d&-field-induced pocket-gap-mode
induced frequency shifts for the pocket modes, which werdrequency shifts are in good agreement with the experimental
briefly described in a lett&t and are discussed in detail here. results. In addition, this model also substantially improves
The addition of theE-field measurements and their theoreti- other predictions of our earlier harmonic model, as well as
cal analysis demonstrate that the Aipn in Kl possesses a reproducing the measured de-field-induced frequency
significant electronic quadrupolar deformability. This has im-shifts of the KI:Ag" low-frequencyresonantmodes, whose
portant implications for the dynamics of Agn other sys- measurecE-field shifts are nearly two orders of magnitude
tems. larger than those for the pocket modes.

Aspects of our preceding studies are relevant to the Besides the A§ QD, another important feature of the
presentE-field work. (1) Despite the thermal instability, the model is its inclusion of relaxation-induced nearest-neighbor
spectral features associated with The0 K on-center vibra-  force-constant changelseyondthe defect’s fourth-nearest
tional dynamics of KI:Ag are well described by a perturbed neighbors; these changes can be computed without the addi-
harmonicshell model7.Astriking prediction of this model is tion of any new parameters beyond those contained in the
the existence of three very nearly degenerate local mode@iginm harmonic model® Hence, the many improvements
with frequencies in the host KI phonon gap. These gapf the QD model result from the addition of a single param-
modes are of three different symmetries, and their frequengier 19 the earlier model. In this paper we will also consider
cies are equal to within 2%2) Their predicted displacement o\ era| alternative models using other force-constant changes
patterns are also very unusual in being strongly peaked, shouw that these models fail badly. Thus, based upon the

on the defect's fourth-nearest-neighbor sit¢&+200), . .
. . .._successes of the QD model and the failures of the alternative
(0+20),(00+2)], with the displacements of the defect and 'tsmodels, we conclude that extended defect-induced relax-

nearest neighbors more than an order of magnitude smaller,

than that of the fourth-nearest neighbors. In sharp contras?tlons and the Ag QD play an essential role in determining

Ant i
the displacement patterns found for standard impurity_the KI:Ag™ on-center dynamics. Our results strongly support

induced localized modes are peaked on the defect or its nedfli€r speculations that the AQQD is an important feature

est neighbord*1519(3) In Refs. 8 and 17 we showed that the " the dyr?amicifzc;f other_ host-silver dgfec;t systems_ a_nd of the
natural occurrence of a 7% isotopic abundancélsf” iso- silver hglldee?é5 including the superionic conductivity ob-
topes in the KI host strongly mixes these nearly degeneratgerved in AgF _ _ _ _
pocket gap modesy producing an |R_active isotope gap mode EXpe”mental deta”s are prOVIded n the next section.
with a predicted frequency shift and relative absorptionFirst, the electric-field apparatus is described, and then the
strength in good agreement with the shift and strength mezexperimental results for the Stark effect in Kl:Agand
sured in subsequent IR experiments. This agreement betwe&h:Cl~ are presented, followed by data analysis. For com-
theoretical predictions and experiment, combined with theparison, theE-field results for gap modes of several other
failure of alternative explanations for the experimental re-impurities in Kl are included. Section Il focuses on the theo-
sults, provided a direct confirmation of the existence of theretical aspects of the work: First, our original force-constant
nearly degenerate pocket gap modes and their very unusughange model is compared with the data and shown to be
displacement patterns. inadequate. The QD model is then developed in a stepwise
To probe the anharmonicity associated with the KI'/Ag manner and the predicted pocket-mode shifts and mixing are
on-center configuration, we built upon these results by unshown to agree with experiment. Finally, the experimentally
dertaking studies of uniaxial stréésand dc electric-field- observed E-field-induced mixing and shifts of the low-
induced frequency shift€, both for the pocket modes, and frequency resonant modes are compared with the predictions
for the low-lying impurity-induced resonant modésthat  of this model and found to be in agreement. The similarities
exist below 20 cm*. The fact that the pocket-mode displace- and differences between the results for the various gap
ments are sharply peaked on 00 family of host ions  modes are discussed in Sec. IV. General results and implica-

renders the pocket modes sensitive to the host-lattice anhagpns of the QD model are presented in the conclusion. The
monicity near those sites, whereas the resonant modes prop@pendix discusses the-field-shift theory.

the defect and its nearest neighbors. Within a quasiharmonic
approach, which treats the anharmonicity perturbatively, the
effect of either applied stress or an applidield is to move

the equilibrium positions of the ions, thereby renormalizing
the harmonic force constants via the local cubic and quartic Far-IR spectra of Kl crystals doped with Agand other
anharmonicity. The two types of experiments produce localmpurities were obtained with a fast-scan Fourier-transform
strains of orthogonal symmetries and hence provide complespectrometer at resolutions between 0.1 and 0.5cA
mentary information. Our approach to the data is to use @ommercial optical-access liquid-He immersion cryostat
quasiharmonic extension of our perturbed harmonic shelith homemade polypropylene and/or Mylar film windd®s
model to fit the measured pocket-mode stress shifts and themas used to cool the samples. A homemade sample insert
use the stress-fit anharmonicities to predict the pocket-modallowed the application of a d€ field to the samples during

dc E-field-induced frequency shifts. We find that our original the measurements, with the incident far-IR radiation polar-
model predicts E-field-induced shifts that are nearly two ized either parallel or perpendicular to the appliedEdfield
orders of magnitude larger than the observed shifts. Howeirection(i.e., E\glIE4. Or E\gLE40).

IIl. EXPERIMENT
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(a) He. Since very low electric fields break down gaseous He,
~1em especially at the reduced pressure present in the cryostat,
\ —_ measurements could only be carried out in liquid. Although
it was reported that up to 50% higher fields could be ob-
tained in normal liquid He than in superfluid He, the present
SUPPORT ROD cryostat was such that the normal liquid-He bubbles would
scatter the incident far-IR radiation and add unacceptable
noise to the spectra. Therefore, all measurements reported
here were performed in superfluid He at applied fields of up
COPPER to ~100 kV/cm.
FINGER The samples used for measurements Vit along the
[100] crystallographic direction consisted of slabs, cleaved to
HIGH-VOLTAGE & thickness of~1 mm along the direction pf the applied
ELECTRODE field, from boules grown by the Czochralski method at the

HV LEAD

|N;5TA(T):\(I)N o Cornell Materials Science Center’s Crystal Growing Facility.
/ [ SAMPLES The sample length, along the direction of propagation of the

MASK far-IR radiation, typically was~0.75 cm, but very short
sampleg~1.5 mm long were measured in some cases. The
ELSS%’ggES third dimension(perpendicular to both the propagation and

COPPER STRAP E-field direction$ was ~1 cm. The samples used witfy,
along the/110] direction were cut into similarly sized shapes
with a diamond string saw. The faces perpendicular to the
propagation direction were “wedged” to avoid interference
effects in the spectra; these faces plus the sample holder

TEFLON INSULATION

(b) POWER SUPPLY (0-20 kV) (electrodes plus mask; see Fig.akted as an aperture for the
far-IR radiation. All the KI:Ag"~ samples were heated to
500 MQ SAMPLES ~200 °C prior to the measurements in order to maximize the

+

» H——H > absorption strengths of the Kl:Agmodes, as described
- previously?®

0.5 A The electrodes _shown _in Fig. 1 were plates (_)f stainless

steel, ~1.5 mm thick, which had been mechanically and
electrochemically polished and had the corners and edges
FIG. 1. Cryostat insert used for measuring the transmission ofounded by grinding. These precautions were taken to reduce
samples under an applied d field. (a) Expanded view of the the likelihood of electrical breakdown. The samples and the
sample holder. The thin copper-sheet strap provides electrical corelectrodes were held in place by tightly wrapping the whole
tact to the ground electrode away from the copper finger. The highassembly, above and below the samples, with thin low-
voltage lead is made of thin teflon-coated single-conductor Wiretemperature electrical tape. The uniformity of the field across

Pieces of teflon sheetl mm thick are used to fill the gaps between the samples was enhanced by making the samples smaller

the electrodes left by the samples as well as other areas where t an the electrodes and placing the samples in the centers of

high-voltage lead passes near ground potential. The propagati . - . .
direction of the far-IR radiation is perpendicular to the plane of theQ[ﬂ(e electrodes; th_ls dlffe_rs from the technique descrlbe_d n
Ref. 29. Teflon insulation was inserted wherever high-

page in this view. The mask, made of thin electrical tape and alu- - e
minum foil, prevents radiation not passing through the sample¥Oltage areas were in proximity to grounded parts of the

from reaching the detectofb) Circuit diagram. In case of break- Sample holder,. as ShO_Wﬂ- Finally, a mask made _Of electrical
down of the samples, the 500resistor limits the current, which tape and aluminum foil was attached to the outside surfaces

is monitored with the two micro-ammeters. of the ground electrodes to block any incident radiation not
passing through the samples from reaching the detector. Ad-
ditional details of the sample holder construction can be

A. Experimental techniques found in Ref. 30.

The cryostat sample insert for the far-ERfield measure- Even with the samples submerged in liquid He, the maxi-
ments is shown schematically in Fig. 1. Contact between &UM field gould only bfa maintained for a I|m|ted.amount of
high-voltage dc power supply and an electrode sandwichelime (ranging from minutes to hours, depending on the
between two identical samples was made through a stainlesg@mple, after which intermittent breakdown began; once
steel covered coaxial conductor containing teflon insulationstarted, this breakdown coulwt be stopped by lowering the
on opposite sides of the samples were grounded electrodéégld and eventually led to the destruction of the samples.
The flange which sealed the top of the cryostat was providedhe heat released during the breakdown produced bubbles in
with several compression o-ring feedthroughs permitting adthe liquid helium, which shocked the samples, mechanically
justment of the vertical position of the samples inside thedamaging them. Therefore, measurements were generally
cryostat without allowing air into the cold sample section.performed at low-field strengths first, with the maximum be-
The samples could be immersed in either liquid or gaseoug reached gradually.
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FIG. 2. Absorption coefficient of k0.4 mole % Agl below the FIG. 3. Changes in the absorption of K0.1 mole % Agl below
reststrahl region of Kl, at 1.4 Kupper tracg and 11 K (lower the reststrahl region of Kl, induced by 800 E field of 77 kV/cm.
trace. The resolution is 0.1 cfit. The two spectra are displaced by The resolution is 0.3 c¢m' and the temperature is 1.4 Ka)

a division on the ordinate axis for clarity; also, the ordinate scale inEirIEqc- (b) EirLEq4c. The region below 50 cfit should be com-

the region between 25 and 75 cinhas been expanded %0to  Pared to Fig. 2 of Ref. 5. The sharp “wiggles” near 60 Chrare
show the weak modes in the acoustic-phonon region. AsteriskBrobably due to 60 Hz pickup in the high-voltage power supply and
identify the low-temperature modes associated with KI"A§hese  leads. Note that the absorption of the resonant and gap modes at
spectra are similar to those of Ref. 6, but at higher resolution. Thd7.3 and 86.2 ci', respectively, is nearly saturated in this sample.

dominant features are the _KI:Aggap and resonant modes at 86.2 1, 4t 86 2 cit. Additional weak features due to Ag
and 17.3 cm-, respectively; additional features are identified in the 30. 44 55.8 d 63.6 cth (in the K tic-bhonon
text. The inset shows the temperature dependence of the strengtﬁg ! ’ -6, an 1 cmn the ac_ous c-phono
of the KI:Ag" features(after Ref. 8. region, and at 84.5 cm _(|n th_e Kl gap re_glom caused _by
3K T 4K " host-lattice isotopic substitutidhare also vis-
ible in the lower-temperaturél.4 K) spectrum. Small con-
centrations of other naturally occurring impurities in these
The statistical error associated with the shift at each valuerystals give rise to additional gap modes, at 76.8 and 77.1
of the appliecE field was determined from several indepen-cm™* due to CI' and at 82.9 ¢ due to C§ (and another
dent measurements of the shift at that field. These measurat 78.9 cm'?, of unknown origin. In the higher-temperature
ments consisted of repeated cycling of the field between thagpectrum of Fig. 211 K), all of the Ag™ features are weaker,
E-field value and zero, and measuring the line shape with thevhile the strengths of features associated with other defects
field on and the field off for each such cycle. In addition, for (e.g., CI and C$) remain unchanged; in addition, new fea-
each mode studied, such data were generally obtained dores associated with the Agdefects appear at 69 and 78.6
several samples. Systematic errors were not included; theym 1. The inset of Fig. 2 shows the “universal” temperature
were considered to be negligible based on a comparison withependence of the strengths of the KI7Apw-temperature
previousE-field results*® For the linear fits to the plots of configuration features, including the strong resonant and gap
shift vs the square of the field, the errors in the slopes were modes(after Ref. 6.
determined by the linear regression algorithm from the scat- The E-field-induced changes in the acoustic phonon re-
ter in the data points; these slope errors were propagateglon of KI:Ag™ have been studied in detail previou$f0Our
through the equations relating the slopes toEafield cou-  results for an appliedil00] dc E field, covering the entire
pling coefficients to determine the errors in the latter. spectral region below the Kl reststrahl region, are shown in
Fig. 3. Here, as elsewhere in this paper, the change in the
C. Results for KI:Ag* and KI:Cl - absorption coefficient induced by the d& field is given as
‘ : : Aa=af(field on)—a(field off). The results in the acoustic-
Before presenting the new-field results, we first de- phonon region, including the shift of tHg; -symmetry IR-
scribe the low-temperature absorption spectrum of KI:Ag active resonant mode and the field-induced IR activity of a
in the absence of an applied field, below the reststrahl lower-frequencyE,-symmetry Raman-active resonant mode,
region of KI. A detailed discussion of this spectrum has beerare very similar to those in Fig. 2 of Ref. Gvhich were
given in Refs. 6, 8, and 17. As shown in Fig. 2, the substi-obtained at a higher field The higher resolution of the
tutional Ag" defect gives rise to two strong localized modes:present data reveals additional detail, such as the splitting of
a resonant mode in the acoustic phonon region, at 17.3,cm the broad field-induced mode at 25 chin Ref. 5 into two
and a gap mode in the region between the acoustic and optgharper modes at 25 and 28 tinthe narrower linewidth of

B. Errors
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FIG. 5. Spectra of the KI:A§ pocket gap modes witho ap-
0.2r 7 plied E field (solid lines and with an applied100] E field (dashed
S lines), for E|glIE4. The resolution is 0.1 cit and the temperature
g 0 ; is 1.4 K; the nominal sample composition is-K0.04 mole % Agl.
f\\ (a) The 86.2 cm* main pocket gap mode at 87 kV/cfi) The 84.5
-0.2 ' resonant | cm ! isotope pocket gap mode at 94 kV/cm. Note that the ordinate
04 % 20 mode scale in(b) is expanded 18 relative to that in(a).
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particular, since Cl is typically present as a natural impurity
in pure Kl and gives rise to gap modes whose structure has
been carefully analyzed previousf,we have studied in
FIG. 4. E-field-induced shifts of the KI:A§ (a) gap and(b) some detail th&-field dependence of the Kl:Clgap modes.
resonant modes foEIEq. [100] at 1.4 K; each spectrum is dis- Note that a similar comparison between the’4md CI” gap
placed along the abscissa by the frequency of the megefor ~ modes in KI was carried out in our previous uniaxial stress
clarity. (8) Gap mode region of K+0.04 mole % Agl at 0.1 cm'  study*®
resolution, w,=86.2 cm L. Solid line: zero field, dotted line: 87 Extremely smalE-field-induced shifts in the positions of
kvicm. (b) Resonant mode region of Ki0.1 mole % Agl at 0.3  the KI:Ag" gap modes are observed. The disparity between
cm™ ! resolution,wy=17.3 cn . Dash-dotted line: zero field, dot- the shift of the main gap mode at 86.2 chand that of the
tednline: 77 kV/cm..(c) Compari;on of the gap and reso_nam mOderesonant mode at 17.3 crhis brought out clearly in Fig. 4,
regions; Aa/a=[a(field on—a(field off)J/a(field off). Solid line:  \yhere the spectra are displaced along the abscissa to facili-
gap mode region, dash-dotted line: resonant mode region. AN e the comparison. Note that these shifts of the gap modes
panded(20x) version of the gap mode data is also shown. correspond to thenaximumapplied field WithE,glIE 4] 100]
(which gives rise to the largest effect$he small size of the
the field-induced feature at 30 ¢ and additional weak gap-mode shift in Fig. @ makes the line shape under the
features at 53.5 and 55 ¢th just above the upper limit of maximum applied field nearly indistinguishable from the
the spectral region studied previously addition, as seen in  zero-field line shape; by contrast, the much larger shift of the
Fig. 3(b), weak spectral changes are observedBgyl E 4, resonant mode is apparent in Figb¥ The normalized field-
whereno changes were reported previouslit;is not likely induced changes in the absorption coefficient for the gap and
that the latter are artifacts of imperfect polarization sinceresonant modes of Kl:Agare shown in Fig. &); in order to
they do not correspond directly to features in tBglE,.  plot both spectral regions on the same ordinate axes, the gap
spectrum of Fig. @&). mode curve in Fig. &) was expanded 20, as indicated.
Prior to the results presented in this paper, none of thdhe appearance of a field-activated resonant mode just below
previous E-field studies, including those of the Kl:Ag the 17.3 cm® IR-active resonant mode, discussed in Ref. 5,
modeé* as well as those of activated modes due to variouss evident in Fig. 4b) and(c); no such field-activated modes
other lattice-defect system$?°31-3% extended to high are observed in the gap mode region.
enough frequency to examine the effect of an appliditld Since the KI:Ag' gap mode line shapes in Fig(a} are
on gap modes. Although the main focus of the present studgearly indistinguishable, the line shapes of the main and iso-
is on the gap modes due to Agwe have also measured the tope gap modes of KI:Af, with and without an applied
E-field dependence of gap modes due to other lattice-defedteld, are displayed on expanded scales in Fig. 5. This figure
systems for purposes of comparison to the"Agsults. In  clearly shows that the small shifts of these two pocket modes

—1
®— 0, (em™)
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FIG. 6. Changes in the absorption coefficient of-+H0.04 FIG. 7. Spectra of the KI:Cl gap modes witmo appliedE field

mole % Agl induced by &100] E field of 87 kV/cm. The resolution  (solid lineg and with an applied100] E field (dashed linesof 87
is 0.1 cm ! and the temperature is 1.4 K8) E\glEqc. (b) EjrLEqc. kV/cm, for EjglIE4c. The resolution is 0.1 cit and the temperature
(c) The corresponding spectrum at zero applied field. This spectrdb 1.4 K; the nominal sample composition is-K0.04 mole % Agl,
region shows both the KI:Aly (84.5 and 86.2 cmb) and KI:CI” and the CT is present as a natural impuritig) The 76.8 cm?
(77.1, 76.8, and 76.5 ci) gap modes, for comparison; in addition, *Cl~ gap mode(b) The 77.1 cm* 3%CI~ gap mode. Note that the
as seen ina), for ERIE4. a weak field-induced modénarkedi) ordinate scale irfa) is expanded 2 relative to that in(b).
appears at 75.7 cit, just below the CI modes, and another weak
unidentified mode at 75 cnt [also seen ir(c)] shifts with field i than those of the KI:Ag modes: there are actualigur over-
a directionoppositeto that of the stronger Agand CI" gap modes.  lapping CI" modes(caused by the natural abundances of Cl
o o _and K" isotoped?, each shifting to higher frequency in the
are “rigid” (in the sense that no field-induced changes in the, )| polarization by aifferentamount; for the two stron-
strengths of these modes are observed at this value of flel%er modes, this is seen more clearly in Fig. 7. Thus, the
and comparable in size. _ strongest and highest-frequency mode dué®@l~ at 77.1
The corresponding field-induced changes in the absorpsy—1shifts the least, the weaker middle mode dud’@l™
tion+ coefficient over the spectral region covering both they; 76 8 cm! shifts somewhat more, while the extremely
Ag” and CI' gap modes are shown in Fig. 6, fBc along  \yeak lowest frequency mode at 76.5 Tinwhich appears
[100] and for the two orthogonal polarization directions. As only as a shoulder in Fig.(6) and is due to a perturbation of
seen in Fig. @), all of the Ag+ and CI' gap modes shift  1,635c|~ mode by the’K * isotope® shifts the most. The
(slightly) to higher frequencies foEgIE4J100]; the shifts  yitfarent sizes of the frequency shifts of the three KI:@fp
are somewhat larger for Agthan for CI'. ForEirLE4d100]  modes cause their signatures in the plot [Fig. 6a)] to be
in Fig. 6(b), however, only the Ag pocket gap modes ex- gimilar in size despite the different strengths of the modes
hibit shifts to lower frequencies comparable in magnitude t9nvolved, particularly in the case of the wedRCl™:*iK*

those forERIE.J100]; the CI" gap modes have no shifts q4e 4t 76.5 cm'; however, note thato analogous behav-

s - : +
within experimental error. Note that these shifts of the’Ag o \as observed in the uniaxial stress measurements on the

pocket gap modes foErLE4d100] are unusual: no other |- gan moded® In addition, as seen in Fig.(), whereas
previous studies on localized modes have found frequencie oG gap modes show substantial perpendicular polariza-
shifts for this =configuration of applied field ~and ion frequency shiftsno such frequency shifts are observed
polarization,>™>*"**"*"although we have observed very ¢, the CI" gap modes, within experimental error. Finally, no
small shifts in thl§ co_nflgurat_lon for the KI:Agresonant frequency shifts were observed for fields aldag0] for ei-
mode, as shown in Fig.(8). Figure Gc) shows the corre- her the Ki:Ag™ or the KI:CI” modes, forany polarization,
sponding impurity-induced spectrum at zero applied field foryihin experimental error. However, the signal-to-noise ratio

comparison. A very weak line occurs at 75 chin (© and  f the[110] data was somewhat worse than that of fh@0]
according to(@) it shifts with field in a directioroppositeto 54

that of the stronger Agand CI" gap modes. In addition, also
seen in(a) [but not in(c)] is a weak field-induced mode at
75.7 cm 1, whose strength grows with the field. The source
of the unusual field-induced effects for these weak absorp- The extremely small field-induced frequency shifts of the
tion lines remains unexplained. KI gap modes, presented above, were accurately determined
A closer look at Fig. 6 reveals that thggIIE,{100] fre- by using the “global” analysis method previously developed
quency shifts of the KI:Cl gap modes are more complex by us for determining frequency shifts induced by uniaxial

D. Data analysis
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TABLE . Full widths at half maximurm(FWHM’s) and strengths of the KI:Agpocket gap modes under
a dcE field in the[100] direction, relative to their zero-field values, at 1.4 K. The 86.2 tmode is the
main gap mode, and the 84.5 timode is caused by the natural abundanc&f’, as discussed in Refs.
8 and 17. The values of the strengths and FWHM's are averages of at least 12 independent measurements; the
errors quoted are statistical, not systematic.

Mode Electric field

(cm™Y (kV/cm) Polarization Rel. FWHM Rel. strength

86.2 94 I 0.999+0.019 0.9870.026
1 0.999+0.003 0.997%0.010

84.5 77 I 1.004:0.014 1.007%0.024
1 1.002+0.003 1.021%0.024

stress. This method, described in detail in Ref. 16, consists okg™ isotope pocket gap mode at 84.5 chiFig. 8b)] are
overlaying the shifted lineshape at some given nonzero fieldbout the same size in both polarizations. Analogous plots
onto the corresponding line shape at zero field and varyingre shown in Fig. 9 for the two relatively strong KI:Cyap
the position and width of the nonzero field line shape untilmodes. By contrast, these two Qinodes have significantly
the area between the two curves is minimized. The accuracgmaller frequency shifts than the Ag modes for
of the method also allowed us to search for other fieldERIIE;{100], and no measurable shifts foEz L Ey{100].
induced line shape changesich as changes in linewidths or For E,lIE4J100], the shifts of the stronger KCI~ mode at
strengths, or the appearance of additioBafield-induced 77.1 cm! [Fig. 9a)] are about half as large as those of the
mode$: no such effects were detected for the KI7Agocket ~ weaker KI*’CI~ mode at 76.8 cm'® [Fig. 9b)], in agree-
gap modes, as summarized in Table I, i.e., the frequencynent with the discussion of Figs. 6 and 7. Note that the
shifts appear to be “rigid”. excellent linear fits in the plots of Figs. 8 and 9 indicate that
The frequency shifts of the KI:Ag pocket gap modes the shifts of both the A§ and CI” gap modes are quadratic
obtained for §100] dc E field are plotted against the square in the magnitude of the applied field.
of the magnitude of the field in Fig. 8. The two Agnodes As a point of reference, it is useful to note that thexi-
are seen to have very similaE-field behavior: for mumshift observed fomnyof these gap modes;0.02 cm*
ErIE4d100] the modes exhibit very small shifts to higher at ~100 kV/cm for E gllE4J100] for the main Ag" pocket
frequency, while forE gL E;J100] the shifts are to lower gap mode at 86.2 cnt [Fig. 8@)], is much smaller than the
frequency. The frequency shifts of the mainAgocket gap  full width at half maximum(FWHM) of ~0.5 cmi ! of this
mode at 86.2 cm! [Fig. 8@)] are about twice as large for mode, and is also about two orders of magnitude smaller
ErIE4d100] than for E g LE4J100], while the shifts of the than the shift of the Ag resonant mode at 17.3 ¢rh which
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I
0.00 7 0.00 - —e—e2 =82 30 ¢
T a7l o il
IE ~a 1 IE
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FIG. 8. Frequency shifts of the KI:Agmain and isotope pocket FIG. 9. Frequency shifts of the KI:Clgap modes at 1.4 K vs
gap modes at 1.4 K vs the square of the magnitude of106] E the square of the magnitude of thk00] E field: (a) the 77.1 cm*
field: (a) the 86.2 cm* pocket gap modeb) the 84.5 cm*isotope  mode;(b) the 76.8 cm® mode. The circlegtriangle$ are the data
pocket gap mode. The circléiangles are the data and the solid and the solid(dashed lines are the best linear fits fdEglIEq.
(dashedl lines are the best linear fits f@&glE . (E\rLEgo- (E\rLEq0-
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has a similar FWHM, at the same value of the applied fleld;  TABLE Il. Frequency shifts\w of the T, states with the square
this is clearly seen in Fig. fbut note the different resolutions of the magnitude of the dE field AE? along the[100] and[110]

of the spectra in Figs.(d) and 4b)]. The size of the A§ crystal directions, for polarization parallel and perpendicular to the
resonant mode shift is comparable to the shifts of resonarPplied dcE field (after Ref. 29.

modes of other lattice-defect systeMi$?3133thus, the — — — -
small sizes of the shifts appear to be a general property dflectiic field — Polarization = Aw/AE”[10" cm™/(kV/em)?]

gap modes. _ [100] [100] a;t+4ag
All of the frequency shifts observed to date, for both resoT10q] [010] a.—2a
nant and gap mode@ncluding those of the A§ gap and [110] [110] a +la +a3/2
resonant modesare quadratic in the applied field; however, [110] [110] a1+a3—a5/2
1 3 5

the Er LE4d100] results for the AG pocket gap modes are
unusual: the typical behavior is lack of any shift in this

polarization, as is observed for the Cgap modes and as Tapje ||| of Ref. 16 for uniaxial stress, with appropriate sub-
was_prewously obsgrv_ed for various resonant mddes; stitutions. For the A§ and CI' gap modes, the slopes ob-
cluding that of Ag.> Finally, note that the difference be- tained from the measured frequency shifts in Figs. 8 and 9
tween the shifts of the two relatively strong Oyap modes (tor [100] field) are summarized in Table IIl; these slopes
(Fig. 9 is difficult to understand, in thf_;lt the dynamics of \yere used to determine the values of theand a, E-field
these two modes should be nearly identiciianged only by ¢ pling coefficients given in Table IV. For ta10] field

the mass of the Clion). Experimentally, one might suspect girection, the slopes given in Table Il are estimated upper
this difference to be due in part to the weak 76.5¢MCI ™ pounds obtained from the maximum frequency shifts consis-

K™ mode, mentioned above, which could not be analyzedent with the data; theas coupling coefficients calculated

separately and which appears to shift substantially more thafiom these estimates are also included in Table IV, although
the neighboring and much stronger 76.8¢ni’Cl™ mode;  their values are not well defined.

however, our analysis technique is insensitive to the presence
of such a weak mode.

As shown previousl¥? the second-order Stark-effect op-
erator has the same symmetry as the uniaxial stress operator. Since no otheE-field measurements on gap modes exist
This implies that the same symmetries of coupling apply tdn the literature, we have measured the effect of an applied
both the quadratiE-field effect and to the uniaxial stress dc E field on a few other KI gap modes, for the purpose of
effect. Thus, for an on-center monatomic def@f symme-  comparing to the results presented above. Howewefre-
try), analogs of theA(A.q), B(Eg), and C(T,,) stress- quency shifts greater than0.003 cm ! were observed for
coupling coefficients discussed in Refs. 3 and 16 can be deany other gap mode due to a cation def@ther thanAg™),
fined for the quadratic E-field perturbation. The up to the maximum applied field 6f100 kV/cm in theg/100]
corresponding coefficients in tHe-field case are called,, direction. For example, the Csand RE™ gap modes shown
as, andag in analogy with Ref. 29. As shown in Table II, the in Fig. 10 have no measurable shifts for eitlegglE 4] 100]
equations relating the frequency shifts to the square of thgsee Fig. 1(8)] or E\r LE4J100] [see Fig. 1(b)], within ex-
magnitude of theE field are identical to those presented in perimental error; this is in spite of the fact that the KI:Cl

E. Stark effect for other KI gap modes

TABLE Ill. Measured slope$Aw/AE?) of the frequency shift vs the square of the appliecEdield for
various polarizations of the far-IR radiati¢B,g) and dcE field (Eq), for the KI:Ag* and KI:CI” gap modes
at 1.4 K, corresponding to Figs. 8 and 9.

Mode Frequencycm Y Egc Er Aw/AE? [1078 cm™Y(kV/cm)?]
KI:Ag ™" 86.2 [100] [100] 1.70+0.09
[100] [010] —0.93+0.05
[110] [110] 0.08+0.36
[110] [110] 0.20+0.29
Kl:Ag* 84.5 [100] [100] 1.13+0.10
[100] [010] —1.11+0.08
[110] [110] —0.25+0.46
[110] [110] 0.17+0.20
KI:Cl~ 77.1 [100] [100] 0.29+0.02
[100] [010] 0.00:0.05
[110] [l@] 0.12+0.12
[110] [110] 0.08+0.04
KI:Cl~ 76.8 [100] [100] 0.69+0.02
[100] [010] 0.00+=0.05
[110] [l@] 0.24+0.16

[110] [110] 0.04+0.16
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TABLE V. Measured quadrati€-field coupling coefficientsd; ,a3,as) of the KI:Ag™ and KI:CI™ gap
modes, calculated from the slopes in Table Ill, at 1.4 K. The units aré dmfll(kV/cm)z.

Frequency
Mode (cm™h a; ay as
Kl:Ag™ 86.2 —0.05+0.04 0.44-0.02 —0.12+0.46
84.5 —0.36+x0.06 0.320.02 —0.42+0.50
KI:CI™ 76.8 0.13:0.02 0.05-0.01 0.04£0.13
77.1 0.23:0.02 0.12-0.01 0.23:0.23

gap modes in the same sampthie to naturally occurring shapes have the same signs. The different signatures of these
ClI™ impurities, which are similar in strength to the Csind  doublets in Fig. 1¢a) can best be appreciated by reference to
Rb* modes[see Fig. 1(c)], shift noticeably with field for the zero-field spectrum of Fig. dd, where the Bf and CI
ErIE4d 100], as noted in the discussion of Figs. 6 and 7. Thedoublets are seen to be similar. The shift of thé Brode at
estimated uncertainties in the Cand RE results are listed 88.1 cm* to lower frequency with increasing field is highly
in Table V. Analogous results were also obtained for theunusual: all other modes studied to date, including all other
KI:NCO~ gap mode at 78.4 cnt (Ref. 39 in a sample KI gap modes studied in this work, shift to higher frequency
whose spectrum is not shown: this mode also had no meawith increasing field. Smaller effects are observed for the
surable E-field shifts for either ERIE4{100] or  Br~ doublet forEg L E4{100], as seen in Fig. 1b). In ad-
ErLE4J100] as noted in Table V. dition, as shown in Fig. 1&) and(b) no measurablé&-field-

In contrast, the isotopically split KI:Brgap mode dou- induced shift is observed for either polarization for the rela-
blet at 88.1 and 88.65 cr (Ref. 36 displayed a very small tively strong KI:Br~ pair mode at 74 ¢t seen in Fig. 1(c).
and qualitatively different effect, as shown in Fig.(d1 for The unusual shifts for the KI:Br doublet at 88.1 and
ErIE4J100], the lower-frequency mode appears to shift88.65 cm?! for E\zlIE4J100] are shown on an expanded
down and the upper-frequency mode appears to shift up witbcale in Fig. 12. In addition to the opposite signs of the shifts
increasing field. This leads to an unusual signature in thef the two modes mentioned above, this figure also reveals a
difference spectrum, where the derivative-like line shapes opossible transfer of absorption strength from the higher- to
the two members of the Brdoublet have opposite signs, the lower-frequency member of the doublet. This is again
unlike the case of the Cldoublet, whose derivative-like line qualitatively different from the case of the KI:Chap modes
discussed above, which shifigidly to higher frequencies
with increasing fieldalbeit at different rates; see Fig).9

Several other peculiar characteristics of the KIBr
sample deserve mention: First, the absorption strength per
impurity for Br~ in Kl is lower than that for any other im-
purity measuredcf. the C§ and RE gap modes in Fig.
10(c), and note the order-of-magnitude difference between
the impurity concentration of the sample used for the spec-
trum of Fig. 1Gc) and that used for Fig. 18)]. This com-
parison also applies to Ag[see Fig. €&)], although the ef-
fective Ag"™ concentration is more difficult to define due to

-0.2 I ' ' TABLE V. Frequency shifts of the KI:C§ KI:Rb™, and
%' (':I_ KI:NCO™ gap modes under an applied Hcfield in the[100] di-
~| (e) TN rection at 1.4 K. The values are given relative to the zero-field
el \ values and represent averages of at least six independent measure-
;’ ments; the errors quoted are statistical, not systematic.
: ! Frequency Field Polarization Shift
70 75 8 8 90 Mode (cm™  (kVicm) (horL) (cm™b
Frequency (cm™1)
Cst 82.9 85 I 0.000+0.003
FIG. 10. Changes in the absorption coefficient of+KL02 1 0.000+0.001
mole % CsHk0.02 mole % Rbl induced by ELOQ] E field of 85 Rb" 86.3 85 I 0.001+0.003
kV/cm. The resolution is 0.1 cht and the temperature is 1.4 K) n 0.001+0.002
E,_RIIEd?. (b) ElrLEgc. () The corresponding spectrum at zero ap- Rb* 86.9 85 i 0.000-0.002
plied field. Note thatno frequency shifts are observed for the
KI:Rb™ gap mode doublefat 86.3 and 86.9 cit) and for the C$ L —0.001+0.002
gap mode(at 82.9 cm?). The CI' gap modes at 76.8 and 77.1 NCO™ 78.4 97 I 0.000+0.001
cm ! are nearly saturated in this sample, as is the 86.9'drRb" 1 0.000+0.001

mode.




53 ELECTRIC FIELD DEPENDENCE OF POCKET AN. . . 6085

0.2 T T T T T T
(a) 7
0.0 <
I
= En !l Eng 5
£ -0.2 I L L T W0
N7 0.2 T T T 88
S ey
< (b) E 1 L |
0.0 'VWWW 879 880 881 882
_g T T T
En LE a
ir+Epc 5
-0.2 : . . 5 (b)
= - Cs* ~ [0 kv/iecm
@ Y TEANA 1
) £ % \
Er q 3] 2
] Br = 7" 85 kV/cm
e I/
Br-
Fe ) | L L L !
70 75 80 85 90 885 886 887 888
Frequency (cm=") Frequency (cm-1)
FIG. 11. Changes in the absorption coefficient of+H0l15 FIG. 12. Spectra of the relatively strong isotopically split

mole % KBr+0.02 mole % Csl induced by @00] E field of 85  k|:Br~ gap mode doublet witho appliedE field (solid line9 and
kV/cm. The resolution is 0.1 cnt and the temperature is 1.4 k) with an applied[100] E field (dashed lines of 85 kV/icm for
EirlIEqc- (b) ErLEgc. (c) The corresponding spectrum at zero ap- g,||E,.. The resolution is 0.1 ¢t and the temperature is 1.4 K;
plied field. Note that very small frequency shifts are observed folihe sample is the same as in Fig. 14). The 88.1 cmi® 8Br~ gap
the KI:Br~ gap mode doubletat 88.1 and 88.65 cfit) but not for  mode. (b) The 88.65 cm® "Br~ gap mode. Note that the ordinate
the Br pair mode at 74 cm'. Other weak modes seen here, iden- gcgje in(a) is expanded & relative to that in(b).

tified previously as being due to B(Ref. 36, show no measurable
shift with field. The KI:C$ gap mode at 82.9 cnt is saturated in

this sample. that the irradiated samples could not sustain even a field of

<40 kV/cm for more than a few minutes: apparently, the
centers are still somewhat mobile under an appketield

28 e
even at liquid-He temperatures.

its peculiar “aging” effect:® Second, the high concentrations
required to observe the Brgap modes lead to relatively

large changes in the average lattice constant of the Kl host

and hence to shifts in the frequencies of the impurity modes IIl. THEORY
and broadening of the line shapes: thus, the frequencies of '
the Br modes reported here ared.4 cmi ! lower than those In our original harmonic perturbed shell model for the

in Ref. 36 and the frequencies of the Ghodes, due to the KI:Ag™ on-center configuration dynamiésthe defect is
naturally occurring CI impurities in this sample, are0.05  characterized by its mass and by assumed defect/nearest
cm ! higher than measured in a crystal with much lowerneighbor (0—1n) longitudinal force-constant changes,
impurity concentrations; the Clmodes are also broadened 6,=—A®,,(000,100, and relaxation-induced nearest-
in this sample(compare Fig. 11 to Fig.)6 The shift in the  neighbor/fourth-nearest neighbor r(%4n) longitudinal
frequencies of the Cl modes are in good agreement with force-constant changes),=—A®,,(100,200. All of the
Vegard's law'® which predicts a shift of 0.03 cnt using the  other short- and long-range force constants are assumed to
Cl™ Aq4 stress coupling coefficient measured previotfsly remain unperturbed by the defect. We will refer to this as the
and a nominal Br concentration of 0.15 mole %. Finally, (&;,8,) model, which is discussed extensively in Ref. 8. The
although Fig. 11 shows that the shifts of the two relativelyforce-constant change®,,8,) are fit to the measured,,
strong CI' gap modes in this sample are approximately theresonant and gap mode frequencies of 17.3 and 86.2,cm
same size as in an unstrained samipfeFig. 6), no evidence respectively, yielding the values given in the first row of
is observed of the unusually large shift of the weak KI:Cl Table VI. The model then predicts df, resonant mode at
mode at 76.5 cm*: noted in Fig. 6: the strain induced by the 20.5 cm %, in fair agreement with the measured Raman peak
high Br~ concentration in this sample appears to perturb thet 16.1 cm*.>’ In addition, as discussed in the introduction,
“asymmetrical” *°CI~:**K " gap modé& much more strongly the model also predicts nearly degenerate pocket gap modes
than either of the “symmetrical®*Cl~ and®'CI~ gap modes. of different symmetries: am,, (nondegenerajemode at

An attempt was also made to investigate Hyfeld effect 87.2 cml an E, (twofold degenerajemode at 86.0 cm,
on the strong KE-center gap mode at 82.7 ¢h®’ An ex-  and theT, (threefold degeneratenode at 86.2 cm™. The
cimer laser was used to create theenters in a Kl crystal at displacement patterns of these modes are peaked strongly
room temperature prior to the measurement, as describeaivayfrom the defect, on the family of si200) sites®
previously’® and the far-IR spectra following irradiation In Ref. 16 we combined this harmonic model with a
showed arF-center gap mode comparable in strength to thesimple model for the anharmonicity in order to fit nearest-
other Kl gap modes discussed above. However, it was foundeighbor cubic anharmonicities near 290 sites to mea-
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TABLE VI. Theoretical KI:Ag" resonant and gap mode frequencies, and the force-constant changes
(61,6, for the three harmonic defect models considered in the text, compared with experimeKs; Fae
model is the model used in Refs. 1, 7, 8, and 17. Ted,,8;) model adds a relaxation-induced force-
constant change$;=0.65,, to the (5;,5,) model; this is done without adding any free parameters to the
(61,6,) model, as discussed in the text. The QD model adds both the relaxation-induced force-constant
change,5,=0.65,, and a Ag electronic quadrupolar deformability force-constant change to(#gs,)
model. For all three models; and &, are fit to the experimentdl;, resonant and gap mode frequencies. The
additional quadrupolar force constant change present in the QD model is fit to the experigemadbnant
mode frequency. The force-constant changes are given as fractions of the Kl nearest-neighbor longitudinal
overiap(shell-shel) force constantk=18.84 N/m, of the breathing shell model. All frequencies are given in

cm
Model si/k Sk Ti Tiy Eq A
(81,8, —0.563 —0.531 17.3(fit) 86.2 (fit) 20.5 37.3
(61,8,,8) —-0.585 —-0.291 17.3(fit) 86.2 (fit) 26.3 415
QD —0.585 -0.291 17.3(fit) 86.2 (fit) 16.1 (fit) 415
Experimentt 17.3 86.2 16.1 ¢
aSee Ref. 8.

bSee Ref. 7.

°Not observedsee Ref. 7.

sured stress-induced frequency shifts of thg IR-active  main unchanged by the introduction of the defect, this
pocket gap mode. The resulting stress-fit anharmonicitiesnethod applies to th&-field-induced strains as well as to
were unusual, in that they predicted that a stress-inducetiie stress-induced strains. As a result, the pure-crystal
decrease in th¢100-(200) ion separation would cause the E-field-induced ionic displacements can be readily converted
(100-(200) longitudinal force constant tweaken in sharp  to local displacements near the defect.

contrast to the force-constant strengthening expected for the For a dc field applied along the direction, we find that
usual repulsive-dominated model potentials which describ&he resulting displacements are strongly dominated by those
typical alkali-halide nearest-neighbor interactidhsHow-  on the Ag™ impurity and its two nearest-neighbor lons at
ever, the standard alkali-halide potential anharmonicities are
unable to reproduce the measured anomakgysymmetry
stress coupling, which is responsible for our unusual stress-
fit anharmonicities in the first plac8.

The stress-fit anharmonicities amount to a reparametriza- Pure crystal
tion of the pocket-mode stress measurements. In order to displacements
check these anharmonicities, we have developed a theory for Harmonic
the dc E-field-induced frequency shifts analogous to our defect model
stress theory, and we combine it with our stress-fit anharmo- Harmonic (~Eqy ) defect
nicities to predict the pocket-gap-mode st&idield-induced crystal displacements
frequency shifts. These are then compared to the measured
shifts discussed earlier. In our theory, theEdield-induced Cubic
force-constant changes linear in the applied field are deter- anharmonicity
mined from the predictedE-field-induced microscopic
“strains” via cubic anharmonicities. These force constant Force constant
changes are then combined with computed pocket-gap-mode changes A
normalized displacement patterns to calculate the predicted -
field-induced frequency shifts. This procedure for calculating di::)?a':;ar:ﬁ?"g‘t’t‘:fns
the field-induced pocket-gap-mode shifts is outlined in Fig.

13 and is described in greater detail in the Appendix. .

The local “strains” needed are thg-field-induced ionic F’e;r:‘;':gd:g'"s
displacements near the defect. As was the case for the local
stress-induced ionic displacements discussed in Ref. 16,

these field-induced displacements will be strongly affected r|g 13, schematic diagram illustrating the procedure for cal-
by the force-constant changes,,5,) in our model. For the  cyjating the staticE-field-induced mixing for both the KI:Ag
case where the applied forces in the pure and defect crystalycket gap modes and low-frequency resonant modes. Note that the
are identical, Elliot, Krumhansl, and Merré&thave shown defect-crystalE-field-induced displacements and the normalized
how to relate the local microscopic defect-crystal strains tanode-displacement patterns are both determined from the harmonic
their pure-crystal counterparts, using zero-frequency perdefect theory. The anharmonicity is only needed to determine the
turbed harmonic Green’s functions. As long as we assumerce-constant changes produced by the Idedield-induced dis-

that the effective charges coupling the field to the ions replacements in the defect crystal.

[ Applied electric field
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In addition to the cubic-cubic mechanism, the first-order

‘ Applied electric field | field-induced displacements, when coupledjtrrtic anhar-
monicity, also produce force-constant changes quadratic in
Pure crystal E4.. Moreover, the coupling produced by these force-
displacements Harmonic constant changes has the same symmetry properties as the
t defect model cubic-cubic coupling. Hence, these two second-order effects
Harmonic (~Esq) defect cannot be separated on the basis of symmetry arguments.
crystal displacements Unfortunately, the stress calculation only determicebic
b anharmonicities. We will esti.mate the shifts produced by the
anharmonicity guartic anharmonic mechanism using Born-Mayer anharmo-

: nicities whenever these second-order effects cannot be ne-
2" order (~Esy ) defect glected.
crystal displacements

i A. (8,,6,) model pocket-mode shifts and mixing

Force constant We will now apply the quasiharmonic theory outlined
changes A¢ . . :
above to our(é6;,8,) model and predict th&-field-induced

frequency shifts and mixing for the Kl:Ag pocket gap
modes using the nearest-neighbor stress-fit cubic anharmo-
nicities determined in Ref. 16. In that work, we assumed that
the dominant stress-induced force-constant changes arise
from the strong and rapidly varying short-range overlap
forces and, as a result, we restricted our attention to nearest-

FIG. 14. Schematic diagram illustrating the procedure for cal-neighbor cubic anharmonicities. Furthermore, we assumed
culating the stati€-field-induced cubic-cubi&3, frequency shifts ~ that these anharmonicities are derivable from central poten-

for the KI:Ag* gap modes. Note that the anharmonicity is needed tdials, and we make the same assumptions here. Since the
determine both the second-ordeifield-induced displacements and Pocket modes are strongly peaked on the fourth-neighbor
the force-constant changes produced by these displacements. ~ Sites,(=200), (0+20), and(00+2), we will first identify the
cubic anharmonic coefficients needed to calculate the
(ilOO) This is consistent with the Iarge force'ConStantE-ﬁe|d-induced force-constant Changes between (m)
weakening at the defect and nearest-neighbor sites in owjte and its nearest neighbors. As we will show, the set of
(61,8,) model. anharmonic coefficients needed to determine these force-
The first-order defect-crysta-field-induced ionic dis-  constant changes includes the anharmonic coefficients neces-
placements, when combined with cubic anharmonicity, prosary to determine the-field-induced force-constant changes
duce harmonic force-constant changes linear in the appliefetween all of the nearest-neighbor pairs of ions used in the
field. These force-constant changes would not affect an isqyocket-mode field-induced frequency shifts calculation.
latedT,, mode. However, they camixthe nearly degenerate Hence, the anharmonicities between 1200 site and its
Aiq Eg, and Ty, pocket gap modes, producing frequency nearest neighbors are the only independent anharmonicities
shifts and IR activity for modes of all three symmetries. Wewe need to consider for ou#,,5,) model.
treat these force-constant changes as small and perform a |n our pocket-mode stress stutfywe reduced to three the
nearly degenerate perturbation-theory calculation in order tdumber of independent anharmonic coefficients needed to
determine this mixing. Although these force-constantdetermine the pocket-mode stress-induced frequency shifts
changes are linear in the applied field, it turns out that for oupy using various symmetry and model consistency argu-
QD model, which will be discussed later, the predicted mix-ments and, for clarity, we now summarize those arguments.
ing is sufficiently small that force-constant changes produce&ymmetry considerations, together with the central potential
by secondorder(~E§;) E-field-induced strains generate fre- assumption, reduce to nine the number of independent cubic
quency shifts which are comparable to shifts predicted by th@nharmonic coefficients needed to determine the force-
mixing. Our procedure for calculating the force-constantconstant changes between tf@00) site and its nearest
changes produced by these higher-order strains is outlined ifeighbors. Only six of these nine coefficients are needed to

Fig. 14 and is described in more detail in the Appendix. Indetermine the stress arifield induced frequency shifts:
essence, we use the stress-fit cubic anharmonicities, coupled

with calculated first-order defect-crystdt-field-induced A,=d,,,(100,100,20D, A,=®,,(200,200,300,

strains, to determine quadratie-E3.) cubic-anharmonicity

corrections to the first-order strains. We then compute the B,=®,,,(100,100,20p, B,=®,,,200,200,201,
lowest-order force-constant changes produced by tEgse

stralr.ls. Notice that the cubic anharmonlcrty_ is used tW|_ce B3=®,,,(200,200,30D, C,=®,,,(200,200,20L

here: once to calculate the second-order strains, and again to

determine the force-constant changes produced by theSéhese coefficients are appropriate to the zero-field, un-
strains. Hence, we will refer to thE-field-induced force- stressed defect-crystal equilibrium configuration, of course.
constant changes and the resulting mode coupling producesince in our(8;,5,) model only the(000)-(100) and (100-

by these second-order displacements as “cubic-cubic” force¢200 longitudinal force-constant changes are perturbed, we
constant changes and mode coupling. will treat A,, B,, B3, andC, as pure crystal coefficients, as

Normalized gap mode
displacement patterns

Frequency shifts




6088 ROSENBERG, SANDUSKY, CLAYMAN, PAGE, AND SIEVERS 53

we did in the stress pap&This leads taC,=0 andB,=B,. 20

Moreover,B, involves justV'(r) andV"(r), both of which @,

may be obtained from the known nearest-neighbor overlap J \ ,,‘“\
(shell-shell force constants of the breathing shell motfel, 00— =
together with the Coulomb interaction. Knowiry,, this Vol
leaves us with three unknown independent anharmonic pa- -2.0/ ¥
rameters, namelf,, A,, andB,, which were fit to the three i
measured stress-induced coupling coefficiéhtblote that 20

sinceA, andB, are coefficients appropriate to the pure crys- S 1 I

tal, we have at the same time determined the anharmonic 0 A
coefficients necessary to calculate tdield-induced force- g 0-0'—“%7'—";“
constant changes between any two adjacent host ions, other g Vi

than the(100)-(200) family involved in our(8;,8,) model. 2 20 ”,'

Since the pocket modes have such small displacements on \y
the defect and the defect's nearest neighbors, these are the
only anharmonicities we need in addition to the anharmo- (©)
nicities between th€200) site and its nearest neighbors, in I
order to calculate the field-induced pocket-gap-mode shifts.
As was the case with the stress calculafidme found it 0.00; v
necessary to include contributions from other sites besides
the fourth neighbors in our statke-field calculations of the
gap-mode mixing. In particular, for thé5;,5,) model, we -0.15
included contributions from th€100), (200, (300, (400, A
(500), (600), (101), (202), and(302) sites, together with sites Frequency (cm™)
equivalent to these by symmetry. Calculations including ad-
?Atelorg)a:legilsfel gcée_?jgf;(ﬁ)urgggczgr?_?gges %glfpslfn;hir(])elf:/i? in FIG. 15. Experimental Stark-effect difference spectra for the
. . . . 2 Ag* pocket modes, compared with the predictions of the three
cients. This small change in t_he coupl_mg is neghglb.le COM-Jdels. The measured spectrumla=a(E4=87 KV/cm)
pared to the larger uncertainties 13%) in our stress-fit cu-  _ g 0 kv/cm) for EIE,J100], is given by the solid curves.
bic anharmonicities, and we will thus neglect theserne theoretical predictions are given by the dashed curi@s:
a_dd'ltlonal displacements in our calculations. Furthgrmorewl’gz) model, (b) (,,5,,85) model, and(c) QD model. Both the
similar arguments show that we do not need to consider aQ'éllﬁz) and(61152’53) model predictions are an order of magnitude
ditional displacements beyond those listed above in order t@o large. In order to generate the predicted difference spectra, we
determine theE-field-induced mode coupling for any of the assigned a Voigt line shape to each mode predicted by our mixing
other models considered in this paper. calculation, as discussed in the te@tlote that the QD model cal-
As shown in the Appendix, a dg-field applied along the culated frequency shifts of Table X are given directly by the theory,
[100] direction mixes théE,2, T,,x, andA,4 pocket modes.  with no line-shape assumptions needed.
Here T,,x denotes theT,, partner which couples to
x-polarized radiation, anl,2 denotes one of the two degen- Fig. 15, we assigned a Voigt line shape to each of the mixed
erateE, partners. For the stronggst00] applied field in our  modes and subtracted this spectrum from our predicted zero-
experiments, namely 87 kV/icm, we predict three mixedfield spectrum. The Voigt line shape was determined from
modes, at frequencies 84.5, 86.8, and 88.2 tras the field the measured zero-field line shape for the IR-acfivg
is reduced to zero, these become the unpertuthedT,,,  pocket gap mod&!’ For the nonzero field case, we also used
andA;4 pocket modes at 86.0, 86.2 and 87.2 ¢nrespec-  this line shape, but at our predicted frequency and with a
tively. The absorption strengths of these mixed modes for 8&trength obtained by combining the observed zero-field
kV/cm are, relative to that of the zero-fielt,,, pocket gap strength with our predictedelative strength for each IR-
mode,S,=0.38, 0.11, and 0.51, respectively. Thus the origi-active pocket mode. This procedure was followed for each of
nal IR-activeT,, pocket mode loses most of its absorptionthe three model calculations shown in Fig. 15. For our
strength, while the original even-parify,, and E, pocket  (&;,8,) model of Fig. 1%a), the mixing is large and, hence,
modes acquire substanti@}, character and consequent IR second-order effects, such as the cubic-cubic coupling, were
activity. neglected in our calculation of the predicted difference spec-
The measured parallel polarization shift in peak positiontrum. Notice that the predicteds;,s,) model difference
of the T,, pocket gap mode at 1.4 K is shown by the solid spectrum differs dramatically from the measured spectrum.
curve in Fig. 1%a) for the same applied field considered The measured difference spectrum corresponds t-aeld-
above. The other panels of Fig. 15 compare the experimentaiduced frequency shift 0f~0.015 cm®, which is small
difference spectra with the predictions of a#,5,,8;) and  compared to the unperturbed mode linewidEWWHM) of
QD models, which will be discussed in Secs. Ill B and 11l C, ~0.5 cm® In sharp contrast, ou¢s;,5,) model predicts
respectively. The measured spectrum shown in this figurérequency shifts nearly two orders of magnitude larger. Car-
was created by subtracting the IR-absorption spectrum meaying through the stress-fit anharmonicity uncertainties in the
sured with the field off from the spectrum measured with thecalculation does not significantly improve the agreement be-
field on. To compare this result to our model predictions intween theory and experiment. In addition, note that the shape

84 86 88
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of the measured difference spectrum closely resembles the TABLE VII. Predicted harmonic properties for the three defect
derivative of the unperturbed line shape, which is what onenodels discussed in the text, compared with experiment. First col-
would expect when the mode is shifted rigidly in frequencyumn: frequency shifts of th€,,, resonant mode for a defect isotope
by the field with no mixing. In contrast, the three-peak dif- Substitution(**’Ag*—1%Ag™). Second column: shifts of th&,,
ference spectrum predicted by di;,8,) model reflects the Pocket gap mode for a host isotope substitutigi *—*K™).
strong mixing in this model, where both of the even-parity Third column: ratio of the absorption strength of the isotope pocket

pocket modes acquire significait, character and IR activ- 92P mode to that of the unperturbed 86.2 ¢mocket gap mode for
ity ! a 7% natural abundance 8tK*. Fourth column: the absorption

If we use cubic anharmonicities calculated from CoulompSténgth ratio for thef,, gap and resonant modes. None of the
plus Born-Mayer potentials consistently fit to our model’s parameters of these models were adjusted to fit the measurements.

defect-induced harmonic force constant changes and breath-

) : Aw (cm™Y Aw (cm™Y

ing shell model parameterésee Ref. 1§ the predicted

E-field-induced mixing turns out to be over an order of mag-MoOIeI fes. mode gapmode SIS,  SfS
nitude smaller than that predicted using the stress-fit anhars;,s,) —-0.05 —1.46 0.073 1.4
monicities. In Ref. 16, we were able to obtain Born-Mayer-(5,,6,,8;) -0.12 -1.63 0.074 3.0
like nearest-neighbor stress-fit anharmonicitie§.e., QD -0.12 -1.64 0.073 3.0
anharmonicities consistent with a repulsive-dominated pogxpt. —0.14+0.02 -1.7 0.04 3

tentia) using our(é8;,8,) model by weakening ous, force-
constant change beyond its fit value to the measured IR spetReference 2.
tra. However, we were not able to find& force constant PReference 7.
weak enough to do this and also maintain a reasonable fit to
the _measured IR spectra. This suggests _that in orde_r to rég:—0.65,.2° This result has been obtained without adding
oncile our theory for the on-center dynamics of KI:Agith any free parameters to tté,,8,) model.
the measured pocket-gap-mode stressEdiield re;ults, We  Eor this new “relaxation model(s,, &,8), we again fit
should attempt to reproduce these Born-Mayer-like stress—ﬁs and 5, to the measured IR, resonant and gap mode
F i P ; 1 1u

anharmon|0|t|e§ and maintain our agreement with the | requencies. Table VI summarizes the results of these fits. As
spectra by adding other harmonic force-constant changes efore, we find three nearly degenerdte,, E,, and T

. . . , v =g lu
our o_rlgm_al(él,_éz) mod(_al. The question is whether we can ocket gap modes with displacements strongly peaked on the
do this without introducing an unreasonable number of new ¢ e fourth-neighbor sites. The predicglandA, , gap-
parameters and without destroying the successful results ' 19

. ode frequencies are 86.0 and 87.8 ¢mrespectively,
Refs. 8 and 17 and for the pocket-mode isotope effect. which are almost identical to the frequencies predicted by the

(6,,6,) model. The second row of Table VI lists other pre-
dicted harmonic properties for th&,,4,,8;) model, and all

Our (6;,6,) model assumes that defect-induced inwardare seen to be in substantially better agreement with experi-
static relaxation of the silver ion’s six nearest neighbors relament than for the€ 8,;,5,) model, except the predicted pocket
tive to their pure crystal positions produces the force-gap mode isotope strength, which remains essentially un-
constant changé,=—A®,,(100,200. The magnitude of its changed. Despite the improvements shown in Table VIl and
fit value is roughly half the pure Kl nearest-neighbor overlapthe fact that the(6;,6,,8;) model is well motivated physi-
force constantfsee Table V. This large value implies that cally, this model has at least one serious drawback: it pre-
the (100-(200 relaxation is substantial, suggesting thatdicts a Raman-activ&é, symmetry resonant mode at 26.3
(200-(300) relaxation-induced force-constant changes coulccm %, 10 cm ! above the measured frequency and 6 ¢m
also be important. Moreover, &=—A®,,(200,300 force-  above the8;,8,) model prediction, as indicated in Table VI.
constant change would have a strong effect on the pocket- We now turn to the anharmonic predictions of this model.
gap-mode frequencies since the displacement patterns fém the (8;,6,,8;) model, the(200-(300) longitudinal force
these modes are peaked on the fourth-neighbor $i26€). constant is perturbed in addition to tH@00-(100 and
Pagé’ has shown that this force-constant charigad its  (100-(200 longitudinal force constants. In Sec. Il A, we
analogs 5,=—A®,,[(n—1)00n00]) can be determined used the fact that the5;,5,) model only perturbs th€d00)-
without introducingany new parameters, as follows. If we (100 and (100-(200) force constants in order to justify
make the reasonable assumption that the presence of an idoeating just the A;=9,,,(100,100,20p and
electronic defect, such as Agin the unrelaxedcrystal pro- B,=®,,,(100,100,20D cubic anharmonic coefficients as
duces radial forces on just the defect’s six nearest neighborefect-crystal coefficients, and all others as pure crystal co-
and work within a linearized theorfj.e., small relaxations  efficients. For consistency, we now need to treat
we can use the pure crystal harmonic shell model statié\,=®,,,(200,200,30p and B;=®,,,(200,200,309 in ad-
Green’s functions to compute the static displacementsglition to A; andB;, as defect-crystal anharmonicities. This
throughout the latticerelative to those on the defect’s six introduces two new free anharmonic parameters into our
nearest neighbors. These “relative” static relaxations aregquasiharmonic theory. However, we can use the same defect-
largest along the six100 directions. If we combine these induced relative relaxations argument outlined above and
relative relaxations with the assumption of cubic anharmo-used for computing the harmonic force constantn terms
nicity arising from central potentials between adjacent hosbf &6,, to show that A,—A3)=0.6(A;—A;z) and
lattice ions, we can then compute the force-constant changé,—B3;)=0.6(B,—B,), where we have introduced the
&3 uniquely in terms of 8,. For Kl this procedure yields purecrystal anharmonic coefficients;= &,,,(300,300,40D

B. (61.,6,,83) model pocket-mode shifts and mixing
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TABLE VIII. Anharmonic parameters determined from the
KI:Ag™ T, gap mode stress coupling coefficiends, B, and C, C\O\ “ (P /o /O/) o\q 0\ ? f /O/D
measured in Ref. 16, for the three harmonic defect models dis- QNN Q ¢ § » 0 QA A Q ¢ P » 0O
cussed in the text. For comparison, the last row gives the anharmo- o Q_ q Q » 0.0 o O_ Q Q » _0O_o

nicities obtained by fitting a Coulomb plus Born-Mayer potential to
the harmonic parameters of the QD model. The units ar€ 10 O-o-OC B0 -0 O—o-0O-8-0—-—0

dyn/cn?. O I O PO~ o0 O %O~
Model A A B T d O oTCd 4 bNdo
: ’ ! SIdEVSN ST EEY N

(81,892 6+1 —17+3 3+4

(81,85,5) 9+2 —7+1 2.3+2.7 (a) Pure crystal  (b)Defect crystal

QD —0.56+0.37 —-4.2+0.5 2.3:2.7

BM-QD —4.18 —-5.11 0.004 03 FIG. 16. Calculated KI:A§ stress-induced\;; symmetry dis-
placements in th&-y plane for(a) the pure crystal an¢b) the QD

“Reference 16. model. The pure-crystal and defect-crystal strains are plotted to the

same scale. The displacements are linear in the applied stress, and

and B,=®,,,(300,300,40Q In order to derive these rela- the scale was chosen to show the displacement pattern clearly. Since
tions, we have assumed that the dominant relaxation-inducetbne of the calculations of this paper require knowledge of the
change in these cubic anharmonicities is produced by purebsolute equilibrium positions of the ions in the unstressed, zero
crystal quartic anharmonicity arising from nearest-neighbofE-field, defect lattice, the stress-induced displacements shown here
central potentials. Furthermore, we have assumedihand a_mql in Fig. 17 are drawn with respect to the pure host-crystal equi-
B, are pure crystal anharmonicities since 890)-(400 llbrium positions.
harmonic force constants are not perturbed in(#¢6,,5;)
model. Furthermore, point symmetry and the central potendetermined uniquely in terms &%, as described above. As
tial assumption lead to B;=B,=®,,(200,200,201) before, we obtain the force-constant changesnd &, by
=2.0193x 10" dyn/cn?. Using these approximations, we fitting the measured IR resonant and pocket-gap-mode peaks
have again reduced to three the number of free anharmonigt 17.3 and 86.2 citf, and hence we necessarily obtain the
parameters, which can then be fit to the three measuregrevious(é;,6,,8;) model values sincé,, does not affect
pocket-gap-mode stress coefficients, exactly as for th&,, symmetry modes. Having fit two of the three harmonic
(61,6,) model. model parameters, we then adjud}, to reproduce the mea-

The resulting stress-fit anharmonicities for #%,5,,5;) sured 16.1 cm® E4, Raman peak. The results of these fits are
model are listed in Table VIII, and the correspondi®dield-  summarized in Table VI. The QD model still predicts three
induced difference spectrum predicted using these fit anhanearly degeneraté\;y, E;, and T, pocket gap modes,
monicities is given in Fig. 1®). Notice that the(d,,6,,65)  which are virtually identical in frequencies and displacement
model stress-fit anharmonicities given in Table VIII are simi-patterns to the pocket gap modes predicted by #g5,) and
lar to our earlier(d;,8,) model anharmonicities, and hence (8,,5,,8;) models. Moreover, the resulting predicted har-
they suffer from the same shortcomings. More importantlymonic properties of Table VIithird row) are seen to retain
notice that the(d,,6,,6;) model prediction for theE-field-  the markedly improved agreement with experiment of the
induced difference spectrum shows little or no improvements,,8,,8;) model. Hence, by the addition of the sing¥gp
over the(4;,8,) model spectrum—the predicted field-induced force-constant change parameter, we have been able to cor-
frequency shifts for the(6;,6,,8;) model also exceed the rect the only serious drawback of the harmonic predictions of
measured shifts by nearly two orders of magnitude. the (8;,8,,85) model, namely its predictel, resonant mode
frequency, without losing thés;,8,,8;) model’'s improved
agreement with other experimental harmonic results.

The QD model values for the stress-fit anharmonicities

A consistent explanation of the measured stress andre listed in the third row of Table VIII, and we see that they
E-field pocket-gap-mode shifts is obtained by addingare now “normal,” i.e., they are consistent with standard
to the (8,,6,,6;) model a Ag quadrupolar deformability repulsive dominated nearest-neighbor potentialsparticu-
(QD) induced harmonic force-constant changdy,  lar, A is negative. Figures 16 and 17 compare the predicted
=Ad,,(100,-100=2Ad, (100,010, together with QD model and pure-crystal harmonk,, and E2 stress-
symmetry-related terms reflecting ti@, symmetry of the induced displacements, respectively. Inspection of Fi¢h)17
defect, such asA®,,(010,0-10)=2Ad,,(100,001=6yp - reveals that th€100-(200 separation actually increases un-
Quantum mechanically, such force-constant changes arigter anEy, symmetry stress, in contrast with the separation
from virtual s-d electronic transitions and have been argueddecrease exemplified by the pure-crystal displacements
to be important for the Ag ion.?1~?7*1This force-constant shown in Fig. 17a) and the(s,,8,) model displacements
change couples exclusively &, symmetry modes, and thus given in Ref. 16. Notice that no such increase is seen for the
we expect it to have a strong effect upon g symmetry QD modelA;; symmetry strains. Our predictds}; symme-
resonant-mode frequency and stress-induced displacements; stress-induced increase in t&00-(200 separation
which are the quantities we want to change. means that a normal fit value of ti£00)-(200) anharmonic-

Our QD model adds but singlefree harmonic parameter ity (A;<0) produces a weakendd00)-(200) force constant,
to those included in the origindls;,&,) model; &; is still and this weakening partially cancels the stress-induced stiff-

C. QD model pocket-mode shifts and mixing
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O 4O vV o c T 4 v D o The mixing effects predicted for the pocket gap mode by
the QD model are in fact so small that higher-order effects
O o0 60D 20 O o G ¢ D >0 are important, as we have already anticipated. In particular,
O o O o O~ -0 o O v -0 - we find that the QD modekE3. cubic-cubic pocket-gap-
mode frequency shifts are comparable to those obtained from
O-> O B0 -0 O-o- O8O0 -0 the first-orderE-field-induced mixing. In the Appendix, it is
o~ O o QO o O =0 o Q ©» -0 shown that the second-ordErfield-induced displacements,
O~ Q o O 0.0 O Q 9 O 2.0 \(/wzicél;]give rise to the cubic-cubic shifts, are given [igq.
o a Q » O .0 anQqa QO p 0.0
a) Pur 1
( ) ure Crystal (b)DefeCt CryStal gi(n):_zm;kx Gaﬁ(nm)Q)ﬁ%(mlk)f(yl)U)fg\l)(k),
Y
FIG. 17. Calculated KI:A§ stress-induced,2 symmetry dis- ()

placements in tha-y plane for(a) the pure crystal anth) the QD @ ) ) ) )
model. Displacements for only one of the tv, partners are Where thei£,”(m);} appearing on the right-hand side of this
shown, and the pure-crystal and defect-crystal strains are plotted @duation are the defect-crystal first-orderfield-induced
the same scale. The displacements are linear in the applied stresisplacements determined from the harmonic theory and the
and the scale was chosen to show the displacement pattern clearlfs,5(mn)} are zero-frequency harmonic Green’s-function
As for Fig. 16, the stress-induced displacements shown here alements for the defect lattice. Equatigh) formally re-
drawn with respect to the pure host-crystal equilibrium positionssembles a harmonic response problem, with forces deter-
Notice in (b) that the(200)-(100) separation actuallincreasesun-  mined by sums over the products of the first-or&efield-
der stress. When coupled with normal repulsive-dominated anhainduced displacements multiplied by the cubic anharmonic
monicity, this is consistent with the experimental observation of acoefficients. Indeed, as shown in the Appendix, once we
small pocket-gap-modEg-stress coupling coefficient, as discussed have found these “effective forces” using calculated first-
in the text. order displacements and stress-fit cubic anharmonic coeffi-
cients, we can determine the pure-crystal harmonic displace-

ening of other force constants, leading to the sriglstress  ments induced by these forces using pure-crystal zero-

coupling seen experimentally for thig,, pocket gap mode. fr_equency Green's  functions. . These pure—crysta_ll

In contrast, thes;,8,) and(8;,5,,8;) models could only ac- displacements are the? converted into defect-crystal cubic-
1 1 ’ ’ . . 2

count for the necessary stress-induced force-constant weakUbic dlspl_acem_entsf;*_ needed to calculate the defect-

ening by using an unphysical fit valyg,>0) for the cubic crystal cubic-cubic shifts, following the same procedure we

anharmonicity. used to convert pure-crystal first-orderfield-induced dis-

Figure 18 shows th&-field-induced mixing predicted by placements into defect-crystal first-order displacements.
the QD model for 4100] appliedE field of 87 kv/cm. The Note that the determination of the pure-crystal displacements
QD model predicted first-order mixing and frequency shiftsfrom the effective forces is simply a formal procedure used

for these modes are orders of magnitude smaller than for th Simplify our calculation of the defect-crystal displace-
(8,,8,) model. ments. In particular, this approach allows us to easily adapt

the numerical machinery we have developed to solve the
stress problem in Ref. 16 to this cubic-cubic problem, which
Epe =0 Epc =87 kViem has the same symmetry properties as the stress problem.
86.4 The first-orderE-field-induced displacements predicted
x for the QD model are very similar to thé,;,5,) model dis-
placements, in that for both models tkefield-induced dis-
ELE T placements near the defect are an order of magnitude larger
0.96 than the displacements farther out in the lattice. This sug-
- gests that the effective forces which produce the second-
order displacements in the neighborhood of the defect, as
“ described above, will be determined primarily by the large
T oo04 first-order displacements near the defect. Indeed, we find in
our calculations that, for an appli¢d00] E field, the effec-
tive force on thg100) site is nearly two orders of magnitude
larger than the effective forces on the other sites we consid-
ered. In order to determine these effective forces, we as-

FIG. 18. QD model predicted mixing of the nearly degenerate . . L )
Aqg. E42, andT, x pocket gap modes in KI:Afy under an applied sumed nearest-neighbor cubic anharmonicity derivable from

87 kV/cm E4J100] static E field. The S, fractions give the central potentials, as we did in the _first-order calculation.
strengths of th&-polarized absorption relative to the zero-field ab- However, the calculation of the effective force on (1€0
sorption, and the dashed lines connect the zero-field modes with tH#te involves the(000)-(100) longitudinal cubic anharmonic
mixed modes that they evolve into as the field magnitude varie§oefficient A,=®,,,(000,000,100 and our pocket-gap-
from zero to 87 kV/cm. The predicted mixing for thg, symmetry ~ mode stress fits do not determine this cubic anharmonic co-
pocket gap mode at 87.8 crhis an order of magnitude smaller efficient. A similar calculation for the 17.3 cm Ty, reso-
than the mixing shown here for thi, andEy; symmetry modes.  nant mode, whose displacement pattern is strongly peaked

S

o)
o
(M

o)
o
[=)
|
m
™

Frequency (cm1)

85.8



6092 ROSENBERG, SANDUSKY, CLAYMAN, PAGE, AND SIEVERS 53

TABLE IX. Anharmonic parameters determined from the  TABLE X. Measured and QD model predictédfield-induced
KI:Ag™ T,, resonant mode stress coupling coefficiedtsB, and  frequency shifts for thd@ ;,, pocket gap mode. The values in paren-
C, measured in Ref. 3. Stress-fit anharmonicities determined frontheses give the predicted minimum and maximum shifts produced
the three harmonic defect models discussed in the text are gively anharmonic parameters consistent with the uncertainties in the
The values for the anharmonicitids andA; from the pocket-gap- measuredry, gap and resonant mode uniaxial stress coefficients.
mode stress fits are included in the calculation; neglecting these
pocket-mode stress-fit terms changes the stress-fit values listed hefg, Eir Aw/AE? [1078 cm™Y(kVicm)?]
by roughly 10%. The units are ¥bdyn/cnf.

[100] [100] Experiment 1.7€0.09
Model Ao AL B QD model 1.13(0.67/1.67
[100] [010] Experiment —0.93+£0.05
(61,8) 34*15 —95+37 0.14+0.09 QD model —0.42 (—0.28/~0.59
(61,02,69) —4x1 121+79 0.06-0.04 [110]  [110] Experiment 0.080.36
QD —1.4+0.3 —14+23 0.06+0.04 QD model 0.32(0.12/0.54
[110] [110] Experiment 0.26:0.29
QD model 0.39(0.27/0.55

on the defect site, can give us this anharmonicity. The results
of such a calculation are given in Table IX, where we have fit
the anharmonic coefficients A,= ®,,,(000,000,100 predictions given in Figs. 18) and 1%b). The measured and
A,=,,,(100,100,208 andB,=®,,,(000,000,01pto the  computed shifts corresponding to the difference spectra in
measured KI:Ag 17.3 cm ! T, resonant mode stress cou- Fig. 15c) are listed in Table X, along with shifts for other
pling coefficients given in Ref. 3. For comparison, we haveprobe-field geometries. Note that these predictions are given
also reported the results of similar calculations using thalirectly by the theory, with no line-shape assumptions
(6,,6,) and(4,,6,,8;) models. TheA, coefficient used in this needed. The computed shifts are determined from strength-
fit was also used in the pocket-gap-mode stress fit. Compaweighted frequency averages=3,;S;0;/%;S;, as a function
ing the results in Table IX to the pocket-mode stress fitsof appliedE-field strength. Of course, only field-induced IR-
given in Table VIII, we see that, within the uncertainties, theactive modes near the 86.2-cinmode are included in the
QD model is the only model which produces consistent gamverage, since the small contribution to the predicted differ-
and resonant mode stress-fit values Agt ence spectra from these modes strongly overlaps with the
Returning to the cubic-cubic calculation, we were able t086.2-cmi ! contribution. Thus, for example, we included the
calculate the effective forces produced by [100] field  field-induced IR-activeE, gap mode near 86.0 ¢, when
for the (£100), (=200, (=300, (0+10), and(00+1) sites it appears, in our averages, but did not include the field-
by using the resonant and pocket-mode stress-fit anharm@iduced A;; mode at 87.8 cmt. Over the range of field
nicities listed in Tables VIII and IX(For A;, we used the strengths attained in the present study, our predicted QD
pocket-mode stress-fit values of Table VIEEven though the model shifts are found to be quadratic in the field to within
effective forces on the(+200, (=300 sites are much 1%, despite the mixing and in agreement with the experi-
smaller than th€ =100 effective force, we included these mental results. This is not surprising considering that the
forces in our calculation because they are close to the poclcubic-cubic mechanism taken alone gives frequency shifts
ets where the gap modes have large displacements. We inhich are purely quadratic in the field, and the mixing
cluded the(0+10), (00+1) effective forces because they di- mechanism alone gives an approximately quadratic depen-
rectly act upon ions affected by the QD force constant, andlence for sufficiently small fields, such as those considered
we have found these forces to be significant for determinindnere. The uncertainties in the predicted shifts given in Table
the E\;g LE4{100] shifts. X arise from uncertainties in the stress measurements, which
For the samé field considered in Fig. 18, the predicted are propagated through our calculations via the computed
cubic-cubicT;,x mode shift is 0.009 cm, which is compa-  uncertainties in the stress-fit anharmonicities. The predicted
rable to the first-order shift shown in Fig. 18. In comparison,and measured shifts for tHggIIE,J100] probe-field geom-
using quartic anharmonicities estimated from a Coulomtetry are seen to overlap, while the predicted shift for
plus Born-Mayer potential fit to the harmonic parameters ofg g L E4{100] is half the measured shift. The predicted and
the QD model, the second-order quartic anharmonic Starkmeasured shifts fdEy{110] also overlap, but the uncertainty
effect shift predicted for this same field is 0.003 €mThis  in the measured shifts for this field direction precludes strong
is a significant fraction of our cubic-cubic shift, but, since we conclusions. The corresponding shifts for the isotope pocket
do not have better estimates of the quartic anharmonicitiegap mode are given in Table XlI, and we see that the pre-
needed to determine this shift, we are going to omit it fromdicted and measured values for this mode are also in good
our calculations, keeping in mind that this neglected termagreement.
might produce a slight increase in our overall predicted As mentioned above, we neglected the second-order shifts
shifts. produced by quartic anharmonicity. For tiggIIE{100]
Figure 1%c) compares the measurédfield-induced dif-  shifts given in Table X, the estimated quartic anharmonic
ference spectrum to the spectrum predicted by our QD modaedhift is roughly 1/3 of the predicted shift, so including this
using our QD model stress-fit anharmonicities. The calcushift could slightly improve the agreement between the pre-
lated difference spectrum includes both first-order mixingdicted and measured shifts. In contrast, the quartic anhar-
and second-order cubic-cubic shifts. The QD model resultsnonic shift for theE g L E;{100] probe-field geometry is two
are a vast improvement over th&,8,) and(6;,5,,8;) model  orders of magnitude smaller than the shift given in Table X.
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TABLE XI. Measured and QD model predicté&dfield-induced

frequency shifts for the isotope pocket gap mode. The values in 18 '_(a) =7
parentheses give the predicted minimum and maximum shifts pro-
duced by anharmonic parameters consistent with the uncertainties L B
in the measured ;, gap and resonant mode uniaxial stress coeffi- 14 " E | Enl100] 3
cients. - 1
£ [®

Ege Er AW/AE? [1078 cm™Y(kV/cm)?] § B e
[100] [100] Experiment 1.130.10 § %

QD model 1.14(0.79/1.60 g 14 LEgl Eoclﬁo}
[100] [010] Experiment —1.11+0.08 w ©

QD model —0.38 (—0.25/-0.53 18 L i
[110] [110] Experiment —0.25+0.46 i

QD model 0.38(0.27/0.53 _

[110]  [110] Experiment 0.170.20 14 B0} L Epclt10]

QD model 0.38(0.27/0.53 0 100 200

Epc (kV/cm)

Furthermore, there is no m|X|ng_ pr_edlcted for th'$ geometry FIG. 19. Comparison between the QD model predicted and the
and, hence, th& L E4J100] shift is solelya cubic-cubic  eagyred E-field-induced T1,—Eg resonant-mode mixing for
effect. The measured pocket gap mdgjglL EqJ100] shiftis  .ag*. This figure plots the mode frequencies as a function of
very unusual in that no other gap or resonant mode has ev@pplied field for (8) ERIE.{100l, (b) ERIE.{110], and (c)
been reported with a frequency shift for this probe field ge [110]L E,{110]. The symbols give the frequencies measured in
ometry. If we set our quadrupolar force constant change t®ef. 5, while the solid curves are the QD model predictions and the
zero when determining the cubic-cubic displacements fromiiashed curves encompass the range of predicted shifts consistent
the effective forces, we find that the resultiBg LE4{100]  with the uncertainties in the stress-fit anharmonicities. No shifts are
shift is a factor of 4 smaller than the shift predicted with thepredicted or measured for ttigg[001]L E4{110] field-probe geom-
silver ion QD force-constant change included. Hence, we seetry. The higher frequency mode in these figures becomes the IR-
that the silver ion QD also plays an essential role in producactive T, resonant mode at zero field, and the lower frequency
ing this unusuakE,r L E4J100] field-induced shift. mode becomes thE, resonant mode, which is field-induced IR-
active for nonzero fields due to mixing with tfig, mode.

D. Resonant mode electric-field-induced shifts and mixing the experimental linewidth, the smallness of the shifts, and
the mode mixing produced by the applied field. The applica-
tion of the static field mixes th&, ,x andE,2 modes, so that
the Eg2 mode acquires somg; x character and becomes
field-induced IR active. This is shown in Fig. @), which
; X IStots the predicted IR strengths for the mixed modes as a
dict the T,, and E4 low-frequencyresonantmodeE-field-  fnction of dc field strength. As the magnitude of the dc field
induced mixing. In Flg: ;9, the results of th|§ calculation arejncreases, the E,2” mode (named for its symmetry at zero
compared with the mixing measured by Kirby.The pre-  applied field is seen to gain strength from thd &,x” mode,
dicted and measured shifts are found to be in excellent agregue to the mixing. Because of the relatively large experimen-
ment for all four defect/probe geometries considered byal pocket-mode linewidth0.5 cm FWHM), the mixing
Kirby. It is worth noting that the measured 17.3-chmode  and frequency separation of the two modes for the applied
frequency shifts forEglIE4{100] are consistently slightly field strengths used in our experiments are sufficiently small
smaller than the predicted shifts. This might indicate that theéhat the mixing effects and mode shifts are not separately
T,, mode is being mixed with another mode to produce oneesolvable. This is clearly shown in Fig. &5 For such a
of the weakE-field-induced IR-active modes seen by Kirby small-mixing case, it is appropriate to use a strength-
at frequencies above 20 c¢rh However, the slight disagree- Weighted frequency average in order to compare the pre-
ment between theory and experiment seen in Figa)li§ too  dicted frequency shifts to the experimental shifts. Doing this
small to draw any conclusions on this point. brlngsf the pred_lcted shlfts_ into better agreement Wlth the
It is instructive to extend our predictions for the gap-mode€XpPerimental shifts shown in Fig. @&). At the largest fields
mixing beyond the maximum field strengths attained hereShown in Fig. 20, the F’V‘Ed"j‘aﬁlux_Eﬁ2 mixing INCréases
The solid and dashed curves in Fig(20show the predicted dramatically. For example, &;:=500 kV/cm, the theoreti-
frequencies for thel;,x and E;2 pocket gap modes as a cal E;2 mode strength is nearly one third of th,x

function of the dc field strength for aglIEJ100] geom- strength. Our QD model predicts that for such large fields,

etry. For comparison, the experimentally measured IR frelN€ field-induced IR-active E42” mode should be readily

guencies for the pocket gap mode are included as square%t.’servable'
Notice that the experimental points lie very slightly below

the predictedT,,x frequencies. However, as discussed in

Sec. lll C and just below, the predictdd x frequency shifts It is interesting to compare the-field-induced frequency
alone do not determine the observable frequencies, owing tehifts of the gap modes, presented in this paper, with the

Using the resonant mode stress-fit QD anharmonichigs
andBy given in Table IX(again takingA; from Table VIII),
together with our calculated first-ordeE-field-induced

IV. DISCUSSION
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86.8 The Stark effect observed in the course of this work for
(a) the KI:Ag* pocket-gap modes is unusual in additional re-
86.4 / spects. First, Ag appears to be the only substitutional cation
defect whose gap modes shoany measurableE-field-
induced shifts. Second, even though small, the KFAg
IR LT EEEEE pocket-gap-modeE-field-induced shifts are significantly
larger than any othe-field effect measured for gap modes
due to other impurities, such as those due to substitutional
(b) anion defects, e.g., Cland Br in Kl. Finally, the shifts of
the Ag™ pocket-gap modes foEgzLE.J100] are fairly
unique in that only one of the previously measured resonant
modes, due to KBr:Lfi, showedany E-field effect in this
polarization?® even those other gap modes which were found
————————— to have small shifts folEgIIE4{100] in the course of this
0.0]--=- : work (e.g., CI') show no effect for EgL E4{100], qualita-
0 250 500 tively similar to the case of the resonant modes.
Field (kV/cm) Although very small at the maximum fields sustainable in
the present apparatus, intriguing effects were found for both

FIG. 20. Predicted frequenciéa) and relative strengthé) for ~ the CI' and Br- gap modes in KI. For Cl, it is surprising
T1.x andEg 2 pocket gap modes in KI:Ag as a function of the dc (1) that the two stronger gap modes due to the two naturally
field strength for arE glIE4{100] probeffield geometry. For com- OCCUITING CI' isotopes have such dlﬁergﬁ-fleld-ln_duced
parison the measured pocket-mode frequencies are given by tiifts, and(2) that the weak mode identified previously as
squares in panekb). The curves in pandb) give the predicted IR ~ arising from a perturbation of the strong isotopically split
strengths relative to the zero-field x strength. In both panels the doublet by the presence of hd8k™ isotopes has a much
solid curves are for th&,,x mode, while the dashed curves are for largerE-field-induced shift than the unperturbed doublet due
theE42 mode. Theb) panel shows clearly how ;2 mode gains  to the two CI' isotopes only. It is unfortunate that this mode
strength with increasing applied field as this mode acquires partids so weak that itsE-field effect is difficult to measure in
Ty, character, as discussed in the text. Notice that the range cdamples with only natural abundances of the varioiisakd
applied field strength in this figure extends well beyond that of theC|™ isotopes; similar experiments on Kl:Clsamples with
highestE field used in our experiments. At these high fields, theisotopica”y pure CI might serve to clarify the situation. For
E42 pocket gap mode is predicted to acquire sufficient IR strengtlgr~ the two members of what appeared originally to be a
that it should be separately observable in the spectra. This is unlikgimple isotopically split doubletdue to the two naturally
the case for _the sr_naller fields used here, whereTthg and E42 occurring B isotope$ also behave “anomalously” under
modes remain sufficiently close that they are not separately resol\é—m applied dcE field, suggesting that these modes may, in
able Wlthlpl'[he relatively large _experlm'enFaI pocket-mode I|n_eW|dthfact, involve another defect, which would be consistent with
(~0.5 cm = FWHM). The applied static field should also mix the yno 1o ahsorption strength per impurity compared to other

Axq Pocket gap mode with the,,x andEq2 modes, but even for o iv ional defect systems and also with the fact that the
the highest field shown above, this mixing produces a field-induce . P ; . . . e
wo lines shift in opposite directions with appliédfield.

IR-activeA,, mode having only a 2% strength relative to that of the
10 g ony > g As noted, the QD model results for Kl:Agare a vast

iznecrl(l)Jélee(ljdi;ll'ltﬁsr;i}gSreé.Accordlngly, theA,; mode has not been improvement over thé3,,8,) and (8,,5,.5) m_odel predi_c-
tions. Not only is the QD model able to provide a consistent
E-field-induced shifts measured previously for resonangexplanation for the pocket-gap-mode stress Briteld mea-
modes: the frequency shifts of the Kl:Agand KI:CI” gap  surements, but it also predicts a laigdield-induced mixing
modes are at least two orders of magnitude smaller than th&r the T,, and E; resonant modes, in excellent agreement
of the T,, resonant modes of KI:Ag (Ref. 5 and of with the experimental results. Thus, the QD model has
Nal:CI~,%° for the same applied field. Previously, some resopassed a stringent test by providing a consistent explanation
nant mode systems, such as NaCl‘Cand KBr:Li*, were for these dramatically different gap and resonant mode
also found to exhibit very smalE-field effects, perhaps E-field-induced shifts, together with the unusual gap-mode
within an order of magnitude of the gap-mode results; howstress shifts reported previousfNote thatnoneof the pa-
ever, those measurements were not accurate enough to peameters used in the QD model were adjusted to produce this
mit a detailed comparison with the gap mddén addition, agreement. The harmonic parameters were all fit to the mea-
the gap modes of Csand RE" in KI show noE-field shiftat  sured zero-field, zero-stress IR-absorption and Raman-
all within our experimental precision. In contrast, the scattering spectra, while the anharmonic parameters were fit
uniaxial stress coupling coefficients are comparable for botisolely to the stress data. The QD model also significantly
the gap and resonant modes of the same sy&iéiote that  improves upon most of the originéb,,8,) model harmonic
from a purely experimental point of view, for the gap modespredictions; those properties which are not improved remain
studied in this work the frequency shifts at the maximumthe same. Finally, the QD model provides a natural explana-
sustainable d€ field are 1-2 orders of magnitude smaller tion for the unusual KI:Ag gap-mode stress behavior in
than the shifts measured at the maximum sustainableerms of unusuak, symmetry strains, rather than anomalous
uniaxial stres$® this comparison points out the different lev- host-ion nearest-neighbor cubic anharmonicities. A full sum-
els of difficulty associated with these two experiments. mary of the experimental data and the agreement and dis-
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o
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©
-
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agreement obtained for the three different models is preence of strong anharmonicity. We were looking for behavior
sented in Table XllI; the first 11 items compare the low-which could not be explained by a standard quasiharmonic
temperature experimental results with the harmoniaddefect model, which treats the anharmonicity as a perturba-
approximation, while items 12—-17 include anharmonic con+ion. Indeed, given that measurements for several of the on-
tributions. center configuration anharmonic properties are very unusual,
We should mention that, besides th#,5,,0;) and QD sych as the measured pocket-gap-mode stressEafild-
models, we have also considered a QD model with®ut  jnqyced frequency shifts, it was not obvioaspriori that a
This model also predicted pocket-gap mdekéield-induced gy ccessful quasiharmonic model could be constructed for the
shifts that dlffereij dramatically from the_measured shifts.on_center dynamics. However, the QD model has been
Thus both the Ag™ quadrupolar deformability and the ex- gnoyn here to account naturally for these unusual anhar-

tended relaxation-induced force-constant chadgere es- ;e properties within a quasiharmonic framework that

sential features of our model. Models that also failed badIny?Ses normal anharmonicities and the unusEilsymmetry

included those employing other force-constant changes, SUCH ccs-induced strains near #200) family of pockets pre-

as iodine-iodine second-neighbor longitudiné00-(010) X . mily f P
dicted by our harmonic model. Besides the”AQD force-

transverse(100-(110) transverse, and three-body van der e L

Waals interaction& Most of these alternative models repro- cOnstant change, the model also includes relaxation-induced

duced neither the position of the low-frequeriey resonant force-constant changes,) beyond those already contained

mode nor the unusuaE, symmetry strains necessary to in the original(8;,8,) model; nevertheless, these.relaxatlon-

bring the pocket-gap-mode stress aBdield results into induced force-constant changes are computed without the ad-

agreement, without giving up the fit to the measured IR-dition of any harmonic parameters beyond those already con-

resonant and gap-mode frequencies. Those models wifigined in the model, namely, &, and éyp.

force-constant changes which came close to reproducing the The QD force-constant chang#,, corresponds physi-

pocket-gap-mode stress afdfield results without ruining cally to vibrationally induced deformations of the Aglec-

the IR fit had other serious drawbacks, such as additionatronic charge cloud, of quadrupolar symmetry. As noted ear-

unobserved absorption peaks in their predicted IR spectrdier, 6yp arises quantum mechanically from virtuatd

The successes of our QD model and the failures of theselectronic transitions, and it couples exclusively to perturbed

alternatives demonstrate that the silver ion possesses a sigrodes ofe, symmetry. Thus both the 16.1 éﬁwEg resonant

nificant electronic quadrupolar deformability in the KI:Ag  mode and théE, stress-induced static displacements, which

system and that this deformability plays an essential dynamiyere not well described in our previous models, are strongly

cal role. affected bydyp . This is the key element of the QD model's
The simultaneous presence of the pocket-gap modes, witk),ccess.

displacements patterns peaked away from the defect, and the The QD model not only provides a consistent explanation

low-frequency resonant modes, with displacements peaked gi, i hocket-mode stress aRefield measurements, but, as

the defect and its nearest neighbors, has allowed us to det§fiicateq in Table XII, it also reproduces many of the other

mine the anharmonicity between host ions in the lattice a%¥n-center configuration measurements as well; as a result 25

well as between t_he defect and Its nearest F‘e'ghbors- T*."?.h feces of experimental data are described with eight theoreti-
been done by fitting nearest-neighbor cubic anharmonicitie

to measured uniaxial stress-induced frequency shifts angal parameters, within experimental errors. However, there
these have led to predictdeHield shifts in accord with ex- fe a few exceptiongsee Table XII: the pocket-gap-mode/

. o ) isotope-gap-mode relative strengthem 6), the absolute
periment. The anharmonicity results for our QD model, listed .
in Tables VIII and IX, are qualitatively comparable to the strength of the pocket gap modéem 8, the absolute

Born-Mayer values listed in the fourth row of Table VIII. strength of the impurity-induced,, spectrum(item 9, the

. fine structure in the acoustic spectrditem 10, one of the
Hence, we have found no evidence of anomalously stron pectru 9

T ) o ; ocket-gap-modde-field measurementétem 14, and one
anharmonicity in this system. Of course, it is essential t gap 4 9,

of the isotope pocket-gap-modefield measurementsStem

consider t.he rat|o.of anharmonic to harmonic terms in orde 5). Nevertheless, the fits are remarkably good considering
to determine the importance of the anharmonic effects, an

our QD model predicts substantial harmonic softening for at several alternative models do not come even remotely
P 9 19056 to reproducing these results. In particular, none of the

i . . ;
the KI-Ag"™ on-center system. This SO“e’?'.”g might enr_lancealternative models could consistently account for both the
the relative importance of the anharmonicity for the KIZAg

. . unusual pocket-gap-mode stress aBefield-induced fre-
dynamlc_:s beyond t.hfa.t suggested by the magnitude of th8uency shifts without seriously compromising their fits to the
stress-fit anharmonicities.

low-temperature IR and Raman spectra. In fact, using
pocket-mode stress anharmonicities, most of the alternative
models predict pocket-gap-modefield-induced shifts two

orders of magnitude larger than the observed shifts. The suc-

This study originally was an attempt to learn more aboutcess of our QD model, combined with the dramatic failures

the anomalous thermally driven Kl:Agon-center to off- of these alternative models, convincingly demonstrates that
center transformation by modeling the low-temperature, onthe QD model correctly describes the on-center dynamics of
center dynamics. In particular, we were interested in reconkl:Ag*. The model's success, then, actually deepens the
ciling the fact that the KI:Ag on-center dynamics appear to mystery surrounding the anomalous on/off center thermal in-
be well described by a perturbed harmonic model, whereastability by showing that this system&=0 K on-center dy-

the system’s observed thermal instability suggests the presaamics are well described by a quasiharmonic model, albeit

V. CONCLUSIONS
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TABLE XIl. Comparison of the KI:Ag on-center experimental results with calculated results based on perturbed shell r@daks.
two-harmonic-parametdp; ,5,) model;(b) the two-harmonic-parametéd; ,8,,5;) model, andc) the three-harmonic-parameter QD model.

Experimental resultéRef)

SM results

1. T4, resonant and gap mode fregs.
(17.3 cm?, 86.2 cmiY) (Refs. 1 and 5

2. E4 resonant mode
(16.1 cmY) (Refs. 5 and ¥

3.  RelativeTy, gap/resonant mode
strengthg ~3) (Refs. 5-7

4.  Resonant mode isotope frequency
shift (—=0.14+0.03 (Ref. 2

5.  Gap mode isotope frequency shift
(—=1.7 (Ref. 19

6. Relative gap mode isotope strength
(0.09 (Refs. 8 and 1y

7. A4 resonant mode
not observedRefs. 5 and ¥

8.  AbsoluteT,, gap mode
strength(theory/experiment(Ref. 6
(Ag+/Ag concentration ratio in
the crystal is not knowi.

9.  Strength of the broad acoustic
T4, absorption spectrurtRef. 8

10. Weak absorption peaks at 30,
44, 55.8, and 63.6 cnt (Refs. 5, 6, and B

11. A4 andEg gap modes not
observed in RamatRef. 7)

@

Harmonic approx.

Fit to 2-param.
(61,6,) model
Fair agreement
(20.5 cm'Y)
Fair agreement
1.9
Poor agreement
(=0.05
Good agreement
(—1.46
Fair agreement
(0.073
A,4 resonant mode
(37.3cm?Y
Poor agreement

(M
Poor agreement
Poor agreement
PredictsA,4 andEg
pocket modes with

negligible Raman
strengths.

(b)

Harmonic approx.

Fit to 2-param.
(61,6,,63) model
Poor agreement
(26.3 cm'})
Good agreement
(3.0
Good agreement
(=0.12
Good agreement
(=163
Fair agreement
(0.079
Ay4 resonant mode
(41.5 cm'Y)
Poor agreement
(10)

Poor agreement
Poor agreement

Same

©
Harmonic approx.
6,=—Ad,,(000,100
8,=—Ad,,(100,200

Sop=AD,,(100,~100

=2Ad,,(100,010

Fit in 3-param.
QD model
Fit in 3-param.
QD model
Good agreement
(3.0
Good agreement
(=0.12
Good agreement
(—1.69
Fair agreement
(0.073
A;4 resonant mode
(41.5 cm'Y)
Poor agreement
(10

Poor agreement
Poor agreement

Same

(87.2cmt, 86.0 cm'Y)

Stress and electric field dependence
Anharmonic QD model

Ag=D,,,(000,000,109
A;=D,,,(100,100,209
A, =D,,,(200,200,30D
Bo=P,,(000,000,01D
B;=,,,(100,100,200

12. T4, pocket gap mode and

resonant mode stress effd&efs. 3 and 16
13. Isotope pocket mode stress efféRef. 16
14. Pocket-gap-mode Stark effect

Five parameter fit to the
Anharmonic QD model
Good agreement

Data agree with predictions
of the QD model using
stress-fit anharmonicities
(with no additional
parameters
Good agreement
Excellent agreement
Outside of the model

15. Isotope pocket-mode Stark effect
16. Stark effect foiTy, andE4 resonant modegRef. 5
17. Large gap mode linewidth in comparison

to other gap mode systems

(0.5 cmi 1-0.14 cm'?Y) (Ref. 16
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TABLE XII. (Continued.

Experimental result§Ref.) SM results

Temperature dependence
Observationgwith increasing temperature Temperature-dependent properties
are outside the framework of the
anharmonic QD model

18. Disappearance of thg, andE4 resonant
andT,, pocket-mode strengthi®Refs. 6, 7, and 1)1

19. Weak broad IR gap mod&8.6 cn'Y)
appears and then levels dfkef. 6

20. Raman resonant moda ;+ E,) (12.2 cm )
appears and then disappeéRef. 7)

21. Temperature-dependent pocket gap mode

A andB stress coefficientéRef. 16

a model which has revealed some fascinating unexpectetenter configuration and for the silver halides.
behavior. The above discussion highlights an important component
Table XII also lists experimental effects that are outsideof our combined detailed theoretical-experimental study. By
the framework of theT=0 K quasiharmonic moddiitems  means of a large number of experime(i®, Raman, dielec-
18-21). A possibility raised by our results is that the on- tric response, isotope, uniaxial stress, sthtifield), and be-
center to off-center transformation might be related to thecause of the complementary aspects of the low-frequency
Ag" QD, which has been suggestétb play a role in deter- resonant modes and pocket gap modes in Ki:Aghich
mining the observed Ag off-center configuration in the ru- have allowed us to probe in great detail the anharmonicity
bidium halides®**3~*8|t remains to be seen whether the har- bothat the defect and in the host lattice near th@0) family
monic force-constant weakening, the A@QD or, possibly, a  of sites, we have been able to establish that thé QD
combination of both effects, plays an important role in theplays an essential role in the Kl:Agdynamics. This in turn
KI:Ag ™ on-center to off-center transformation. strongly supports the earlier suggestions that thé Atpc-
Electronic quadrupolar deformability has also been protronic quadrupolar deformability is an important general fea-
posed as an explanation for several of the unusual propertigsre in the dynamics of other host-silver systems and of sil-
of silver halides?*?*254}|n particular, calculations suggest ver halides.
that the Ag” QD is primarily responsible for the high mobil-
ity seen for the silver ion in AgCl and AgBf:?” Moreover, ACKNOWLEDGMENTS
the Ag" QD could also be responsible for the superionic ] .
conductivity seen in Agf® However, these suggestions have ~ The help of C. E. Mungan with the data analysis software
been vigorously debated, and several alternate mechanisrifsgratefully acknowledged. The work by A.R., B.P.C., and
have been proposed. For instance, a three-body van dérJ.S is supported by NSF-DMR-9312381 and ARO-
Waals interaction has been suggested to account for phondAAL03-92-G-0369. B.P.C. received additional support
properties and strong Cauchy relation violations in AgCl and’om NSERC of Canada. In addition, this research made use
AgBr, previously attributed to the AgQD.*? In addition, all  of the MRL Facilities supported by the National Science
of these calculations include many assumptions about thEoundation under Grant No. DMR-9121654. The work by
nature of interatomic potentials unrelated to the'AQD.  K-W.S. and J.B.P. is supported by NSF-DMR-9014729 and
Given the uncertainties associated with these auxiliary adNSF-DMR-9510182. J.B.P. gratefully acknowledges the sup-
sumptions, the status of the AQD as an important effectin POrt of the Alexander von Humboldt Foundation and the In-
these earlier studies is far from clear. stitute for Theoretical Physics at the University of Regens-
To compare our QD results with these earlier studies, wdurg, Germany during a portion of this work. K.W.S. thanks
note that the value of our QD force-constant chadgg for the Achieve_ments Rewards f(_)r College Scientists for partial
KI:Ag*, reexpressed in terms of the AgQD parameter Support during a portion of this work.
SEg used in Refs. 21-23 and 41,&9225@3: 2280 dyn/
cm. This is within the range of values determined from APPENDIX: ELECTRIC-FIELD SHIFT THEORY

quantkjlm-mechgnlcal estimates of the+A@D for AgCl and In the main text, we gave a qualitative outline of how we
AgBr,™ or obtained from phenomenological shell model fits o ytended our harmonic defect model in order to describe the
to the phonon spectra of these same crystafS; these vall— dc E-field-induced frequency shifts for the pocket-gap
ues vary fromSg =542 dyn/cm(Ref. 22 to 2580 dynienf! 1 odes. Here we present a more detailed discussion. Addi-
depending upon the additional assumptions that were madtbonal details for the theoretical calculations of this paper are
in the various models. A more quantitative comparison isgiven in Ref. 49.

unwarranted, because the A@QD force-constant change  In the presence of external forces, the equation of motion
should depend on the strength of the overlap interaction befor N ions interacting via harmonic forces is

tween the Ag defect and its nearest-neighbor halide i6hs,

which is quite different for the nearly unstable KI:Agn- MU = —®u+Fg, (A1)
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whereu={u,(l)} is the AN-dimensional vector containing ization vectork is the wave vector, anR(Ib) is the equi-
the ion displacements from their equilibrium positions, librium position for the (b) ion. The preceding equation is
®={®,4(Im)} is the harmonic force-constant matrix, then

M={M,é,zt is the diagonal mass matrix, and

Fexi={(Fex) (1)} contains external forces acting upon each of _ NNy a2

the ions. Here),m=1,...N label the ion sites, whilev,3 GO(O)_kEj x(kDx (ki wig, (A6)
=X,Y,z denote Cartesian components.

Our adaptation of the method of Ref. 39 to determine th
defect-crystal response to an exterdield exploits the fact . ;
that for a given applied field, thexternalforces acting upon modes determined by thg breathing shell model.
the defect and pure crystal are identical. This will be the case B_efore We can deFermlne the defect-crystal response to an
provided we assume that the effective charges couplingthe appliedE field, we f'r.St _need to know th_e pure-crystal re-
field to the ions remain unchanged by the introduction of theE’onse' In the static limit, we can determine the pure-crystal

eand a given Green's-function elemei@,,z(l,m), can be
calculated by directly summing over the pure-crystal normal

defect. The first-order field-induced static displacements fo armonic responsg“-gl), to an externak field by mult!plymg ,
the defect crystalg”, can thus be related to the pure-crystal a. (’.A‘l) on the Ieft_by the zero-frequency harmonic Green's
field-induced displacement&’, by solving Eq(A1) for the  tunction, Go(O), which yields the expression
external forces and equating the resulting pure-crystal and 1)_
defect-crystal expressions to yield £'=Go(0)Fext (A7)
Experimentally, one studies a crystal section inserted be-
[Po+C(0) ]V =y, (A2)  tween two capacitor plates. In contrast, the shell model used
in this paper is for an infinite crystal, with periodic boundary
conditions. An apparent difference between the model and
the experimental situation is the presence of polarization
charges on the surface of the Kl:Aglielectric. In our shell
model, the external forces occurring in E@\7) are those
produced solely by chargescternalto the crystal, with the
[14+Go(0)C(0)]&V =&V (A3)  effects due to all of the internal charges included via the
Green’s function. The presence of the surface polarization
This can be partitioned into two equations involving quanti-charges in the experimental situation raises the question of
ties inside and outside the defect space, defined by the sit@hether we should treat the polarization charges as external
associated with nonzero elements@fThe resulting equa- charges when computing the field-induced displacements.
tions are However, it is a simple exercise in electrostatics to show
_ that, for both the infinite crystal and the experimental finite
EY=(1,+GoCy) &7, (Ad)  glab itudi ' ic fi
geometry, the longitudinal static macroscopic field due
and to internal sources is given k= —4xP', whereP' is the
longitudinal polarization. These are the appropriate quanti-
M= —Gor/C &V + &R, (A5) ties to compare because, as discussed in more detail below,

. o the statick field is longitudinal in character. Hence for lon-
where thel andR subscripts refer to components inside andgiyinal statice fields, our infinite-lattice shell model cor-

outside the defect space, respectively. If the defect space f%sponds to the finite slab geometry of the experiment, with

small, which is usually the case for isoelectronic defects, ongq grface polarization corrections needed. As a result, when
can readily solve EqA4) to determine the defect-space ion calculating the external forcds,,; occurring in Eq(A7), we

displacements in terms of the pure-crystal field-induced dispeeq 16 include only the field due to external sources, i.e., the
placements and the defect-space zero-frequency Gree

i . k rb'f’larges on the plates. Note that in the main body of the
function elements. Equatigi\5) then determines the defect- paper,E,. always refers to the applied field determined by

crystal fieId—induqed displacements outside the defect SPacfividing the voltage difference measured across the metal
Due to the localized nature of the pocket gap modes, Weaias hy the plate separation. A standard electrostatic calcu-
need only a limited number of field-induced displacementyation shows that the externd field due to the charges on
outside the defect space to determinehield-induced fre- 4 o plates is related to the applied field By=Eg/e,

. X ]
quency shifts. wheree, is the pure-crystal dielectric constant.

In order to determine the Greer!’s-functi()'n elements it ye jons within the pure crystal were truly rigid, the
needed for Eqs(A4) and (A5), the static Green’s function external force would be given by the equation

can be rewritten as

where the perturbing matrixC(w?)=A®—w?AM is evalu-
ated at zero frequency, sinég’ and £5 are static displace-
ments. Multiplying this equation on the left by the unper-
turbed crystal zero-frequency Green’s functi®g(0)=®,*,
yields the equation

Fext= ZEext (A8)

Go(O)ZZ x(F)X(F ) wf, whereE . ={(Eex).(1)} is a 3N-dimensional vector describ-
ing the externak field acting on each of the ions, addis a
where x(f ) is the normal mode displacement pattern fordiagonal matrix containing ionic chargesZ,s(Im)
mode f normalized according tq(f )Mox(f )=1. For the = =*q6,z6,n. Hereq is the ionic charge and the(—) sign
pure crystal, the normal modes are conveniently taken agenotes a catiofanion site. However, the ions aret rigid,
complex plane wavesy,(Iblkj)=e,(blkj)exd —ik-R(Ib)],  and the electronic response to the extefdleld produces
wherej denotes the polarization branda,(b|kj) is a polar- internal forces which modify this rigid-ion expression. The
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electronic response can be included in E8) by replacing freedom. For clarity, we are not explicitly discussing this
the chargeq, appearing there by #&ngitudinal effective  additional degree of freedom here, although it has been in-
charge,q’,'® so-called because the applied stdfidield is  cluded in our calculations.

longitudinal in charactefsee the discussion following Eq. Comparing Eq(A12) with Eq. (A8), we see that the ma-
(Al14) below]. We calculated the value of this effective trix containing the longitudinal effective charges coupling
charge in two different ways, finding agreement to withinthe ion(core displacements to thE field is given by

2%. First, we determined the effective charge fraction

Z,=q'/e via the phenomenological expression Z = —(I)cstl);SlYJrX. (A13)
€0— €| Y2 uVy\1? The periodic symmetry of the pure crystal reduces the
Z = o€ Anel| Lo (A9) 6N X 6N. normal mode problem to a5 problem for each

of the N, phonon wave vectors, whei¢, is the number of
obtained on p. 66 of Ref. 15. In this equatienande,, are  unit cells. Hence, the above longitudinal effective charges
the static and high-frequency dielectric constants, respeare readily determined from the Kl breathing shell-model
tively, o ¢ is the longitudinal optic-mode frequency, is  matrices ford, @, Y, andX. In this way we find that Eq.
the unit-cell volume, angk is the reduced mass for the ions (A13) predicts the magnitude of the longitudinal effective
in a unit cell. All of these quantities are for the host crystal,charge to be

and when we substitute the values used in computing the Kl

breathing shell-model phonofisve obtainZ, =0.4081. This Z, =0.4033,

value differs markedly from the total ionic charge=0.% in
the Kl breathing shell model. Accordingly, it is now clarify-
ing to replace the phenomenological expresdiaf) by a
fully microscopic shell-model expression.

which differs by less than 2% from our earlier phenomeno-
logical result of Eq.(A9). For consistency, we used the
above result of our shell-model longitudinal effective-charge

The shell model used to determine the pure Kl phonongalcm.at'on in all of the calculatlolns of this paper.
includes the electronic degrees of freedom explicitly. Each USiNg the expression fdB(0) given by Eq.(A6), we can
ion is described by a “core,” consisting of the nucleus plus"€Write Ed.(A7) as
the ion’s tightly boundunpolarizabl¢ electrons, attached via
an isotropic harmonic spring to a massless spherical shell, &V=2 /[X(kj)XT(kj)/wij]ZEextv (A14)
which describes the ion’s polarizable electrons. The cores ki

and shells of different ions then interact via short-range OVery 1 ere the sum excludes the thiee=0 uniform translational

lr?r)] Zaé:rgﬁ::)l(r:nlrf)ofr(;:r?:sesar']rc:]efhsier;lirr;rznrlr?agsalretsgfir:h;é::okr)gg-me()des which do not contribute to the crystal response. Since
9 : e static field is uniform throughout the crystal, only the

with the Born-Oppenhemer approximation, so that their "Ny —0 modes give a nonzero contribution to the scalar product
stantaneous equilibrium positions are determined by the in-

stantaneous core positions plus any external forces that a'r%] Eqg. (Al4). We have three uniform translational modes,
present. For an applied staficfield, the core and shell equa- one longitudinal optidL.O) mode and two transverse optic

fions may be written as (TO) modes, all withk=0. As mentioned above, the transla-
y tional modes clearly do not contribute to Eé14), which

XE oxi= Pecdopct Posbors, (A10) leaves only the TO and LO modes as possible contributors.
In the electrostatic approximation used to determine the un-
YE o= Pscfopc+ Psors. (A11) perturbed crystal modes, tlke=0 TO and LO displacement

] ) patterns are identical; hence, at first sight it appears that both
where the subscripts z_inds denote core and s_h_ell displace- of these modes might contribute equally to E&14). How-
ments,X and Y are diagonal matrices containing the coreeyer, the situation changes when we consider the limiting
and shell charges, respectively, @ is the applied exter- case of a small, but nonzeko A static field slowly varying
nal field. The sumX+Y for each ion gives the ion’s total j, space only hak’s aligned parallel to the field direction:
charge. These equations can be reduced formally to an eqUgtherwise,VXE+0 and the field would no longer be static.
tion involving only the core displacements by solving EQ. Hence, such a field only couples to the LO modes. In the
(A11) for £oes and substituting the result into EGA10).  gtatic uniform field limit, then, we should include only the
Doing this yields k=0 LO modes in the sum occurring in EGA14), with the

1 mode polarization vectors parallel b
Péoec=(~ PosPss Y +X)Eext, (A12) ForZimpIicity, we now cgnsider an external field directed
where the ion-ion “formal” force constant matrix is given by along thex axis, E=Egy X. The X-polarized LO-mode dis-

. placement pattern is thus given by
P=P. — (I)csq)ss D

This is the effective ion-ion, or formal force-constant matrix N )
which we have used throughout this paper. It should be noted Xo(l|LO)=+— N
that the breathing shell model used in this work also includes =

a “breathing” degree of freedom which describes adiabaticwhere the+(—) sign corresponds to a catiqanion site,
isotropic deformations of the ions’ electron clouds. This ad-and u=m_,m_/(m, +m_) is the reduced mass for the ions
ditional electronic degree of freedom can also be eliminatedwithin the unit cell. Substituting this result into EGA14)
analogous to the above elimination of the shell degrees ofields

(A15)
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q'E of nearly degenerate perturbation theory to calculate the

(1) _ Xa ext . ) )

oo (=57 e (A16)  E-field-induced frequency shifts for these modes. The nearly
= O

degenerate perturbation equations are
We will have similar results for externdt fields directed
along they and z axes. Since superposition holds for the
pure crystal harmonic response that we are calculating here,
we can write in general

(Fe— Aw?)a=0, (A19)

where. 7 ¢ ¢ = x(f )o@ x(f') is the 6x6 matrix coupling
, the six degenerate pocket modes, @of gives theE-field-
g(l)(l):iq (Eexda (A17) induced squared frequency shifts. The components of the
Oat mtwfo ' eigenvectora determine the zeroth-order displacement pat-
terns,y, as linear combinations of the six nearly degenerate
Socket modesy=2>:a;x(f ), where the index denotes the

pocket gap modes:

where this equation relates the displacements directly to th
externalE field.

The first-orderE-field-induced displacements are deter-
mined following the methods described above. To lowest or-
der in thesee-field-induced displacements, the corrections to f=1:T %, f=2:Tqy,
the unperturbed defect-crystal force-constant changes are

i b
given oy f:3:T1uZ, f:4:Egly

S0L,(M=3 @, (mOEN (), (AL8) (=5:E,2, f=6:Ay,.

where thed ;. (Imn) are the cubic anharmonic coefficients The normalization conditiony{(i)M y{i)=1 implies that

and the 1 superscript emphasizes that these are first-ordBré_;a?(i)=1 for normalizedy’s.

guantities linear in the applied field. Using standard group-theoretic symmetry arguments, it
The nearly degenerafg,, , E4, andAy pocket modes can can be shown that the matrixgz coupling the pocket gap

be mixed strongly by an applidg field, necessitating the use modes can be written in general as

0 0 0 0 BreEx BraEx
J3 1
0 0 0 7 BTEEy _E BTEEy BTAEy
J3 1
0 0 0 —— BreE: —5Brek, BraE;
S= A20
A 3 (A20)
0 5 BreEy —5 BreF, 0 0 0
1 1
BTEEX _E BTEEy —5 BTEEZ 0 0 0
BraEx BraEy BraE, 0 0 0

whereE=E,,, is the staticE field due toexternalsources. by Eg.(A20) and then determined the effects of the applied
Note that we have dropped the external field subscript herg& field upon the isotope mode by solving the full field plus
and in the remainder of the Appendix, in order to keep themass perturbation problem.

expressions such as EGA20) as compact as possible. To  From the form of Eq.(A20), we see that the first-order
convert this matrix into an expression involving the appliedE-field-induced coupling cannot affect the isolated gap
E field, we would simply divide by, and replace the exter- modes (no diagonal coupling However, it can mix the

nal field with the applied field wherever the external field nearly degenerate even- and odd-parity modes. Recall that
occurs in this expression. T, andB+g coupling coeffi-  the odd-parity modes are IR active, whereas the even-parity
cients occurring in this equation can be determined easily bynodes are Raman actiywith predicted strengths too weak
calculating theA;,—Tq,x and E;2—T,,x mode coupling to be measurgdUnder theE-field induced mixing, the even-
for a[100] appliedE field. In order to determine the splitting parity modes will acquire some odd-parity character and be-
for the pocketisotopemodes, we found it easiest to add the come E-field-induced IR active. If we assume that the ap-
isotope mass perturbation to the stdidield coupling given plied E field does not alter the effective charges which
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determine the absorption strengths for the IR-active gapvhere, as beford; is the external force and is the static
modes, then thg-polarized IR absorption strength for tid  displacement induced by this force. Next, we formally ex-
mode determined from the nearly degenerate perturbatiopand the static displacements in ordegss &Y +£2+---
theory is given b§ where £V is the harmonic response and the higher-order
terms are the corrections to this response produced by the
2m®N [ni+2\2 . a0 presence of anharmonicity. To lowest order in the applied
:m 3 [#7Xx(Tyx)]aT K(1), field, Eq.(A23) is just the harmonic equation that we used
(A21)  previously to determine the first-ordér-field-induced dis-
placements:
wheren..= \e., is the high-frequency index of refraction and
c is the speed of light in vacuum. The index of refraction, DLV =F. (A24)
N(w), is fcaken to have its pure-cryst_al value_ owing to oUrthe second-order equation is
assumption of low defect concentrations. This expression is
just the zero-field absorption strength multiplied by Thex @
fraction,a-zrlux(i), for theith, isotope mode and by an index mzﬁ P op(nm) €57 (m)
of refraction correctionn(leu)/n(mi).8 Hence, the relative
X-polarized IR absorption strengths for tifefield mixed 1 1 1
modes are simply given by the3g,x fractions. Similar ex- -7 32 n%y @ g (nMDESMET (). (A25)
pressions exist for thg- andz-polarized IR absorption. ) . ) . ]
For the QD model, the first-order field-induced mixing is Since the first-order displacements occurring on the right-
small and we have to consider higher-order effects, such d3nd side of this equation are linear in thefield, we see
frequency shifts produced by force constant changes arisin@"’lt the second-order displacements will be proportional to
from second-ordeE-field-induced strains via cubic anhar- theE-field strength squared. An expression for these second-
monicity. Before discussing the second-order strains, wé@rder displacements is easily obtained by multiplying Eq.
briefly mention the standard description of the quadratidA25) on the left by the zero-frequency defect-lattice har-
Stark effect® This second-order effect arises from force- Monic Green's functiorG(0)=®*, which yields
constant changes produced by the first-ofdield-induced 1
displacements via quartic anharmonicity, and it leads to £2)(n)=—_ > Gaﬁ(nm)q)gﬂ(mlkﬁ(yl)(l)§§1)(k).

E-field-induced force-constant changes that varigs The 2 mpTykn
expression for these quartic anharmonicity second-order (A26)
force-constant changes is It is convenient to map this problem formally onto the first-

1 order displacemeg(rll)t problem discusseidz)eagi)er in(gAﬁ)—
Q2 11\ — (1) (1) (A5). We replac appearing there b§“, &’ by &, and
PPN =5 & Papn(KIMMEIMETN), {(Fedon) by {—(12)Z 1, ® o, (D EPm) £(1)).
(A22)  This last term can be treated formally as an applied force,
_ _ ~ with &2 then giving the pure host-crystal response to this
where the®,,,(klmn) are the quartic anharmonic coeffi- force Expressing the problem this way allows us to calculate
cients. Thus, this second-order Stark effect arises from quagne second-order field-induced displacements via the same

tic anharmonicity, as opposed to the cubic-cubic secondgchniques used for calculating the previous first-order field-
order Stark effect discussed below. Unfortunately, thenquced displacements.

second-order field-induced force-constant changes produced gpce the needed?(n) displacements are determined,
by the quartic anharmonicity lead to mode coupling whichye can calculate the lowest-order cubic-cubicfield-

has the same symmetry form as the coupling produced byyqyced force-constant changes by simply replacing the first-
cubic-cubic coupling, so that the cubic-cubic and quartic angqer displacements occurring in E&18) with the second-

harmonicity effects cannot be separated on the basis of symy;qer E-field-induced displacements, which yields
metry arguments.

The E-field-induced displacements linear Ey. used in scc @
Eq. (A22) are the crystal's harmonic response to the applied SB2EEIM) =2 D 5y (IMMER (), (A27)
field. Cubic anharmonic corrections to these harmonically "
determined E-field-induced displacements also producewhere theCC superscript labels thegefield-induced force-
field-induced force-constant changes proportiona$p. In  constant changes as cubic-cubic changes.
order to determine the second-ordeffield-induced strains, Equation(A26), which determines the second-order dis-
we need to consider the anharmonic version of &), placements, involves products of two first-order displace-
which determines the harmonic crystal response to an extements which haveTl,, symmetry. From standard group-
nal force. The anharmonic generalization of this equation fotheoretic arguments, analogous to those used in deriving
the static case is selection rules?! the second-order displacements transform
as the direct product,,X T,,. This direct product can be
1 broken down uniquely inté4, E4, andT,, symmetry con-
mzﬁ q’aﬁ(nm)fﬁ(m)+§%y Popy(NMDELMIED+--- tibutions, and hence the second-order displacements can
also be broken down into displacements with these symme-
=F,(n), (A23) tries.
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With the cubic-cubic coupling included, EGA19), which  those used to determine the first-order field-induced cou-
determines the first-ordde-field-induced frequency shifts, pling, it can be shown that the matrixz coupling the pocket
generalizes to gap modes can be written in general as

(Be+ Ce—Aw?)a=0, (A28)  _,[Coa O
P . . Ce=BY o ..

where .7 is still the first-order coupling and eve

Ze tp=x(f )oD?°Cx(f') is the 6x6 matrix giving the whereE=|E| is the magnitude of th& field due to external

cubic-cubic coupling for the degenerate pocket modes. Usingources and the >33 matrices occurring in this expression

standard group-theoretic symmetry arguments, similar tare

Ce1+2Ceg (2B~ E;—EJ)/E? CesExE, /E? CesE,E,/E?

Codd= Ce3EE,y/E? Ce1+2Cgy(2E;—EZ—E2)/E? CesE,E,/E?
CgsE,E,/E? CesE,E,/E? Ce1+2Cgy(2E2— EZ—E2)/E?

(A29)
[
and Ces—2Ces=x(Eq2) SO*°%(E[100]) x(E2)/E?,
Ces+Crse  V3Cesp  V3Cgep
Cever= V3Cesp Ces—Cese Ceee |, 2CE6:)~((A1g)5‘1’2CC(E[100])X(Eg2)/E2,
V3Cegsp Ceee Cer
(A30)

Cer=X(A1y) S®*°C(E[100]) x( A1)/ E?,
with e=(2E2-E2-E2)/E? and p=(E2-EZ)/E2. The er= A1) (E[100Dx(Asg)
second-order coupling coefficients occurring in EGs29)
;nadtr(iﬁicl)()amczrrltge determined by calculating the following o 8®?CC(E[Imn]) are the cubic-cubic force-constant

: changes induced by an exterralfield aligned along the

Crr4+4Ces=WT+ X 5(1)2CC Er100 T. X /EZ, [Imn] direction.

et 4Ce2=X(TauX) (EL100DX(T2.x) In order to determine the splitting for thisotopepocket
gap modes, we found it easiest to add the isotope mass per-

Ce1—2Ce2= X(T1uy) S®*““(E[100]) x(T1uy)/E?, _ na 1t 0 ade
turbation to the stati€-field coupling given by Eqs(A20),

Cez=2X(T1,X) 8®?CC(E[110]) x(T1,Y)/E?, (A29), and (A30) and then determine the effects of the ap-
plied E field upon the isotope mode by solving the full field
Ceat2Ces= X(E41) 6®?°(E[100]) x(E41)/E?, plus mass perturbation problem.
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