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Pocket vibrational modes in crystals: Theory and experiment
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A perturbed-shell-model calculation for the T =0 K on-center dynamics of the thermally unstable im-

purity system KI:Ag+ predicts three nearly degenerate localized gap modes of different symmetry with

highly unusual displacement patterns: the displacements are peaked on the defect's fourth-nearest neigh-
bors, with negligible displacements on the defect or its nearest neighbors. The model predictions are in

good agreement with far-infrared isotope-effect measurements, providing a direct confirmation of the ex-
istence of these "pocket" modes. We also discuss an experimental technique that yields a major reduc-
tion in the uncertainties in the measured temperature dependence of the absorption strength due to the
infrared-active pocket mode. As a result, we show that the previously observed disappearance of this
mode's absorption between 1.2 and 25 K occurs with exactly the same temperature dependence as that of
a low-frequency resonant mode whose displacements are instead localized at the impurity and its nearest
neighbors. This result, together with the calculated displacement patterns of the pocket and resonant
modes, indicates that the anomalous thermally driven (on~off-center transition of the Ag+ impurity in

KI involves the entire coupled defect-host system around the impurity.

I. INTRODUCTION

Impurity-induced localized modes with frequencies
outside the host-crystal phonon bands and displacement
patterns peaked at or adjacent to the impurity have been
investigated since the 1960's. ' However, a recent
theoretical and experimental study of isotope-induced in-
frared (IR) absorption spectra of KI:Ag+ has confirmed
the existence of a strikingly different type of localized vi-
brational mode, whose displacement patterns are strongly
peaked in regions of the crystal well away from the
Ag+. In this paper, we present a more thorough discus-
sion of both the theoretical and experimental aspects of
the confirmation of these localized "pocket" modes. We
review the theoretical methods used to calculate the
pocket mode displacement patterns and IR spectra, and
we show that pocket modes are a general feature of a
class of lattice-defect systems in ionic crystals. In addi-
tion, we present experimental techniques that provide a
greatly improved determination of the temperature
dependence of the pocket modes' IR absorption strengths
in KI:Ag+. As a result, this joint theoretical-
experimental study provides important information for
understanding the anomalous thermal properties of this
unusual defect system.

KI:Ag+ is the most thermally unstable lattice-defect
system known. Far-IR, radio-frequency, Raman, and
UV (Ref. 7) measurements all show that as the tempera-
ture is raised from 1.2 to 25 K the system undergoes a
transition from an on-center configuration, in which the

Ag+ ion occupies a normal host-crystal K+ site, to an as
yet incompletely determined off-center configuration. As
the crystal is heated, the strengths of the impurity-
induced IR and Raman peaks simply vanish, with little
shifting or broadening. The on-center spectroscopic tran-
sitions disappear with increasing temperature at a rate
much faster than can be explained by population effects
associated with just the Ag+ ion moving off center in a
static potential well, indicating that the high-temperature
off-center configuration has a very large number of avail-
able states.

Surprisingly, this system's low-temperature on-center
dynamics are consistent with a perturbed harmonic shell
model. In this model, which involves substantial force-
constant softening, the Ag+ impurity is characterized by
its mass and by assumed impurity —first-neighbor and
relaxation-induced first-neighbor —fourth-neighbor longi-
tudinal force-constant changes. These two force-constant
changes are fit to the observed impurity-induced T&„ in-

band resonant mode and localized gap-mode IR frequen-
cy peaks at 17.3 and 86.2 cm ', respectively. All other
long- and short-range force constants are assumed to be
unperturbed, and are included via the use of realistic
breathing shell-model phonons to compute the necessary
harmonic Green's functions. The computed relative
strengths for the IR absorption of the T,„resonant and

gap modes are in reasonable agreement with experiment,
and the model predicts a Raman-active E resonant
mode at 20.5 cm ', in good agreement with the observed
E Raman peak at 16.1 cm

5731 1993 The American Physical Society



5732 SANDUSKY, PAGE, ROSENBERG, AND SIEVERS 47

In addition to the threefold-degenerate T,„gap mode
at 86.2 cm ', our model also predicts a twofold-
degenerate E~ gap mode at 86.0 cm ' and a nondegen-
erate A& gap mode at 87.2 cm '. The three gap modes
have some unusual properties. First, despite their
different symmetries, the frequencies are very nearly de-
generate. Second, the computed displacement patterns
for all three modes are strongly localized on the defect's
fourth-neighbor [e.g. , (200)] potassium ions, away from
the Ag impurity and its nearest neighbors. This is in
sharp contrast to the usual localized or resonant-mode
behavior, in which the displacement patterns are peaked
at or adjacent to the defect. Figures 1(a)—1(c) show our
computed displacement patterns for gap modes of all
three symmetry types. For comparison, Fig. 1(d) also
shows the displacement pattern for the 17.3-cm ' T,„
resonant mode, which is seen to be peaked on the impuri-
ty and its nearest neighbors. In contrast, the three gap
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FIG. 1. Calculated displacement patterns for diA'erent
KI:Ag+ impurity modes. (a) 87.2-cm '

A&~ pocket gap mode.
(b) 86.0-cm ' E~1 pocket gap mode. (c) 86.2-cm ' T&„x pocket
gap mode. (d) 17.3-cm ' T,„x resonant mode. Here T&„x
denotes the T&„partner which couples to x-polarized radiation,
and E~1 denotes one of two degenerate E~ partners. For our
choice of partners, parts (a), (c), and (d) show displacements in
the x-y plane, while (b) shows displacements in the y-z plane.
Note that the displacement pattern for the resonant mode is
peaked on the defect and its nearest neighbors, while the dis-
placement patterns for the pocket gap modes (a) —(c) are peaked
on the fourth-neighbor sites, away from the defect. The dis-
placements are given in arbitrary units. See Ref. 14.

modes consist of very similar isolated pockets of displace-
ments on the (200) family of K+ ions; hence the name
pocket modes. The near degeneracy of these modes indi-
cates that the frequencies are mainly determined by the
local dynamics within each pocket, with the pockets be-
ing weakly coupled to produce the different symmetry
modes.

The even-parity A
&

and E pocket modes should be
Raman active. However, our model predicts that their
Raman strengths would be too weak to observe; indeed,
no evidence for these modes was found in Raman experi-
ments. Another way to directly confirm the existence of
these unusual modes is provided by the natural oc-
currence of a 7% isotopic abundance of 'K+ in the host
KI crystal. The presence of 'K+ isotopes on the Ag+
impurity's fourth-nearest neighbors strongly mixes the
pocket modes of all three symmetry types. Using nearly
degenerate perturbation theory within our model, togeth-
er with a calculation of the probabilities of the possible
impurity-isotope configurations, we predict an observable
"isotope pocket mode, " whose frequency and intensity
are in good agreement with our high-resolution IR mea-
surements. Alternative explanations of the data in terms
of Ag+ isotopes, or of isolated pocket modes of a single
symmetry type, are shown to fail.

With the existence of the pocket modes in KI:Ag+
having thus been directly established, it becomes impor-
tant to reexamine the temperature dependence of the IR
spectra for the T,„ low-frequency resonant and pocket
gap modes as the system undergoes the thermally driven
(on~off)-center transition, because these modes' dis-
placement patterns are localized in different spatial re-
gions. In our previously reported measurements, the
temperature dependence was found to be the same for
these two modes within the experimental uncertainties.
Unfortunately, these uncertainties were much more pro-
nounced for the gap mode, due to the presence of a
temperature-dependent background produced by intrin-
sic difference-band absorption. To circumvent this prob-
lem, we have employed a rapid-scanning interferometer
to obtain accurate measurements of the derivative of the
far-IR absorption spectra. Because of the resulting
enhanced contrast for sharp spectral features, we are able
to conclude that the low-frequency resonant mode and
the pocket-gap-mode IR absorption strengths disappear
with iden tical temperature dependences. Hence, the
(on~off)-center transition involves not just the impurity
moving in a static host lattice, but rather the entire cou-
pled defect-host system in the impurity region.

The remainder of the paper is organized as follows.
The theory and numerical calculation are presented in
Sec. II. In Secs. IIA and IIB, we review the Lifshitz
method used in our calculation of the perturbed harmon-
ic dynamics. From the resulting expressions, we deter-
mine both the normalized gap-mode displacement pat-
terns and the IR absorption. In Sec. II C, we discuss our
impurity model for the low-temperature dynamics of
KI:Ag+. The theory and numerical results of our
isotope-mode calculations are presented in Sec. II D. The
experiments are described in Sec. III. In Sec. IIIA, the
gap-region experiments are presented and the isotope-
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shifted pocket mode is identified. In Sec. III B, data anal-
yses of the gap-mode strengths are detailed, including the
derivative measurements for the temperature depen-
dence. The theoretical and experimental results are dis-
cussed in Sec. IV. A summary of the main conclusions is
given in Sec. V, together with some additional discussion.

II. THEORY

A. Local modes

[I+Go(err )C(err )]X(f)=0 . (2)

This equation can be partitioned into two equations: one
involving just components inside the defect space, defined
by the sites associated with nonzero elements of C, and a
second which determines the mode displacements outside
the defect space:

and

[Irr+ Gorr(orr )Crr(orr ) ]Xr(f ) =0 (3)

Xz (f ) = Goer(orr )Crr(or/)Xr(f ) .

The subscripts I and R refer to components inside and
outside the defect space, respectively. Equation (3) gives
the determinental frequency condition

For isoelectronic impurities, the defect space is usually
small. Equation (5) then involves the determinant of a
small matrix and is thus practicable, provided the defect-

The Lifshitz harmonic Green's-function method for
computing general defect-phonon properties is detailed in
Refs. 1 and 3. For completeness, we sketch here our ap-
plication of this method to determine the frequencies, dis-
placement patterns, and IR spectra of localized modes
arising from substitutional impurities. We assume low
enough defect concentrations that the strengths of the ex-
perimental spectra scale linearly with concentration; this
holds well for KI:Ag+ and allows us to treat the case of
just a single impurity.

For a system of N ions interacting via harmonic forces,
the normal-mode frequencies [ore] and displacements
X(f)=[X (ll f)] are determined by the 3NX3N matrix
eigenvalue equation

( @ to/~M )X(f ) =—0,
where the N = [ 0& &(I,m ) ] is the harmonic force-
constant matrix, M= [M(l )5 Pt ] is the diagonal mass
matrix, and f =1, . . . , 3N labels the modes. The ion
sites are labeled by l, m =1, . . . , N, while a, f3=x,y, z
denote Cartesian components. The force-constant matrix
is symmetric (4=@),and the modes are normalized such
that the orthonormality relation is X(f)MX(f')=off.
With a substitutional defect present, it is convenient to
rewrite Eq. (1) identically in terms of the host-crystal har-
monic Green's-function matrix Go(or )=(4&o—or Mo)
and the perturbing matrix C(or ) =6@—or b,M, contain-
ing the impurity-induced force constant and mass
changes. The result is

space elements of the unperturbed harmonic Green's-
function matrix can be computed. As will be outlined in
Sec. II C, this is readily done for localized modes by
direct summations involving the unperturbed host-crystal
phonons; for alkali halides, these are well known through
phenomenological models (e.g. , shell models) that ac-
count very well for the measured phonon-dispersion
curves. Once the local-mode frequency is known, Eq. (3)
can be used to compute the defect-space displacement
pattern, to within a normalization constant. The dis-
placements outside the defect space may then be deter-
mined by Eq. (4).

Equations (3) and (4) determine the relatiue displace-
ments for a local mode. However, as we will see below,
the isotope mode calculation requires knowledge of the
fully normalized localized mode displacement patterns.
Following a procedure used by Page in a different con-
text, we can reexpress the normalization condition
X(f ) [Mo + b,M ]X(f ) = 1 entirely in terms of defect-space
quantities:

z dGorr(or )

Xr(f ™rr+Crr(err) 2 l
= Crr(err ) Xr(f )=1.

dco

This equation is derived by combining Eq. (2) with the
normalization condition, using the identity
Go(or )MoGo(co ) =dGo(co )/der, which follows from
(@o—co Mo)Go(co ) =I, and using the localization prop-
erty of bM and C(or ). Equation (6) allows the normali-
zation constant to be computed readily, using just
defect-space quantities.

The problem can be simplified even further by expand-
ing C and Go in terms of a complete orthonormal set of
symmetry basis vectors. This yields

where I, denotes an irreducible representation belonging
to the point-symmetry group of the defect crystal, p la-
bels the partners (rows) within the representation, and t
labels the independent vectors for a given I;p. The ma-
trix elements of C in the symmetry basis are given by

C (I;,tt') =g(I,p, t )Cg(l, p, t'),

and they are independent of the partners. Similar expres-
sions hold for Go ~ This expansion follows from standard
group-theory matrix element theorems, and it block diag-
onalizes the expressions for the local mode into blocks
corresponding to each partner for each of the irreducible
representations present in the defect space.

B. Infrared absorption

In the long-wavelength limit, the interaction between
an insulator obeying the Born-Oppenheimer approxima-
tion and an external field of monochromatic infrared ra-
diation is

M(u) Ee



5734 SANDUSKY, PACxE, ROSENBERG, AND SIEVERS 47

where M(u) is the system's dipole moment for nuclear
configuration u. Expanding the ath component of the di-
pole moment in terms of the nuclear displacements yields

M (u ) = g Af ti( l )u p( l )

lp

+ —g JRtiii(l, 1')u ti(l )up (l')+
Ip, I'p'

(10)

where we have assumed a zero net dipole moment for the
equilibrium configuration u=0. The linear term in this
expansion is just a sum over the ionic displacements, mul-
tiplied by a set of effective charges At: IA1—&(l ) I. If we
retain just the linear term and perform a calculation simi-
lar to one carried out by Klein, ' the resulting absorption
coefficient a(co) for a cubic crystal with an impurity con-
centration C; is given by

a(co) = 4~coC; n +2

cn(co) 3
St Im[G(co +iE) jAt, (11)

where n „=QE is the high-frequency index of refrac-
tion, c is the speed of light in vacuum,
G(co )=(@—co M) ' is the harmonic Green's-function
matrix for the impurity crystal and the limit @~0 is un-
derstood. In deriving this expression, we have assumed
that the standard Lorentz local-field correction holds and
that the contribution from the electronic polarizability is
adequately described by the high-frequency dielectric
constant e . The index of refraction n(co) is taken to
have its pure crystal value, owing to our assumption of
low defect concentrations.

The Green s-function matrix can be written identically
as a sum over the defect-crystal normal modes:

G (co') = g y(fg)(f )(coI —co')
f

(12)

as is easily verified using Eq. (1) and the completeness re-
lation JIM'(f)y(f)=I. With co ~co +i@, we have
ImG(co )=ng&g(f g)(f )5(co& co ), and—the absorption
constant becomes

a(co) = 4~ ~C. n

cn (co) 3

X QAI, y(f )y(f )JK 5(co/ —co ) .
f

(13)

2m C, n +2
S =

cn(co) 3
(14)

Using the transformation properties of the dipole mo-
ment, it is straightforward to show that for an impurity
crystal with Oh symmetry, W transforms under symme-
try operations as the eth partner of irreducible represen-
tation T». Hence, by a standard group-theoretic
matrix-element theorem, At y(f ) vanishes when y(f ) is
not an ath partner belonging to T».

In Eq. (14), the sum AI. g(f )=QIpA1$(l)p~(l ~f ) ex-

Hence, the integrated absorption strength SI= f a(co)dco
for a single local mode f is

2

tends over the entire system, rejecting the fact that in-
frared radiation couples to all of the ions. For the case
when the effective charges in the defect crystal are unper-
turbed from their host-crystal values, Klein' has shown
how the absorption may be expressed in terms of just
defect-space quantities. However, it will be shown in Sec.
II D 1 below that the relatiue IR strengths of the pocket
gap modes under isotopic host-lattice changes may be
computed without the need to reduce Eq. (14) to defect-
space quantities.

C. Impurity-model calculations

The determination of the local-mode displacement pat-
tern and frequency requires knowledge of the pure crystal
Green's-function elements. We employed two different
methods to obtain these in the present study. The first is
detailed in Refs. 9 and 11, and we now brieAy surnrnarize
its present application. The breathing-shell model' was
used to compute the pure KI phonon frequencies [co&,. I

and complex plane wave displacement patterns [y(kj) )
at 22932 k vectors in the irreducible 4', element of the
Brillouin zone, this being equivalent to one million vec-
tors in the full zone. The imaginary parts of the unper-
turbed Green's-function matrix

ImGD(co )=m.+kacy(kj)g (kj)5(cokj —co )

were approximated as histograms by dividing the pure
KI-phonon frequency range into 100 equally spaced bins
and evaluating the sum g'zjy(kj)y (kj) over the modes
whose frequencies fall within each bin. The real parts
were then obtained by computing the Hilbert transforms
of the imaginary parts.

Knowledge of the real and imaginary parts of the
Green's-function matrix allowed us to compute the
perturbed-band-mode properties (e.g. , the resonant-mode
absorption) as well as those for localized modes. Howev-
er, for the case of localized modes, whose frequencies are
necessarily outside the host-crystal phonon bands, the
imaginary parts vanish, and it is only the real parts and
their derivatives [needed for Eq. (6)j which were used for
our gap-mode calculations. The derivatives were com-
puted using numerical differentiation.

As a check on the preceding procedure, the real parts
of the unperturbed Green's-function elements and their
derivatives for frequencies outside the host-crystal pho-
non bands can also be determined by direct summation,
using the formulas GD(co )=g„,g(kj)g (kj)/(cok~ —co )

and dGD/dco =gkjg(kj)y (kj)/(cokj —co ) . The T&„
86.2-cm ' gap-mode normalized displacement patterns
calculated using this direct method differed by less than
3% from those calculated using the Hilbert transform
method.

Our defect model for the low-temperature on-center
configuration of KI:Ag+ consists of the mass change Am,
longitudinal force-constant changes 5= —64„,(000, 100)
between the defect and each of its six nearest neighbors,
and longitudinal force-constant changes
5' = —bA&„„(100,200 ) between the defect's nearest-
neighbor and adjacent fourth-nearest neighbors. Physi-
cally, 5 arises from the different binding of the impurity
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and is expected to be negative, consistent with the overall
force-constant softening implied by the presence of the
strong low-frequency IR impurity resonance at 17.3
cm '. The force-constant change 5' is postulated to arise
from the expected defect-induced inward static relaxation
of the nearest neighbors, also consistent with the overall
force-constant softening.

Within this model, only the modes belonging to the
T,„, E, and 2, irreducible representations of the 0&
point group are perturbed. The necessary orthonormal
symmetry basis vectors within the impurity space are
shown in Fig. 2. The impurity space C matrices within
these bases are given by

25 —cu b, m —&25 0

C~(T,„)= —&25 5+5' —5' (I &)

0 —6' 5'

and

((Tiu x, 1)

0(Eg1 1)

6 1/2

E,(Tiu x,2)

((Eg 2, 1)

2-1/2

g
2-1/2

C~ ( A, )
=C~ (Es ) = (16)

The elements of the corresponding Green's-function ma-
trices in these symmetry bases are listed in Table I.

The two force-constant changes (5,5') were determined
by requiring that the model reproduce the observed T&„
17.3-cm ' low-frequency resonant and 86.2-cm ' gap-
mode IR frequencies. Both the resonant- and gap-mode
frequencies are determined by the condition
Re~I+Go(z)C(z)~ =0, where z=ru +i@ For .the gap
mode, the Re in this equation is of course superfluous.
Using this condition, we computed 6' vs 5 curves con-
sistent with the 17.3- and 86.2-cm ' T,„modes, with the
results given in Fig. 3. The crossing point of these two
curves, denoted by a circle in the figure, gives the force-
constant changes for which our model reproduces both of
these T,„absorption peaks. The corresponding fraction-
al force-constant changes are 5/kI = —0.563 and
6'/kI = —0.531, where kI =1.884X10 dyn/cm is the
pure KI breathing-shell-model nearest-neighbor longitu-
dinal overlap force constant.

Having fixed the model's parameters, we next turn to
its predictions. First, the model predicts the ratio of the
IR absorption strengths for the 86.2- and 17.3-cm '

gap

1r

F(A)g 1,1)

FIG. 2. Symmetry-basis vectors on the defect and its nearest
neighbors, used in the perturbed phonon model. For a basis vec-
tor g'(I, p, t), I; labels the irreducible representation, p labels
the partners (rows) within the representation, and t labels in-

dependent vectors for a given I;p. For clarity, both partners
are shown for the irreducible representation Eg. The impurity
space for the perturbed phonon model also includes the defect's
fourth-nearest neighbors [(+200), etc.], and the corresponding
symmetry basis vectors [g'(T, „x,3), g(Eg 1,2), g(Eg'2, 2), and
g'( A, 1,2)] for these sites are the same as those shown here for
the first neighbors.

and resonant modes to be 1.4. This is in reasonable
agreement with the observed value of -3, considering
that no local-field or effective charge changes were in-
cluded in the relative intensity calculation. Second, the
model predicts a low-frequency E resonance at 20.5
cm ', in good agreement with the observed E Raman

TABLE I. Green's-function elements needed for the impurity space, expressed in the symmetry basis
discussed in the text and shown on the defect and its six nearest neighbors in Fig. 2.

G~( T,„,11)
G~ ( T) 12)
6~( T)„13)
Gg( Ti 22)
GB( Ti„,23)
Gg ( T] 33)
G~( A )g, 11)
6~( A ]g 12)
G~( A )g, 22)
6~(E, 11)
6~ (Eg, 12)
G~ (Eg, 22)

G (000,000)
&26 (000, 100)
+26 (000,200)
G (100,100)+G„(100,—100)
G (100,200)+ G„(100,—200)
G (200, 200) +G„(200,—200)
6&& ( 100& 100) Gz~ ( 100& 100) +46&y ( 100&0 10)
G~~ ( 100' 200 ) Gx~ ( 100' 200 ) +46~y ( 100' 020 )

G~~ ( 200~ 200 ) G~~ ( 200~ 200 ) +4Gxy ( 200~ 020 )

G~~ ( 100& 100) G~~ ( 100& 100) 26~y( 100)010)
G~~ ( 100& 200 ) G~~ ( 100& 200 ) 2G~y ( 100& 020 )

G~~ ( 2007 200 ) G~~ ( 2007 200 ) 2G~y ( 200~ 020 )
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—1.0 —0.5
I

0.0
0.0

TABLE II. Measured and calculated IR and Raman frequen-
cies (in cm ') for KI:Ag+. The defect-model harmonic force-
constant changes 6 and 6' were fit to the measured Tiu
resonant- and gap-mode frequencies, as indicated. The predict-
ed ratio between the T&„resonant- and gap-mode absorption
strengths is S(86.2)/S(17. 3)=1.4, and the experimental value
is —3. See Ref. 7.

— —0.5

Mode symmetry

Ti u

Tl u

Eg

Observed

17.3
86.2
16.1

Unobserved (see text)

Calculated

17.3 (fit)
86.2 (fit)
20.5
37.3

—1.0

FIG. 3. Calculated fractional force-constant changes for res-
onant and gap modes at fixed frequencies. Inset: The force-
constant perturbation in our model. The fractional changes are
given in units of the pure breathing-shell-model nearest-
neighbor longitudinal overlap force constant kI=1.884X10
dyn/cm. The dashed curve corresponds to the onset of a Tiu
instability. The fit values for the force-constant changes are
6/kI = —0.563, 5'/k& = —0.531. See Ref. 7.

peak at 16.1 cm '. ' Figure 3 includes the 6' vs 6 curve
computed for an E resonance at 16.1 cm ', and one sees
that this curve comes quite close to the circled (6', 5)
point for our model. For comparison, Fig. 3 also in-
cludes the (5', 5) curve computed for the case of a zero
frequency T,„resonance (dashed curve). The force-
constant changes on this curve correspond to the defect
lattice being unstable against T,„displacements. We
have found that as the force constants are weakened, the
resonant mode of T,„symmetry is almost always the first
to become unstable; hence only the portion of Fig. 3 to
the upper right of the dashed curve is physically reason-
able. The close proximity of our fit point to the dashed
curve means that our model corresponds to a nearly un-
stable defect-host system. The results of our low-
temperature fit are summarized in Table II. Besides the
T,„and E resonant modes, the model also predicts an

resonance at 37.3 cm '. This mode is Raman al-
lowed, but was not seen experimentally. However, we
note that the A& and E Raman strengths are deter-
mined by two independent electronic polarizability
derivatives, so that the null A

&
experiment could be

used to place bounds on these derivatives.
As discussed in the Introduction, the most striking pre-

diction of our model is the existence of three nearly de-
generate gap modes of A&~, E~, and T&„symmetry.
These modes have some very unusual properties. The
first is the extent of the near degeneracy —the frequencies
are within about a wave number of each other. Second,
they are essentially independent of the force-constant
change 6, as is evident from the curve for the 86.2-cm
gap mode in Fig. 3. Third, ratios of the Raman strengths

of the A& and E gap modes to their low-frequency
resonant-mode counterparts are predicted to be negligi-
ble. Indeed, these modes were not observed in Raman ex-
periments.

Detailed calculations of the mode displacement pat-
terns reveal the origin of these unusual properties. All
three gap modes have displacements patterns which are
strongly peaked on the impurity's fourth-neighbor sites
[(+200),(0+20), (00+2)j, as shown in Fig. 1. The dis-
placements on these sites are a factor of 50 or more larger
than those on the impurity or its six nearest neighbors.
The nearly degenerate frequencies of these "pocket"
modes refIect the fact that they are almost entirely deter-
mined by the local dynamics within each pocket; the
pockets are weakly coupled to produce the different sym-
metry modes. Moreover, the independence of these
modes on the force-constant change 5 is clear, since this
force-constant change couples ions which have essentially
no motion in these modes. Finally, the weak predicted
Raman strengths for the A& and E pocket modes is
also explained by the negligible displacements on the
impurity s nearest neighbors, since defect-induced first-
order Raman scattering in alkali halides typically arises
from the modulation of the electronic polarizability by
the motion of the ions in the impurity s immediate vicini-
ty. On the other hand, the T,„pocket mode is readily
observable with IR absorption, since this probe couples
to all of the ions in the system. Unfortunately, our model
is fit to the measured IR pocket-mode frequency, so that
the negligible Raman activity of the two even-parity
pocket modes precludes a straightforward independent
verification of the existence of these highly unusual
modes.

D. Isotope mode splitting

1. Theory

Owing to the negligible Raman activity of the A
&

and
E pocket gap modes, we need another test to verify their
existence. Fortunately, the naturally occurring isotopic
abundances of 7% 'K+ and 93% K+ in the host crys-
tal provide just such a test. We will now show that our
harmonic-defect model predicts that the presence of one
or more 'K+ ions at the impurity's fourth-neighbor sites
strongly mixes the pocket gap modes of all three symme-



47 POCKET VIBRATIONAL MODES IN CRYSTALS: THEORY. . . 5737

try types, producing new IR-active "isotope" pocket gap
modes which should be experimentally observable.

To determine the frequencies and IR-integrated ab-
sorption strengths for these isotope modes, we first apply
nearly degenerate perturbation theory to a single
impurity-isotope combination. This is done by expanding
the isotope-mode displacement patterns in terms of the
six normalized unperturbed pocket-gap-mode patterns
g(i)=gf, af(i)y(f') and substituting the expansion
into Eq. (1). Here i =1, . . . , 6 labels the isotope modes.
Multiplying the resulting equation on the left by y(f )

yields a 6X6 eigenvalue equation for the isotope-mode
frequencies co; and the expansion coefficients af (i ):

No Isotope

87—

T)„(x)

E,(2)

(200) Isotope
X

4-. 1%

45%

(coQf co; )af(i )= g to, 7f(f )amp(f ')af (i ) . (17)
f'=1

Here Am is the diagonal matrix containing the mass
changes introduced by the 'K+ isotopes, and the Icoof I

are the six unperturbed pocket-gap-mode frequencies.
The Ig(i)I are zeroth order dis-placements, and the nor-
malization condition c/r(i )Mg(i ) = 1 implies that

gf —]af (i ) = 1. With the transformation bf (i )

=af (i )toof, we can rewrite Eq. (17) in the standard eigen-
value form:

(aio ~ too —co, I )b(i ) =0, (18)

where Aff ="off,+y(f )gamy(f'), and coo is a diagonal
matrix formed from the unperturbed gap-mode frequen-
cies.

A 'K isotope substitution changes the mass of the K+
ion, leaving its electronic structure and, hence the
effective charges JK introduced in Eq. (10) unchanged.
Thus the dipole moments for the isotope modes are pro-
duced exclusively by their T,„components. With this in
mind, we substitute f(i ) into Eq. (14) and find that the in-
tegrated x-polarized IR absorption for the ith isotope
mode, of frequency m, and produced by a single
impurity-isotope combination in a crystal of volume V, is
given by

2
n +2

[W'y( T,„x ) ] az. (i ) .
ento; V 3 lu

(19)

This expression is just the absorption for a single impuri-
ty with no isotopes present, multiplied by the T,„x frac-
tion az. (i ) for the ith isotope mode and by an index of

1u

refraction correction n (a~r ) In (co; ).
lu

2. Numerical results

Figure 4 shows our calculated splittings for a single
Ag impurity with a (200) 'K+ isotopic substitution,
which mixes the 3, , E 2, and T&„x pocket gap modes
to create three isotope modes. The calculated displace-
ment patterns for the (200) isotope modes with the largest
and smallest frequency shifts from the unperturbed T,„
86.2-cm ' pocket gap mode are found to be confined to a
single pocket. The pattern for the isotope mode at 84.7
cm ' is strongly peaked on the (200) site, whereas that
for the 86.1-cm ' isotope mode is strongly peaked at
( —200).

52%

FIG. 4. Mixing of the three nearly degenerate 2 &g, E~2, and

T,„x gap modes under a (200) ' K+~ 'K+ host-lattice isotopic
substitution. The percentages give the strength s of the x-
polarized absorption per defect/(200) isotope combination rela-
tive to a defect with no isotope substitution. Note that the per-
centages add up to slightly more than 100%%uo because the absorp-
tion coefficient is not only proportional to the imaginary part of
the dielectric function but is also inversely proportional to the
host-crystal index of refraction, which is strongly frequency
dependent in the gap-mode region. See Ref. 4.

As shown in Fig. 4, fourth-neighbor 'K+ substitutions
can produce isotope modes having frequency shifts larger
than 1 cm ' and IR-absorption strengths comparable to
that produced by a defect with no isotopes present. In
contrast, we find that (110) (i.e., second-neighbor) and
(400) 'K+ isotope substitutions produce modes have
negligible absorption strengths andIor frequency shifts of
less than 0.1 cm ', which, given the large width of the
main mode, would be very difficult to observe. If we were
to include the weakly shifted but relatively strong modes
produced by these isotopes in our calculations, the result-
ing unperturbed mode strength would be less than if
these modes were neglected. But in order to compare
theory and experiment, the strengths of these weakly
shifted modes would have to be added to the unperturbed
mode strength. Furthermore, since the displacements for
the isotope mode are zeroth-order displacements in our
perturbation approach, the T,„x fractions az. (i ) for a

1u

single isotope-impurity combination sum to unity.
Hence, one sees from Eq. (19) that, provided we can
neglect the change with frequency of the index of refrac-
tion, which is an excellent approximation for modes
separated by less than 0.1 cm ', the unperturbed mode
strength obtained by including the weakly shifted modes
is the same as if their contributions had been neglected
from the outset. Similar arguments hold for the splitting
of the pocket isotope modes, such as the 84.7-cm ' (200)
'K+ mode, due to second-neighbor or (400) 'K+

isotopes —as long as the splitting produced by these sub-
stitutions is smaller than the experimental resolution, or
these new modes have negligible absorption strengths
compared with the fourth-neighbor pocket isotope
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modes, their contributions can be ignored. Accordingly,
the second-neighbor and (400) 'K+ isotope substitutions
will be neglected in our isotope-induced IR-absorption
calculations. However, in order to account for all 'K+
fourth-neighbor modes, we will include 'K+ fourth-
neighbor isotope modes with frequency shifts of less than
0.1cm '.

Our nearly degenerate perturbation theory predicts the
frequency shifts and integrated IR-absorption strengths
for isotope modes produced by a single impurity-isotope
combination. However, in a real KI:Ag system, there is
a distribution of impurity-isotope combinations. Hence,
in order to predict the experimental strengths, we need to
multiply our computed strengths for single impurity-
isotope combinations by the average number of times
these combinations occur.

The probability that a single impurity will have l 'K+
isotopes as fourth neighbors is

(20)

S, =NqN;( I f ) 'f 's, , — (21)

where s; is the x-polarized strength for the ith mode pro-
duced by a single isotope-impurity combination, as given
by Eq. (19). Table III lists the frequencies, "degeneracy
factors" N, and relative x-polarized absorption strengths
S,. produced by the six unique impurity-isotope combina-
tions chosen above.

There are thirteen modes listed in Table III. To com-
pare our predicted isotope-mode spectrum with the ex-
perimentally observed spectrum, we combine modes
within -0.2 cm ' of each other, expecting that they will
not be observable. This gives two predicted isotope
"modes" which can be resolved from each other and
from the main line. Accordingly, we take the strength-
weighted average frequency co=+;S;co;/g;S; as the fre-

where f is the fraction of the K+ ions which are 'K+
isotopes. For f=0.07, we have p(0) =0.647,
p(1)=0.292, p(2)=0. 055, and p(3) =0.0055. Since im-
purities with three or more 'K+ ions as fourth neighbors
account for less than 1% of the impurities in a sample,
we neglect these impurity-isotope combinations in our
calculations. This leaves 22 unique impurity-isotope
combinations to consider. However, symmetry further
reduces the number of impurity-isotope combinations
that produce isotope modes with unique frequencies and
x-polarized strengths to six, namely: (200), (020), (200)-
(-200), (200)-(020), (020)-(0-20), and (020)-(002). For ex-
ample, the seven 'K+ (200)-(0-20), (-200)-(020), (-200)-
(0-20) and (+200)-(00+2) 'K+ isotope substitutions
each produce five x-polarized IR-active modes, having
the same set of frequencies and absorption strengths as
those produced by a (200)-(020) 'K substitution.

In a crystal with N& impurities, the predicted x-
polarized strength for the ith isotope mode produced by
an impurity-isotope combination with l fourth-neighbor
isotopes plus the N; —1 equivalent modes produced by
different isotope-impurity combinations, also with l 'K+
fourth neighbors, is given by

TABLE III. Impurity-isotope combinations which produce
modes with unique frequencies and x-polarized absorption
strengths. N; is the degeneracy factor explained in the text.
The x-polarized absorption strengths S; are normalized with

respect to the strength for the mode with no isotopes present
and include the contributions from impurity-isotope combina-
tions that produce isotope modes with the same frequency and
x-polarization strengths as the modes listed in the table. Before
comparing these predictions with experiment, the modes which
cannot be resolved experimentally need to be combined, as dis-

cussed in the text.

'K+ sites

(200)
(200)
(200)
(020)

(200)-(-200)
(020)-(0-20)
(020)-(002)
(200)-(020)
(200)-(020)
(200)-(020)
(200)-(020)
(200)-(020)

co; (cm ')

86.2
84.7
86.1

87.1

86.2
84.6
86.2
86.2
84.9
86.1

87.0
84.6
86.1

N; S; /So

1.00
0.078
0.068
0.0062
0.30
0.0058
0.057
0.023
0.014
0.0065
0.0024
0.010
0.013

III. EXPERIMENT

A. Observation of the isotope mode

The samples were cleaved from crystals of KI:Ag
grown by the Czochralski method at the Cornell Materi-
als Science Center Crystal Growing Facility. Care was

quency of each of these two combined modes. Here the
sum runs over just the modes which are being combined.
As one can see from Table III, the two isotope modes
produced by a (200) isotope combination that are resolv-
able from the no-isotope mode will dominate these corn-
bined modes. Of the thirteen modes in Table III, four
(lines 2, 6, 9, and 12) contribute to the lower-frequency
combined mode, two (lines 4 and 11) contribute to the
higher-frequency combined mode, and the remaining
seven contribute to the main line. Finally, since we are
going to compare relative absorption intensities between
these modes and the main T,„gap mode at 86.2 cm
the expressions for the intensities will only involve the in-
dex of refraction and the T,„mode fraction factors; tak-
ing the ratio eliminates the effective charges present in
Eq. (19).

The predicted frequency shifts and relative strengths
for the two isotope modes expected to be experimentally
resolvable are listed in Table IV, together with the experi-
mental observations. The predicted and experimental re-
sults for the lower-frequency isotope mode are seen to be
in good agreement, especially considering that there were
no adjustable parameters. The higher-frequency mode at
87.1 cm ' is presumably too weak to be observed. Fur-
ther discussion of these results will be deferred until after
the following section, which details the experiments.



47 POCKET VIBRATIONAL MODES IN CRYSTALS: THEORY. . . 5739

TABLE IV. Calculated and measured pocket-gap-mode isotope splittings and strengths for KI:Ag+
due to the 7% abundance of 'K+ in the host crystal, relative to the "unperturbed" gap mode at 86.2
cm '. The unperturbed gap-mode strength used to calculate the observed relative absorption strengths
includes contributions from isotope modes unresolvable from the 86.2-cm mode, as discussed in the
text. The mode at 87.1 cm ' is too weak to be observed.

Frequency (cm ')
Frequency splitting (cm ')
Relative strength

Calculated

84.7
—1.5

0.07

Observed

84.5
—1.7

0.04

Calculated

87.1

0.9
0.006

Observed

taken to choose the pure KI starting material from which
the crystals were grown in order to minimize the pres-
ence of impurities that give rise to far-infrared modes
with frequencies near those caused by the Ag+ dopant.
A variable-temperature optical-access cryostat was used
to cool the samples to superAuid-helium temperatures;
for the temperature-dependent studies, the samples were
immersed in either helium liquid or gas. A rapid-
scanning Fourier-transform interferometer was used to
accumulate high-resolution (0.1 cm ') spectra with good
signal-to-noise ratios between 69 and 96 crn ', the pho-
non gap region of KI. Further details of the experimen-
tal techniques for such measurements are given in Ref.
14.

also that the weak satellite line at 84.5 cm ' disappears
with a similar temperature dependence. At the same
time that the difference-band absorption increases in
magnitude with increasing temperature, the weak
features within and on the high-frequency side of the
main Ag+ gap mode remain essentially temperature in-

1. Absorption spectrum

The absorption coefficient of KI+0.4 mol jo Agl in
the phonon gap region of KI for two different tempera-
tures is shown in Fig. 5 at a resolution of 0.1 crn . The
strong impurity-induced feature at 86.2 cm is the
KI:Ag+ gap mode corresponding to the low-temperature
on-center configuration of the defect system. Most of the
weaker spectral features seen here and identified in the
figure caption are associated with other unwanted mona-
tornic impurities, present in either the host or dopant
starting materials. %'hen the temperature is increased
from 1.6 to 8.8 K, the strengths of this strong Ag+ gap
mode and a neighboring satellite line at lower frequency
are reduced by a factor of 2, while the strengths of the
weak but sharp modes due to the other impurities remain
unchanged. The center frequencies of these two Ag+
modes show a very small shift to lower frequencies with
increasing temperature, which cannot be seen in this
figure. At the highest frequencies shown in the figure, the
temperature change produces an increase in the host ab-
sorption coefficient due to intrinsic difference-band pro-
cesses. '

The interplay between the temperature dependence of
the gap-mode strength and the underlying difference-
band absorption can be more easily seen in the three-
dimensional plot of Fig. 6, which displays the results ob-
tained for a number of temperatures from 1.6 to 19 K.
At the highest temperature shown, 19.0 K, the gap mode
has nearly vanished; the remaining weak absorption
peaks at 86.3 and 86.9 cm ' are due to a small concentra-
tion of naturally occurring Rb+ impurities. ' lt is clear
from these data that not only does the strength of the
main mode disappear with increasing temperature, but

C:
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FIG. 5. Impurity-induced absorption coefficient of KI+0.4
mole% AgI. The restricted frequency interval covers the pho-
non gap region of KI. The resolution is 0.1 cm '. The temper-
ature of the upper spectrum is 1.6 K, and that of the lower one
is 8.8 K. The strong mode at 86.2 cm ' is the on-center
KI:Ag+ gap mode. This mode has lost about half its strength in
the higher-temperature spectrum. The doublet at 76.8 and 77.1

cm ' is due to Cl and the single peak at 82.9 cm is due to
Cs+. The weak temperature-dependent peak at 84.5 cm ' is the
Ag+ isotope mode. Note that the KI:Ag+ modes, which have a
FWHM of -0.5 cm ', are significantly broader than other KI
gap modes, whose FWHM is —0. 14 cm '. Additional
temperature-induced changes are increased broad-band absorp-
tion due to di6'erence-band processes in the host KI crystal and
the appearance of a KI:Ag+ gap mode at 78.6 cm ' corre-
sponding to the population of another configuration of the Ag+
defect in the KI lattice.
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FIG. 6. Temperature dependence of the absorption
coefficient in the region of the KI:Ag+ pocket gap modes be-
tween 1.6 and 19 K. The samples are the same as in Fig. 5. The
resolution is 0.1 cm '. Note that the two KI:Ag+ modes have
nearly disappeared in the high-temperature spectrum, where
two weak Rb+ gap modes at 86.3 and 86.9 cm ' have become
visible. Note also the dramatic increase in the difference-band
absorption with increasing temperature.

dependent but become easier to see with the disappear-
ance of the Ag+ gap mode.

An identifiable property of the Ag+ gap modes at 86.2
and 84.5 cm ' is that their strengths become vanishingly
small by -25 K. ' *' This temperature dependence is
associated with the depopulation of the Ag+ on-center
configuration and is exhibited by all experimental probes
of this defect system. In contrast, the KI:Cl doublet
at 76.8 and 77.1 cm ' and the KI:Cs+ single peak at 82.9
cm ' in Fig. 5, for example, have no temperature depen-
dence in this restricted temperature region.

There is another relevant feature generated by the Ag+
defect in the 8.8-K spectrum of Fig. 5. A weak broad gap
mode is visible at 78.6 cm, which initially grows in
strength with increasing temperature. Previously, this
line was identified with a transition in the off-center Ag+
configuration. The more precise temperature-dependent
data that we shall show in Sec. III A 3 indicate that this
initial assignment is not correct.

In order to determine the Ag+ concentration depen-
dence of the weak satellite mode at 84.5 cm ', tentatively
identified as an isotope pocket gap mode, we measured
spectra of samples with nominal concentrations of 0.1

and 0.4 mole'Po. The peak absorption values for the
strong 86.2-cm ' pocket gap mode, which are propor-
tional to the actual concentrations, were found to be 6.2
and 11.8 cm ', respectively, for the two boules (the actu-

FIG. 7. Derivatives of the spectra in Fig. 5. This view brings
out the weak Rb+ mode at 86.9 cm ' (the even weaker 86.3-

cm ' Rb+ mode is nearly coincident with the much stronger
86.2-cm ' Ag+ mode, and is hidden at low temperatures). The
main advantage of this representation is the suppression of the
broad-band background.

al concentrations are substantially lower than the nomi-
nal ones). In both cases, the isotope mode had a strength
of 4% relative to that of the main mode, obtained by the
fitting procedure described in Sec. III B 1 below, indicat-
ing that both modes depend linearly on the Ag+ concen-
tration. This test verifies that the weak satellite is not a
pair-mode feature.

2. Derivative of the absorption spectrum

To search for the other weak isotope-shifted pocket
modes predicted by the theory, we have analyzed the
derivatives of the impurity-induced absorption spectra in
addition to the spectra themselves. The derivatives of the
spectra of Fig. 5 are shown in Fig. 7. Note that the
temperature-dependent difference-frequency absorption
background is suppressed by this manipulation of the
data. The weak but sharp features identified in Fig. 5 are
much easier to see in Fig. 7. For example, the weak
temperature-independent KI:Rb+ mode at 86.9 cm
which is almost totally obscured by the nearby strong
KI:Ag+ pocket gap mode at 86.2 cm ' in the low-
temperature spectra of Figs. 5 and 6, is clearly seen in the
derivatives in Fig. 7. The source of the additional ab-
sorption features which occur above 90 cm ' have not
yet been identified.

Figure 8 presents an expanded version of the deriva-
tives in the Ag+ gap-mode region. The two arrows mark
the locations of the two pocket gap modes predicted by
the model to result from the isotopic substitution and ex-
pected to be resolvable, as listed in Table IV. One obvi-
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ous assignment is to identify the line at 84.5 cm ' with
the stronger of these predicted isotope modes at the
slightly larger frequency of 84.7 cm '. The primary
source of this mode is the mixing of the 86.2-cm pocket
gap mode with the even-parity pocket gap modes, due to
the replacement of K+ by 'K+ (93% and 7% natural
abundances, respectively) at the (+200) lattice sites rela-
tive to that occupied by the Ag+ defect.

Another somewhat weaker feature is observed at 85.8
cm in Fig. 8, on the wing of the main line at 86.2
cm '. Although Fig. 9 presents the derivative spectra
for temperatures ranging from 1.6 to 19 K, it is difficult
to conclude much about this weak satellite at 85.8 cm
from these data. Since the highest-temperature results do
not show the shoulder observed in the low-temperature
spectra, it is possible that this shoulder is associated with
one of the weakly shifted 'K+ isotope modes, such as
the 86.1-cm mode given in third line of Table III.
However, because of the interference by the strong un-
perturbed mode at 86.2 cm ', it is not possible to make
an unambiguous assignment.

The abscissa in the center part of Fig. 9 has been ex-
panded 10X in order to demonstrate the qualitative simi-
larity between the temperature dependence of the main
pocket gap mode and that of the isotope pocket mode.
For contrast, Fig. 9 also shows the 82.9-cm ' KI:Cs+
gap mode, whose strength has no temperature depen-
dence in this restricted temperature range.

Similarly, the very weak high-frequency pocket isotope
mode predicted by theory (see Fig. 8) is outside the ab-
sorption line shape produced by the main unperturbed
line but is nearly on top of a Rb+ gap mode. Inspection

—20—

I I I I

84 85 86 87
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FIG. 8. Expanded view of the derivative of the low-
temperature gap-mode spectrum. The arrows mark the posi-
tions of the two resolvable pocket modes predicted by the model
in the presence of a (200) ' K+~ 'K+ isotope substitution, as
discussed in the text. The observed mode at 84.5 cm ' is
identified with the predicted mode at 84.7 cm '. The very weak
shoulder at 85.8 cm ' may correspond to the isotope mode pre-
dicted at 86.1 cm ', but the mode predicted at 87.1 cm ' would
be nearly coincident with the 86.9-cm ' Rb+ mode.
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FIG. 9. Temperature dependence of the derivative of the absorption coefficient in the gap mode region. The temperatures range
from 1.6 to 19.0 K. The abscissa in the center section is magnified ten times in order to show the KI:Ag+ isotope mode more clearly.
For contrast, the lowest-frequency section shows the nearly temperature-independent Cs mode at 82.9 cm '. Note the qualitative
similarity between the temperature dependences of the gap mode and the isotope mode. The temperatures of the spectra are: A, 1.6
K; B, 3. K; C, 6.4 K; D, 7.6 K; E, 8.8 K; F, 10.0 K; G, 11.2 K; H, 12.4 K; I, 14.0 K; J, 15.6 K; E, 17.2 K; L, 19.0 K.
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of the derivative spectra in Fig. 9 does not give any addi-
tional evidence that a temperature-dependent feature
occurs in this region. An assignment with the high-
frequency mode in Table IV is therefore not possible.

3. Absorption difference spectrum

A different way of investigating the temperature depen-
dence of the Ag+ modes is by looking at the difference in
absorption coefficient between a temperature T and the
lowest measured temperature of 1.6 K. These results,
presented in Fig. 10, bring out only the region of in-
creased absorption at higher temperatures. To expand
the ordinate scale, we have excluded the strong unper-
turbed KI:Ag+ pocket gap mode in order to allow a
closer look at the weaker modes. Trace A (a horizontal
line) shows that there is no change in the absorption
coefficient between 1.6 and 3.1 K. Trace B shows that an
observable change is found at 6.4 K, and so on. Aside
from the decrease in the strength of the isotope mode and
the increase in the strength of the broad "off'-center"
KI:Ag+ band at 78.6 cm ' with increasing temperature,
this view also reveals two unexpected results: (1) There is

a narrow spectral region between the unperturbed and
isotope KI:Ag+ pocket gap modes, centered at -85.3
cm ', where the absorption coefficient appears to in-
crease faster with temperature than the intrinsic
difference-band absorption. At higher temperature, the
absorption coefficient in this region is controlled by the
difference-band absorption; hence it is evident from Fig.
10 that this initial effect does not continue to grow. (2)
The 78.6-cm ' band grows with increasing temperature
but then appears to stop changing for temperatures larger
than about 12 K. It seems that the temperature depen-
dence of the strength of this mode and the one at 85.3
cm ' may be related. But, in any case, neither of these
strengths show the temperature dependence associated
with the off-center configuration ' which continues to
grow in strength until about 25 K. It is unexplained
features such as these which make us cautious in assign-
ing the 86.1-cm ' isotope mode to the satellite at 85.8
cm '. We note that even though only one of the two
resolvable isotope modes has been unambiguously
identified experimentally (84.5 cm '), both the measured
low-temperature center frequency and strength of this
mode are consistent with the theoretical pocket-mode
predictions summarized in Table IV.

B. Temperature dependence of the gap-mode strength

1. Difference band backg-round subtraction method

0
70 75 80 85

Frequency (cm ')
90

FIG. 10. Temperature dependence of the change in the ab-
sorption coeKcient in the gap mode region. The reference tem-
perature is 1.6 K. En order to magnify the ordinate, only the in-
creased absorption range is shown in each trace. The strongly
temperature-dependent KI:Ag+ pocket gap modes are readily
visible in the higher-temperature spectra. A region of increased
absorption between these two Ag+ gap modes appears at
surprisingly low temperatures. The Cl and Cs+ modes are
suppressed here because they are nearly temperature indepen-
dent. The higher-temperature spectra indicate the appearance
of another KI:Ag+ gap mode at 78.6 cm ' on top of the rapidly
increasing difference-band background. The temperatures (T)
associated with the difference spectra are: 2, 3.1 K; B, 6.4 K;
C, 7.6 K; D, 10.0 K; E, 14.0 K; F, 19.0 K.

In order to quantify the temperature dependences of
the KI:Ag+ pocket gap modes, it is necessary to separate
the spectral lines from the intrinsic background absorp-
tion. This procedure is especially complicated in the case
of the isotope mode because part of the background in its
spectral region is due to the much stronger higher-
frequency unperturbed Ag+ pocket gap mode. The origi-
nal method used for the unperturbed gap mode was to
subtract a "reasonable" background and then numerical-
ly integrate the remaining peak; the result is shown as
the dashed line in Fig. 11(a). It was also found that the
strengths of other experimentally measured properties,
such as the IR-active resonant mode at 17.3 cm ', the
Raman-active resonant mode at 16.1 cm ', the UV tran-
sitions, and the ac dielectric susceptibility could be relat-
ed to the same dashed line.

An improved technique, which we now describe, con-
sists of a systematic fitting procedure from which the
strengths of both the unperturbed and isotope gap modes
can be obtained. First, the data in the parts of the pho-
non gap region of KI where no impurity modes are
present is used to fit a ninth-order polynomial to the
temperature-dependent background absorption. Second,
the background absorption is subtracted, leaving only the
absorption peaks corresponding to the impurity modes.
Third, the strengths of the KI:Ag+ pocket gap modes are
obtained by fitting the peaks to the sum of two Voigt
functions' (convolutions of a Gaussian and a Lorentzian
function), corresponding to the unperturbed and isotope
modes, respectively. Since the isotope mode is much
weaker than the unperturbed mode (4%%ug of the strength;
see Table IV), it is necessary to limit the number of free
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FIG. 11. Temperature dependences of the pocket-gap-mode
strengths for KI:Ag+. The dashed line in both parts of the
figure is the previously measured temperature dependence of the
gap and resonant modes, as well as of the UV electronic transi-
tions, ac susceptibility, and a Raman-active mode associated
with the on-center configuration of this defect system (Refs.
5 —7). (a) Temperature dependence of the strength of the unper-
turbed KI:Ag+ pocket gap mode at 86.2 cm ', as obtained by
two different analytical techniques (symbols). Circles: strength
obtained by fitting the absorption peak to a Voigt function fol-
lowing background subtraction. Triangles: strength obtained
from the derivative of the spectrum, which obviates the need for
background subtraction (see text). (b) Temperature dependence
of the strength of the KI:Ag+ isotope pocket gap mode at 84.5
cm ' (symbols), as obtained by fitting to the sum of two Voigt
functions following background subtraction (see text).

2. Derivative method

parameters in the fits: the assumptions used are that the
two Voigt functions have the same shape and that the
separation of their center frequencies is temperature in-
dependent. Thus the remaining free parameters are the
widths of the Gaussian and Lorentzian contributions to
the line shapes and the strengths of the two modes. In
general, excellent fits are obtained, especially at the lower
temperatures. The strength of the unperturbed gap mode
obtained by this technique is shown as the circles in Fig.
11(a) and is in good agreement with the previous results,
represented by the dashed line. Figure 11(b) shows the
temperature dependence of the isotope mode as deter-
mined by this technique; within the experimental uncer-
tainty, the temperature dependences of the unperturbed
and isotope KI:Ag+ pocket gap modes are clearly simi-
lar, and possibly identical.

f f(co)de= 1. — (22)

Then the absorption strength is S. If the signal-to-noise
ratio of the data is large enough, then
da/dc@= S(df/dc') —can be obtained from the measured
a(co) by numerical differentiation of the spectra, which
automatically eliminates the background function b(co).
The remaining challenge is to obtain the temperature
dependence of S from the derivative spectra. As de-
scribed below, a more indirect approach is required to
obtain S from da /de than from a(co).

In principle, S can be obtained simply from the shape
of da/des. For Voigt line shapes, the distance between
the maximum and minimum abscissa values of this func-
tion is proportional to S/I, where I" is proportional to
the full width at half maximum of a(co), while the dis-
tance between the corresponding ordinate values is pro-
portional to I . Since both S and I are temperature
dependent for the Ag+ gap mode (though I is only weak-
ly so), it is important to keep track of the changes in I .
One problem with this technique is that it relies on only a
small portion of the available data.

A way of using all of the available data in the deriva-
tive of a spectrum to determine the strength of a mode is
to numerically integrate two quantities, namely,

I, —= f" "' d~ S/r (23)
~o d ct)

and

ture dependence of the strengths of the modes. To check
this potential systematic error, we have developed a
different way to determine the strengths from the avail-
able data.

By investigating the derivative of the spectra instead of
the spectra, as shown in Figs. 7 and 9, the slowly varying
but temperature-dependent difFerence-frequency absorp-
tion is suppressed. The approach is to use the derivatives
to determine the mode strengths directly so that no back-
ground subtraction, with its inherent uncertainty, is
needed. To quantify this method, we assume that the ex-
perimentally measured absorption coefficient a(co) in the
region of an IR-active mode superimposed on a
frequency-dependent broad-band absorption background
can be written as the sum of two functions,
a(co)=a(co)+b(cu), where a(co) describes a symmetric
narrow absorption line and b(co) describes the slowly
varying difference-band background. In general, both
a(co) and b(co) are functions whose exact analytical forms
are not known, so that accurate fitting to the measured
a(co) is difficult. Of interest here is the integrated
strength of the absorption line, a(co). In what follows, it
is assumed that b(co) is slowly varying in the frequency
interval in which the variation of a(co) is significant, i.e.,
that da/du=da /dao; this has been shown to be the case
here (compare Figs. 5 and 7). Now let the absorption
line a(co) be written as a(co)=Sf(co), with f(co) normal-
ized such that

A problem with the preceding fitting procedure is that
the shape of the temperature-dependent background sub-
tracted from the data systematically affects the tempera-

2

I2:—f d co ~ S /I
0 dc'

(24)
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where coo is the center frequency of the peak (which can
be accurately determined for a symmetric line shape from
the zero crossing of the derivative). From these results,
the strength of the mode is S ~ I, /I2. The proportionali-
ty constant is 4/~ for a Lorentzian line shape and v'2/w
for a Gaussian one. For a Voigt line shape, which de-
scribes the experimental results reasonably well, the pro-
portionality constant is determined by numerical analysis
to vary between these two values, depending on the rela-
tive sizes of the Gaussian and Lorentzian contributions to
the line shape. If the line shape were to change (e.g., with
temperature) from being predominantly Lorentzian to be-
ing predominantly Gaussian, a maximum error of 10%%uo

would occur in the determination of the temperature
dependence of the mode strength. However, in the
present study, the experimental line shape is predom-
inantly Lorentzian at all temperatures with only a small
Gaussian contribution; thus this source of error is negli-
gible.

The results of this method of analysis for the unper-
turbed KI:Ag+ pocket gap mode are shown as the trian-
gles in Fig. 11(a); they are seen to be in good agreement
with the results obtained from the other analysis methods
described above; hence, both data analysis approaches
provide consistent results. Because of the unusual tem-
perature dependence of the background absorption ob-
served between the isotope and the unperturbed gap
mode, shown in Fig. 10, we have not attempted to use the
derivative method to reinvestigate the temperature
dependence of the strength of the isotope mode.

IV. DISCUSSION

A. The isotope eÃect

There are two different ways of producing the Ag+
gap-mode isotope effect: by changing the mass of the im-
purity or by changing the mass of one or more of the
host-lattice ions in its vicinity. We now consider these
possibilities in turn.

First, we consider the ' ' Ag+ isotope effect for a
"standard" gap mode, whose maximum amplitude is lo-
calized on the impurity ion. Since the two naturally
occurring silver isotopes have nearly equal abundances,
this would produce two peaks of nearly equal strengths,
qualitatively similar to the KI:Cl isotope peaks shown
in Fig. 5. The gap-mode strengths reported here are
much too disproportionate to be consistent with this
model.

Second, we consider changing the mass of a neighbor-
ing host-lattice ion. There are now two subcategories,
since the maximum amplitude of the T,„gap mode can
be either on or away from the impurity site. We first fit
our defect model to an on-site case, the observed KI:Cs+
gap mode at 82.9 cm '. Since Cs+ is larger than K+, it
is reasonable to assume that both 6 and 6' are positive
and that the fractional changes 5/k and 5'/k are in the
range (0, 1). Within this range, we find that the observed
KI:Cs+ gap-mode frequency is almost entirely deter-
mined by the defect —nearest-neighbor force constant
change 5: varying 6'/k from 0 to 1 only changes 6/k

from 0.304 to 0.298. This implies that the displacement
pattern for this gap mode is peaked at the impurity,
much like the T&„17.3-crn ' KI:Ag+ resonant-mode
pattern shown in Fig. 1. In contrast to the large 'K+
frequency shift predicted and observed here for the
KI:Ag+ pocket gap mode, our predicted 'K+ (200) iso-
tope shift for this "standard" 82.9-cm ' KI:Cs+ gap
mode is less than 0.1 cm '. Furthermore, our predicted
shift for this mode under second-neighbor [e.g. , (110)]
'K+ isotopic substitutions is even smaller, namely 0.008

cm '. These possible 'K+ isotope shifts for the KI:Cs+
gap mode are at least an order of magnitude smaller than
the isotope shift reported here for the KI:Ag+ pocket
gap mode. Thus a sharply peaked amplitude at the defect
site cannot explain our data.

In the second subcategory, the maximum amplitude of
the T,„gap mode is away from the impurity site, as
occurs for the pocket modes. Suppose that the T&„gap
mode in KI:Ag+ were an isolated pocket mode, i.e., that
the predicted 2

&
and E modes were not present. In

this case, nondegenerate perturbation theory applies and
a 'K+ isotopic substitution on one of the defect's (200)
fourth neighbors produces a pocket isotope mode. The
largest possible frequency shift occurs for the case of a
Tj„pocket mode whose displacements are entirely local-
ized on the (+200) sites. In this extreme limit, the isoto-
pic frequency shift would be —1. 1 cm '. Moreover, the
relative absorption strengths for isolated modes are deter-
mined solely by statistical and index of refraction fac-
tors. ' In the present case, an isolated T&„pocket gap
mode with its displacement pattern strongly peaked on
the fourth neighbors would produce an isotope IR-
absorption line of relative strength S& /S, =0.15. This is
higher than the measured value by a factor of 4 (0.15
compared with 0.04) and goes with a maximum frequency
shift which is too small (

—1.1 cm compared with the
measured —1.7 cm '). Although these two discrepan-
cies are in opposite directions, they are nevertheless
within an order of magnitude. Hence this model at least
has roughly the right qualitative behavior.

As noted at the end of Sec. II, our predicted and mea-
sured pocket-gap-mode isotope splitting and the absorp-
tion strength of Table IV are in good agreement. Unlike
the isolated pocket-mode model discussed in the preced-
ing paragraph, an essential ingredient of our model is its
inclusion of aO of the nearly degenerate pocket modes of

]g Eg and T,„symmetries. It is the mixing of these
modes by the isotopic perturbation which results in the
good quantitative agreement exhibited in Table IV. We
emphasize that our predictions involved no new or ad-
justable parameters; rather they are direct consequences
of our perturbed harmonic model for the on-center
configuration. This good agreement is strong evidence
for the existence of the unusual nearly degenerate pocket
gap modes. The evidence is even stronger considering
that our observed isotope spectra cannot be explained by
a harmonic model if the 86.2 cm ' T&„gap mode were to
have a more typical local-mode displacement pattern
peaked at the impurity. In summary, neither the
impurity-peaked gap mode explanation nor the isolated
pocket-gap-mode explanation can reproduce quantita-
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tively the measured frequency shift and strength for the
KI:Ag+ isotope mode.

In view of the good agreement between our pocket-
isotope-mode predictions and experiment, the absence of
fitting parameters or extensions (e.g. , anharmonic correc-
tions) in our model calculations, and the failures of the al-
ternative explanations noted above, we regard the ex-
istence of the unusual pocket gap modes in KI:Ag+ as
being established.

We should note, however, that it would be misleading
to conclude from this success that our two-parameter
harmonic-defect model can reproduce the entire far-IR
spectrum observed for the KI:Ag+ system. Figure 12
shows the measured low-temperature absorption (curve
3 ) over the frequency region below the reststrahl. Also
shown is our calculated impurity-induced absorption
(curve 8) over the same region for the present model.
For clarity, the gap-mode 5 function is not shown. We
have demonstrated here that our perturbed harmonic
phonon model gives a good account of the positions and
strengths of the resonant mode and the pocket gap
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FIG. 12. Impurity-induced absorption coefticient of KI:Ag+
vs frequency. Curve 3: Far-IR absorption coeScient of
KI:Ag+ below the optical-phonon region, at 1.7 K. The dom-
inant features are the KI:Ag+ resonant and gap modes at 17.3
and 86.2 cm ', respectively, and the gap modes due to KI:Cl
at 76.8 and 77.1 cm ' and KI:Cs+ at 82.9 cm ' (Cl and Cs+
are present as natural impurities). Additional weak features due
to KI:Ag+ are at 30, 44, 55.8, 63.6, and 84.5 cm '; all are asso-
ciated with the on-center configuration of the Ag+ impurity.
The instrumental resolution is 0.1 cm '. Curve 8: the calculat-
ed absorption coefficient according to the two-parameter har-
monic model described in the text. The gap-mode 5 function is
not shown. Note that the structure in the acoustic spectrum for
curve A is not associated with density of states features in curve
8.

modes, as well as of the pocket-mode isotope effect, but
we see from Fig. 12 that it does not simultaneously ac-
count for the frequency dependence or strength of the
broad-band absorption in the acoustic-phonon region.
This could be due to neglected anharmonic or electronic
deformation effects involving the Ag+ ion, or to our
neglect of static relaxation effects beyond the defect's
fourth-nearest neighbors.

B. Temperature dependence

Early measurements of the temperature dependence of
the strengths of the resonant mode and the gap mode
produced similar dependences; however, because of the
difference-band absorption, the errors in determining the
strength of the gap mode were much larger than for the
resonant mode. It has been proposed, and demonstrat-
ed to some extent, that the temperature dependence
should be the same for all optical probes which monitor
the Ag+ defect system if it is a consequence of the popu-
lation in the on-center configuration. If a difference were
found between the temperature dependences of the reso-
nant and gap modes, the two-configuration (on-center-
off-center) model could be eliminated. On the other
hand, if there is a common temperature dependence for
these modes, it is of interest to determine its functional
form since this provides a direct measure of the entropy
available in the off-center configuration. Finally, we
need to determine whether the newly discovered pocket
isotope mode, which has a different local defect symme-
try and hence can be thought of as a different defect,
shares this common temperature dependence.

The problem in determining the strength vs tempera-
ture for both the 86.2-cm ' pocket gap mode and the
pocket isotope mode is complicated by the presence of
the strongly temperature-dependent intrinsic difference-
band absorption background. However, the good signal-
to-noise ratio obtained by averaging with the scanning in-
terferometer allows examination of the derivative of the
absorption spectra in addition to the spectra themselves,
so there are two different ways to analyze the
temperature-dependent data and check the self-
consistency of the results. We find that the difference-
band subtraction method and the derivative method, de-
scribed in Secs. III B 1 and III 8 2, give identical tempera-
ture dependences for the pocket-gap-mode strength, and
that this temperature dependence is the same as that
found earlier for the resonant mode.

Because of the relative weakness of the pocket isotope
mode and the presence of other weak unexplained
temperature-dependent features in the same frequency re-
gion (see, for example, Fig. 10), it is not possible to use
the derivative method to analyze the strength of the iso-
tope mode with any confidence. However, the
difference-band background subtraction method does
produce a curve similar to the temperature dependence of
the resonant mode, with errors such that these two
curves could, in principle, be identical.

Another new result is the unusual temperature depen-
dence of the high-temperature mode at 78.6 cm ', which
had previously been identified with the off-center
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configuration. The absorption difference results (Fig. 10)
show that although the strength of this mode grows at
low temperature, it attains its maximum value at a tern-
perature of —12 K, much smaller than that associated
with the disappearance of the on-center configuration. It
now appears that this high-temperature mode may, in
fact, not be associated with the off-center configuration of
the Ag+ ion but rather with another configuration avail-
able to the Ag+ at intermediate temperatures.

V. CONCLUSIONS

A. Pocket modes

The low-temperature dynamics of KI:Ag+ are well de-
scribed by a nearly unstable perturbed harmonic model
which includes substantial force-constant weakening.
The most striking prediction of our model is the existence
of three nearly degenerate pocket gap modes of different
symmetries: 3 &, E, and T,„. All three of these modes
have very unusual displacement patterns, with ampli-
tudes strongly peaked on the impurity's fourth-nearest
neighbors. The T&„pocket gap mode is observed in IR
absorption. The even-parity A, and E pocket gap
modes should be Raman active, but have Raman intensi-
ties too weak to be observed. However, naturally occur-
ring 'K+ isotopes present at the impurity's fourth-
nearest-neighbor sites mix these nearly degenerate gap
modes, producing new pocket isotope modes with pre-
dicted frequencies and relative intensities in good agree-
ment with the high-resolution IR measurements reported
here. Our results directly confirm the existence of these
nearly degenerate modes and their unusual displacement
patterns.

The A, and E pocket modes involve no motion of
the Ag+ impurity and are hence independent of the de-
fect mass. The T&„pocket mode involves a negligibly
small defect displacement and thus should be essentially
independent of the defect mass. Indeed, if we keep the
force-constant changes 6 and 6' fixed in our model, and
vary the defect mass change from Am =68.9 amu to
hm =0.0 (corresponding to m + —+m ~ ), we find that

Ag

the T&„pocket-mode frequency changes by less than
0.04%. Furthermore, the pocket modes were found to be
present for all values of 6 and 5' along the T,„17.3-cm
resonance-mode curve of Fig. 3, for 6' ~ —0.2. Thus the
nearly degenerate pocket gap modes are a general feature
of our perturbed harmonic model for any cation impurity
which introduces these large force-constant weakenings.

The ubiquity of these modes for our KI:Ag+ defect
model suggests that pocket modes might be a general
feature of a class of impurity-host systems. The substan-
tial force-constant weakening in our model is due to the
presence of the low-frequency T,„resonance mode at
17.3 cm '. This suggests that pocket gap modes might
be a general feature of systems with low-frequency reso-
nance and large host-crystal phonon gaps. To address
this possibility, we examined the system NaI:Cl, which
has a wide phonon gap and an even lower-frequency T,„
resonance, at 5.4 cm '. ' ' We applied our model to this
system and found that for all force-constant changes con-

sistent with the 5.4-cm ' resonance, the predicted gap-
mode displacement patterns are localized at the impurity,
in sharp contrast to the displacement patterns for the
pocket modes in KI:Ag+. This in turn suggests that
another key requirement for the existence of the pocket
modes is that the light host-lattice constituent should
occur at the impurity's fourth-nearest neighbors. To test
this, we considered the hypothetical "inverse" systems
NaI:Ag+ and KI:Cl, with force-constant changes ob-
tained by assuming the simultaneous presence of a T,„
resonant mode near zero frequency and a Tj„ localized
mode in the gap. These calculations yielded pocket
modes for the former case, but not for the latter, con-
sistent with the above conjecture. Hence, pocket modes
appear to be a general feature of a class of impurity-
lattice systems.

B. Importance for KI:Ag+

The experimental confirmation of the pocket modes in
KI:Ag+ involved a careful analysis of their temperature
behavior and concentration dependence in high-
resolution far-IR-absorption spectra, together with a de-
tailed study of the changes of their IR spectra due to the
naturally occurring presence 'K+ isotopes in our sam-
ples. The observed dependence on Ag+ concentration is
linear, and the qualitative temperature behavior of both
the 86.2-cm ' IR gap-mode peak and its isotope satellite
is the same as that found for the 17.3-cm ' IR resonant
mode, for the 16.1-cm ' Raman mode, for the electronic
Ag+ absorption, and in dielectric loss measurements. To
determine quantitatively the experimental gap- and
isotope-mode peak relative positions and intensities need-
ed for comparison with our model predictions, we em-

ployed a careful fitting procedure that included a subtrac-
tion of the temperature-dependent background absorp-
tion. The resulting comparison with our model predic-
tions was the key element in confirming the unusual
pocket nature of the gap modes in KI:Ag+.

Having thus established that the displacements for the
86.2-cm ' IR gap mode in KI:Ag+ are essentially
confined to just the host-crystal (200) family of ions, as
opposed to the case for the low-frequency 17.3-cm ' res-
onant mode, whose displacements are peaked on the Ag+
and its nearest neighbors in our model, it was realized
that the quantitative temperature dependences of the
strengths of these two modes can provide important com-
plementary information on the participation of the Ag+
impurity's surrounding ions in this system's anomalous
thermally driven (on~off)-center transition of the Ag+
ion. Unfortunately, despite the careful fitting procedure
used to determine the gap- and isotope-mode peak rela-
tive positions and intensities, the experimental uncertain-
ties in the temperature dependence of the strengths
remained much larger than those for the 17.3-cm ' reso-
nant mode, owing to the temperature-dependent back-
ground in the experimental gap-mode region. According-
ly, the new derivative technique described here was
developed, leading to large reductions in the experimen-
tal uncertainties. The important result of this analysis is
that both the low-frequency IR resonant mode and the
strong pocket IR gap mode disappear at identical rates
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with temperature in the range 0—25 K, even though the
dynamics of each involve different regions of the defect
space. Since the mode frequencies are nearly temperature
independent over this temperature interval, it appears
that these two nearly harmonic modes simply monitor, in
different spatial regions, the population of the on-center
configuration. Thus the present study has not only
confirmed the unusual pocket nature of the gap modes in
the low-temperature on-center configuration of KI:Ag+,
it has also allowed us to use this property to reveal that
the thermally driven instability in this system involves
the entire coupled defect-host system in the impurity re-
gion.
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