
PHYSICAL REVIEW B VOLUME 12 NUMBER 4 15 AUGUST 1975

Paraelastic properties and reorientation behavior of (110) off-center Ag+ defects in RbC1
and RbBr~
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The stress-induced alignment of substitutional Ag+ defects in RbC1 and RbBr was studied at low

temperatures, using the uv absorption (A, D „and D2 bands) of the Ag+ defect. The elasto-optical
behavior, measured under stress S of (100), (111), and (110) symmetry, yielded results which are in

quantitative agreement with a Curie-law paraelastic behavior of (110) oriented permanent elastic dipoles.
With one particular exception (which will be discussed), the three stress symmetries yield internally
consistent and very precise data which test and confirm the elastic dipole model with an unprecedented
accuracy. For both RbC1 and RbBr systems, the Eg part of the elastic-dipole model (= level splitting
under Si«) is found considerably larger than the T,g part (or S 1» splitting eA'ect). These static elastic
dipole properties can be used to understand the peculiar dynamic behavior of the Ag+ defect: The high
preference of reorientation by tunneling between next-nearest-neighbor (90') instead of nearest-neighbor
(60') dipole states, can be explained by the very different way the T2g and Eg elastic-dipole distortions
are "dressing" and hindering these two motions. Elasto-optical measurements of the relaxation behavior

as a function of stress of difFerent symmetry yield results which agree with the predictions for
one-phonon or thermally activated relaxation processes involved in the dipole reorientation.

I. INTRODUCTION

A large variety of substitutional paraelectric de-
fects —both of the molecular and off-center point-
ion type —have been discovered and studied in the
cubic alkali-halide crystals during the last decade.
The prominent examples of these defects have been
found to have either (100) symmetry (like most
OH systems ) or (ill) symmetry (like the Li+ in
KCl, ' and moat CN systems'). This is a some-
what expected result if one employs the simplest
possible model for a free rotor in a cubic crystal
field: Using as a hindering potential the field of
cubic symmetry of lowest order in terms of sur-
face harmonics (Devonshire model), ~ one obtains a
prediction of dipole states with (100) or (111)sym-
metry only. This model furthermore leads for
large crystal potentials to an equivalence with the
tight-binding model approach, in which only tunnel-
ing between nearest-neighbor dipole states is con-
sidered. This is in agreement with the experimen-
tally verified high predominance of nearest-neigh-
bor versus next-nearest-neighbor tunneling in all
(100) and (111)dipole systems studied so far. The-
oretical calculations about possible off-center de-
fect potentials, based on more sophisticated micro-
scopic interaction models, have so far produced
predictions for (ill) defect symmetries only (as
for Li', ' Ag' and Cu', and for F defects').

Irrespective of these expectations, molecular
and off-center electric-dipole defects with (110)
symmetry have been found in increasing numbers
in recent years; QH in' KI and NaBr, F in NaBr, e

and Ag' in RbCl and' RbBr are examples. For-
mally a (110)defect orientation can be obtained in a
Devonshire-like model by extending the expansion

of the cubic crystal potential to the next-higher
surface harmonic term V~ and giving this term a
large enough strength compared to the first order
from V4. Such a (110)dipole model in an octahe-
dral crystal field becomes again equivalent with a
tight-binding tunneling approach, in which tunnel-
ing between nearest-neighbor (110) dipole states is
predominant.

The electro-optical study of Ag' defects in RbCl
and HbBr revealed (besides establishing clearly
the (110)off-center symmetry), that these defects
reorient with high preference by next-nearest-
neighbor (90') tunneling compared to the (60')
nearest-neighbor process. This astonishing re-
sult deviates from the behavior found for all (ill)
and (100) dipoles, and from the expectation, based
on octahedral-crystal-field models. We proposed
earlier a hypothetical explanation of this effect,
which was based on the extension of the rigid-cubic-
potential models, given by Pire and Gosar and
Shore. The strong electric and elastic coupling
of the dipole with its surrounding will lead to non-
cubic lattice distortions around the defect which
have to be reoriented together with the dipole. This
"dressing" of the dipole gives rise to strong hin-
dering effect on the tunneling motion, which can be
accounted for by a renormalization of the tunneling
formalism. We proposed that the strangely in-
verted 90' versus 60' tunneling rates found for the
Ag' (110)defect could be caused by a particular
dressing effect of the dipole with elastic distortions
of 7.'+ and E~ symmetry, with the latter being pre-
dominant and preventing a quick 60' reorientation.
This provided the main motivation for this work:
to study with elasto-optical techniques the detailed
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nature of the elastic-dipole properties of Ag' in
HbCl and RbBr. ' The obtained results will con-
firm our previous explanation for the 60 and 90'
reorientation, and mill allom testing in general of
the electric and elastic dressing model for the de-
fect reorientation mith an accuracy not achieved
so far in a parae)ectric-defect system.

Beyond supplying a phenomenological understand-
ing of the correlations between static and dynamic
properties of this pw ticuLa~ defect, we believe that
the Ag' system supplies the prototype behavior for
essentially all molecular and off-center paraelec-
fric systems of (110) symmetry. Work which is in
progress on various OH- and F (110) defect sys-
tems with elasto-optical, '6 Kerr-effect, "and di-
electric techniques'8 is yielding results which show
that similar elastic-dipole effects, correlated with

a particular 90' and 60 reorientation behavior,
seem to be characteristic for most (110) paraelec-
tric-dipole systems.

II. MODKI. FOR &110&ELASTIC DIPOLE AND

ITS KLASTOAPTICAL BKHAUIOR

In the previous electro-optical work it was con-
clusively determined that the Ag' defect occupies

the 12 possible (110) off-center positions [as il-
lustrated in Fig. 1(a)], with an electric displace-
ment-dipole-moment of 0. 78 and 0. 95 el, in RbC1
and RbBr, respectively. It was further clarified
in this work that the three low-energy absorption
bands of the Ag' defect (A, D» and Ds bands) dis-
play a polarization behavior as indicated in Fig.
1(b): For one selected off-center dipole site (No.
8 in Fig. 1) with a particular (110) direction, the
lowest energy (A) band is polarized parallel to the
dipole axis (5 polarization), while the Ds and D,
bands, following at higher energies, are found
polarized along the (110) and (001) directions~ re-
spectively, i.e. , along the two inequivalent direc-
tions perpendicular to the dipole axis (x;„and w, s, )
The electro-optical behavior, extrapolated to full
field alignment, indicated, however that this po-
larization is not a full (100%) one, but is found

empirically for all three bands to be reduced to an
effective -80% cr or s polarization. Tentative ex-
planation for this reduced polarization behavior can
be found either in a mixture of some m character
into the o transition (and vice versa), or in a small
( 16') mean deviation from the exact (110) orien-
tation due to bbrational motion of the dipole.
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FIG. 1. Upper part: Dlustration of the 12 equivalent sites of a (110)dipole, and (for a selected single-dipole state

No. 3) the direction of the transition moments for the optical absorption and the directions of the components x~, X2, and

X3 of the elastic-dipole tensor. Lower part: Energy levels for the orientational states of (classical) (110) dipoles under

applied stress 8~00, 8~~&, and 8&~0. Definition of the stress-splitting coefficients n;(j =1,..., 4) and their relation to the

X~, A2, 13 components of the elastic-dipole tensor. (go is the volume per molecule).
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With off-center symmetry and optical behavior
already essentially clarified, we can formulate in
advance the relations for the expected elasto-opti-
cal behavior of the system. The elastic-dipole
properties of a (110) defect, as introduced by
Nowick and Heller, ' are determined by three com-
ponents X, of the elastic-dipole strain tensor, with
X, in the [110]dipole axis, and Xa and A., in the two
[110]and [001]directions perpendicular to the axis
[see Fig. 1(c)]. In the table of Fig. 1 we summa-
rize the effect of (100), (111), and (110) stress (S)
on this (110) elastic-dipole system. For a (100)
(E,) stres~, the dipole states split into a doublet of
state-multiplets, with the splitting parameter e„
determined by —,'(X, + X~) —A., (E~ or tetragonal part
of the (110) elastic dipole). Under S», again two
types of energy levels are formed, with the split-
ting factor n2 determined by X~ —Q (Tz or trigonal
part of the elastic-dipole moment). For (110)
stress a three-level system is formed from states
with 0', 60', and 90' angle to the stress axis.
While here the splitting factor ne between the two
orthogonal dipole states is determined by the
&&

—X2 (Tz ) elastic-dipole part, the splitting between
the 60' and 90' dipole states is given by X, —3+
+ 2+, which can be expressed by a linear combina-
tion of the E~ and Tz elastic-dipole parts (oa

+4 2+/ 4 +3 ) Similarly, for all other
possible stress directions the splitting parameters
are completely predicted by linear combinations of
cog and Qa.

The signs of the energy splitting, i.e. , the se-
quency of the levels in the table of Fig. 1, are de-
termined by the sign and relative magnitude of the
X, components, i.e. , by the shape of the (110) de-
fect. For X, &X~ and X, (as assumed in Fig. 1) the
elastic-dipole defect is "cigar shaped" and will
align under compressive stress application into
orientational states with its axis as perpendicular
as possible to the applied stress. For other re-
lations between the X, components different se-
quences of the energy levels will be produced; in
particular, the relation (X, —X~) ~& 2(&3- &,) will de-
cide, if for S»p, the 60' or 90 level is the lowest.
The shape of the elastic-dipole defect, i.e. , the
important information about sign and relitive mag-
nitude of the X, (or o. ,) components, has to be de-
rived from the experiment.

In order to achieve this we make use of the fact
that the elastic-dipole tensor X, of each defect with
particular orientation [Fig. 1(c)]is directly and
rigidly connected with an optical-absorption tensor,
the three principal components of which are related
to the A, Dj, and D& transitions corresponding to
the 0, happ&, and myyp polarized excitations of the de-
fect [Fig. 1(b)]. Stress-induced alignment of the
elastic-dipole tensor therefore produces alignment
of the optical-absorption tensor, which should be

reflected in changes of the absorption strength
pure zero-moment changes) for light polarized
parallel ((t) and perpendicular (1) to the applied
stress. For S„p and S„„the optical absorption
K depends only on the angle 8, between the direc-
tion of the stress and the considered optical tran-
sition dipole:

K, ~gn, (S)cos'g„
(1)

K, ~gn, (S) sin~g„

with n, the population of the ith dipole state. For
stress in a (110) (or any other general) direction,
the optical response perpendicular to the stress
axis depends on a second angle in a polar-coordi-
nate system too, so that one will obtain two differ-
ent K» wE» results. In all cases the conservation
of total absorption holds:

bX„=—(~~)+ hK~g).

Using the level-splitting and -multiplicity, sum-
marized in Fig. 1, Boltzman statistics and the
above relations, it is easy to derive the expressions
for the stress-induced absorytion changes ~(S)
parallel and perpendicular to the stress (applied in
(100), (111),and (110) direction) for optical tran-
sitions of the defect, which are fully 0', m«„and
m»p polarized. These expressions are summarized
in Table I.

The expressions in Table I are written in such a
way that the value for [bK(S)/Ko]~ „is factorized
out, being multiplied by a function f(n, X) which
varies always between 0 and + 1 with increasing
X=S/kT. This allows a direct check on the sign
and saturation value of the expected stress di-
chroism. Several general features are evident
from these expressions: For Smp, when the di-
poles order only by 60' reorientations among the
three different (100) planes (but not within these
planes), the stress-dichroism must be identical
for the o and mzzp transitions. For Sgj f p on the
other hand, when the dipoles order only by 90' re-
orientations within the three (100)planes, the stress
dichroism for the a and mggp transitions must be in-
verted in terms of parallel and perpendicular po-
larization, while the w00, transition [which sums up
the dipoles in each (100) plane] should remain un-
changed. For (110) stress with its resulting three-
level system, a more complicated (and partly non-
monotonous) functional behavior of the stress di-
chroism is expected.

The expressions listed in Table I are for tran-
sitions with a pure dipole-polarization character-
istic along the o, m, ~p and eppes directions. If a
transition is not fully polarized but contains aniso-
tropic unpolarized part (as was found in the elec-
tro-optical work for the Ag' defect), the numerical
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TABLE I. Relative absorption change &K/Kp for light polarized parallel (ll) and perpen-
dicular (k) to a stress S applied in (100), (111), and (110) direction, calculated for a (110)
elastic dipole with o., z&&p and 7l'ppg polarized optical transitions, as a function of X=S/kT.
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saturation values bK(~)/Eo in Table I will be re-
duced by an effective reduction factor 6 without a
change in the form of the subsequent f(o.;X) 'func-
tions. Thus for the experiments the stress-split-
ting coefficients e, and this reduction factor ~ will
be regarded as adjustable parameters.

III. CRYSTAL PREPARATION AND EXPERIMENTAL
TECHNIQUES

The RbC1: Ag' and RbBr: Ag' crystals mere
grown by the Kyropoulos method in an inert argon
atmosphere from ultrapure material, with added
amounts of AgC1 (4x10 4) and AgBr (Sx10~) to the
corresponding rubidium-halide melt. Properly
oriented samples were cut and polished with typi-
cal dimensions 7-8 mm in the stress direction,
2-3 mm for the optical path, and 4-5 mm in the
third direction.

Silver ions in rubidium halides tend to form ag-
gregates at higher temperatures, with this tenden-
cy markedly increasing under anion variation Cl
-Br -I of the host lattice. As an example,
RbBr:Ag' crystals after their growth and slow cool-
ing process display a broad and partly unstructured
Ag' aggregate spectrum (Fig. 2, dashed line).
Quenching from 600 'C transforms this spectrum
into the A-, D~-, and D&-band-spectrum character-
istic for the atomic Ag' center (Fig. 2, full curve).
In this quenched form the crystals mere used for
the measurements. When keeping the crystals over
extended periods at room temperature, the A, D2,
and D, bands decrease and the broad silver-aggre-
gate spectrum reappears (Fig. 2, curves 3 and 4).

A stainless-steel rod in the exchange-gas cryo-
stat allowed the transmission of pressure from an
air-expended bellows on the top of the cryostat to
the sample. The stress applied to the crystal mas
determined (from the manometer reading) by the
geometrical factor of the arrangement. The valid-
ity of the latter was carefully checked by measure-
ments of the photoelastic effect in a test crystal,
using an optical compensator.

The absogption measurements were done in a
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room temperature for 2 weeks; (d) after keeping quenched
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ions in RbBr and RbC1, measured without stress (full
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tion either parallel (dashed curve) or perpendicular
(dash-dotted curve) to Sfpp The applied stress is 300
and 140 atm for the RbBr: Ag' and RbC1: Ag' system,
respectively.

Figures 3 and 4 Summarize several absorption
spectra obtained at low temperatures for RbBr: Ag'
(left-hand side) and RbC1: Ag' (right-hand side).
The full line represents in all cases the Ag'absorp-
tion spectrum in the absence of applied stress, dis-
playing the well-resolved low-energy A band and
the partially overlapping D, and Da bands (which

are better separated in RbBr compared to RbC1).
Stress application(of the indicated magnitude) leads
to very pronounced spectral changes, represented
by the dashed and dashed-dotted curve for polari-
zation parallel and perpendicular to the stress,
respectively. While (100) stress (Fig. 5), leads
to the same dichroism in the A(o) and Ds(II„-o)bands,
(111)stress (Fig. 4) yields a stress dichroism for
these two bands, inverted in sign, and no stress-
dichroism for the D, (voo, ) band —all in agreement
with the predictions in Table I. The measured
stress-induced absorption changes in these (and
all other) measurements were found within experi-
mental accuracy to be pure changes of the absorp-
tion strength (zero-moment changes) without notic-
able changes of the position and width of the bands.
Thus the basis for the pure reorientationdichroism,
developed in Sec. II, is experimentally we11 estab-
lished, and we can from now on represent the
stress-induced dichroism for each band by a single
value K(S)/K(0), the absorption strength of the band

Cary 14 spectrophotometer with an inserted uv gian
prism. The reproducibility of the stress-optical
results for different samples was better than 5%.

IV. EXPERIMENTAL RESULTS

A. Static behavior of stress dichroism
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FIG. 4. Low-temperature absorphon spectra of Ag+

ions in RbBr and RbCl, measured without stress (full
curve), and under (111)stress application with polari-
zation either parallel (dashed curve) or perpendicular
(dash-dotted curve) to Sfff ~ The applied stress is 180
and 200 atm for the RbBr: Ag' and RbC1: Ag' system,
respectively.

under stress K(S), normalized to its value in the
absence of stress K(0). This quantity is related to
the AK(S)/K(0) expressions in Table I by

K(S)/K(0) = 1+ 4K(S)/K(0).

Figure 5 shows for both Ag' systems the K(S)/
K(0) behavior of the A and Dm bands, measured as
a function of an applied 8,00 stress at different
temperatures and plotted against S/T. As expected
for the paraelastic alignment model (Table I), the
A- and D2-band dichroism measured at different
temperatures, coincide for this plot into a single
curve each for parallel and perpendicular polari-
zation. Compared to the saturation value K(~)/
K(0) expected for fully polarized optical transitions
(l. 5 and 0 for perpendicular and parallel polariza-
tion, respectively), the actual observed values are
found somewhat reduced. An excellent fit to the

S,oo expression in Table I can be obtained (full
curve in Fig. 4) by choice of an effective reduction
factor &=0. 85 for the bE effect, and a stress-
splitting coefficient a, for both systems as indicat-
ed in the figure caption.

Figure 6 shows the same type of measurement
for both Ag' systems under (111)stress. In order
to achieve a single curve for the A- and D~-band
dichroism this time, the measured dichroism for
the two bands has to be plotted inverted in terms
of the sign of the hE effect. As in Fig. 4, the ex-
pected saturation values for S- ~ (1.5 and 0) are
not quite reached experimentally. The observed
A- and Ds-band K(S) behavior can be fitted with the
expressions in Table I by use of the same reduction
factor 0. 85, used in Fig. 4, and the e~-splitting
coefficients indicated in the figure.
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For stress applied in a (110) direction, we have

a situation, as illustrated in the insert of Fig. 7,
with three dipole levels X, F, and Z. For the 0-
polarized A-band transition, dipole state X mill
absorb only light polarized parallel to Sffp di-
pole state F only light polarized perpendicular to
S in [110], while dipole state Z will absorb light of
all three polarizations. The actual measurement
in Fig. 7 for the A band in RbCl:Ag' clearly indi-
cates depopulation of the dipole levels X and F by
the stress, and alignment into the dipole state g.
Therefore the relative energy positions of the three
levels must be as given in the insert of Fig. 7, with
level Z (dipoles with 60' angle to Stfs) lying below
level F (dipoles with 90 angle to S„s). An excel-
lent quantitative fit (full curves) to all three mea-
surements can be obtained with the Sffp expressions
from Table I, using the previously-employed re-
duction factor 5=0. 85 for the ~g effect, and the
two splitting parameters ne and n4 given in Fig. 7.

For the just treated RbCl: Ag' system under

8»p, the 60' and the 90' reorientation processes
among dipole levels X, F, and Z (see insert in
Fig. 7) occur with time constants of 10~ and 10 '
sec, resyectively, so that both relaxations appear
instantaneously and are inseparable in our experi-
ment. For the RbBr: Ag' system, however, the
60 reorientation is completely frozen in below- 5 'K (with 7 & 10' sec) so that at low temperatures
only the 90' relaxation process (v = 10 sec} between
dipole levels X and F should occur. This is indeed
experimentally verified by the measurements in

Fig. 8 for the RbBr: Ag' system under Sffp at
4. 2 'K. The A- and Da-band dichroism for parallel
and perpendicular polarization shows a pure 1:1

yopulation exchange between dipole levels X and F,

while the absence of any D~-band dichroism and any
absorption change in the perpendicular [001]direc-
tion directly indicates the absence of any relaxation
into dipole level Z. The measured behavior in Fig.
8 can be fitted with the appropriate expressions for
the two-level (Xand F) system, using again the re-
duction factor 6 =0.85 and the splitting parameter
e, given in the figure.

At somewhat higher temperatures (& 5 'K), the
previously frozen in 60' relaxation becomes ef-
fective in RbBr: Ag' so that a S»p experiment in
this range should produce fu)l 60' and 90 relaxa-
tion among all dipole levels X, F, and Z. Stress
application at 6. 5 'K (where ~so. = 0. 8 sec) and sub-
sequent measurement at 4. 2 'K (Fig. 9) indeed
produces a stress dichroism markedly different
from the one produced by S„~ at 4. 2 'K (Fig. 8) and
qualitatively similar to that of the corresponding
RbCl: Ag' case in Fig. 7. As the n, -splitting pa-
rameter for the S»p case has been already deter-
mined by the partial-relaxation experiment in Fig.
8, it should no longer be regarded as a free-fitting
parameter. Using this same a, value and the pre-
viously employed reduction factor 6 = 0.85 for the
dichroism, a good fit to the Sffp expressions from
Table I for full dipole relaxation can be achieved
(full curve in Fig. 9) by choice of the parameter
a4 given in the figure. In order to test this latter
case (RbBr: Ag' under S«o) further, the tempera-
ture variation of the stress dichroism was mea-
sured, using light polarization in [001]perpendicu-
lar to S»p. A plot of the measured initial slopes
of the K(S) curves versus the inverse temperature
yields a straight line, as expected for paraelastic
alignment behavior (Fig. 10), A fit of this curve
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with the expression from Table I (using again the
previously determined nt value), yields an a4 val-
ued 0.14x10 cm in good agreement with the val-
ue derived from the 8»~ stress-variation measure-
ment in Fig. 9 (0. 1SxlO cm ).

B.Dynamic behavior of stress dichroism

For Ag' in RbCl, the two low-temyerature re-
laxation times for 90 and 60' reorientation were
found by electro-optical techniques to have values
of about 10~ and 10~ sec, respectively. ' In agree-
ment with this, all changes of the stress dichroism
in our experiments appeared "instantaneously"
compared with the time constant (~ 10 ' sec) of the
optical instrument.
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FIG. 7. Relative absorption strength E(S)/E(0) of the
A band in RbCl, measured at two low temperatures un-
der Sggp application with light, polarized parallel to S[1103,
and in the two inequivalent directions perpendicular to
the stress [110] and [001], plotted as a function of S/T.
The full curves are calculated using the stress-splitting
coefficients ~3 and n4 given in the figure. (The insert
illustrates the geometry of the three dipole states X, Y,
and Z under S~~p and their level splitting. }
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FIG. 6. Relative absorption strength K(S)/E(0) for
the A and D2 band of Ag' in RbCl and RbBr under applied
|',111)stress, measured at various low temperatures
and plotted as a function of S/T. The full line has been
calculated, using @2=0.19&&10"3 cme for RbCI: Ag' and
0.39&&10" 3 cm3 for RbBr: Ag'. [Note the different X(S)/
K(0) scale on the left- and right-hand side of the lower
figure, applicable to the A and D2 band measurements,
respectively, and the different S/T scale for the upper
and lower figure. ]
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FIG. 8. Relative absorption strength of the A and D2
band in RbBr, measured under S~~p application for three
light polarization at 4.2'K (where only 90' reorientation
occurs). The full curves are calculated with the stress-
splitting coefficient ee = 0.59 && 10

The HbBr:Ag' system, however, with its much
slower low-temperature relaxation behavior, al-
lowed a direct monitoring of the time-dependent
stress dichroism after a quick change of the ap-
plied-stress conditions. Figure 11 summarizes
some typical original curves from an extended set
of time-dependent stress-dichroism measurements.
It shows how the optical absorption of the A band
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S IO' ""
crna,

(measured parallel to 8) behaves in time under a
sudden application and removal of both a, smaQ
(25 atm) and large (200 atm) uniaxial stress of
(100), (ill), and (110) symmetry The.8„,and

8«~ measurement performed at 2 'K (where only the
quick 90' reorientation process takes place) yield
a relaxation time of about 10 sec, in good agree-
ment with the electx o-optical determined value.

For the 8 (100) case, the slow 60' reorientation
appeax s only at higher temperatures, with a re-
laxati, on time of several minutes at -5 K under
small stxess splitting. As can be seen in Fig. 11,
this relaxation process shows a drastically in-
creased rate after the application of large (200 atm)
stress, while removal of this lax ge stress leads
again to a relaxation (under 8 =0) of the original
slow rRte.

The results of systematic relaxation experiments
of the type in Fig. 11 are summarized in Figs. 12-
14. In Fig. 12, the measured 90' relaxation rate
as a function of stress (normalized to its value at
8= 0) is plotted versus (aS/2k T)r. „,for 8«~ and

8»z at 2.0 and 1.V K, respectively. In boih cases
a similar gradual decreases of the relaxation time
with stress is observed. A much more drastic re-
duction of the relaxation time (already apparent in
the time-dependent curves in Fig. 11}appears
under 8 (100) for the slow 60' reorientation pro-
cess, as shown in a normalized semilogarithmic
plot in Fig. 13. Fox' 4.9' the reduction of the ini-
tial relaxation time 7'(0) under stress was mea-
sured up to -400 atm [where 7(8) becomes com-
parable to the time constant of the optical instru-

IOO 40 RQ
l I I

RbBr~ Ag~

s[[[0]

Pal. [Oolj

~ O+=OAIxl0 cm
r

—', l"]
FIG. 10. Temperature dependence of the initial slope

of the stress-alignment curves ~K/~8, measured for
HbBr:Ag'under 8~~0 in the A. band for a polarization 1001]
to the st;ress, and plotted in an inverse tempexature
scale. The fitting of the data with the expected model
behavior (Table I) yields a splitting parametex 0.4=0.14
&10 "cm'.

ment]. In order to follow the v(8) dependence fur-
ther to higher stress amplitudes, the temperature
was reduced to 4. 2 'K. At this temperatuxe the
relaxation process is more thRn Rn ox'dex' of mag-
nitude slower [7(0)=104 sec], so that it becomes
detectable with reasonable rates only for large ap-
plied stress (8 &400 atm). The measured 4. 2 'K
data in the high-stress regime were noxmalized
into the v(8)/v(0) plot of Fig. 13 by assuming that
its stress dependence in the low-stress regime is
the same as the one measured for 4.9 'K. %ith
this normalization we obtain from the composite
data of both temperatures a normalized 7(8)/v(0)
dependence, which displays an approximate ex-
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FIG. 13. Semilogarithmic plot of the normalized re-
laxation time 7'(S)/v{0) as a function of stress Sfpp for
RbBr: Ag', measured at two different temperatures and
plotted (in a normalized way) versus eS/2kT. The used
n value is the one determined by the static Sfpp experi-
ment. The full curve is calculated for Arrhenius pro-
cess, the dotted curve for one-phonon relaxation.

FIG. 11. Time dependence of the (parallel polarized)
A-band absorption of Ag' in RbBr, measured under sud-
den application of a small (25 atm) and large (200 atm)
uniaxial stress of (100), (111), (110) symmetry. (For
the (100) small-stress application case the final equi-
librium value K(S)& „is indicated which would be
achieved after a long enough time. )

yonential decay of the relaxation time by more than
three orders of magnitude under (100) stress up to
800 atm.

Finally, Fig. 14 shows the 7(S) behavior of the
60' orientation process under applied (110) stress,
yielding a much weaker v($) dependence compared
to the S,00 case in Fig. 13.
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FIG. 12. Normalized relaxation time 7(S)/7 (0) as a
function of the stress Sfff and Sffp plotted {each for con-
stant temperature) as a function of (nS/2kT). The split-
ting parameters 0. used for Sfff and Sffp are the values
determined for the static S»f and Sffp experiments. The
full curve is calculated for one-phonon relaxation, the
dotted curve for an Arrhenius process.
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FIG. 14. Normalized stress dependence ~(S)/v {0) of
the slow 60' relaxation process, measured in RbBr: Ar'
at 5'K in the A band with a [001] polarization to the
stress S [110]. The full curves show the calculated be-
havior for an Arrhenius process, using various n pa-
rameters (in units 10 cm ).
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V. DISCUSSION

A. Static-paraelastic-alignment behavior

In all measured cases, S]QQ Sf» and S»„ the

observed S/T dependence of the zero-moment
changes of the A, D» and D, bands could be quan-

titatively fitted to the calculated expressions for a
(110) elastic dipole with permanent anisotropic-op-
tical-transition moments. This establishes beyond

any doubt the (110) symmetry of the elastic dipole-
in agreement with the (110) electric-dipole sym-

S 10ydyn
T . c124K

Fra. 15. Summary of all Sfoo and Sfff experiments in
the A and D2 band of Ag' in RbCl and RbBr performed at
various low temperatures. The logarithmic population
ratio of the two-level-system under Sfoo and Sff f as de-
rived from these optical measurements, is plotted as a
function of S/T.

metry derived from the electro-optical work. Fur-
thermore, the assignment of a cr, m, -,Q, and m«,
polarization to the A, D2, and D, band, respective-
ly, is exactly the same as the one derived from the
electro-optical work. A quantitative fit of the
dichroism curves into the saturation region, how-
ever, needed for both the field and stress align-
ment the assumption of a somewhat reduced ~ ef-
fect compared to the expectation for fully polarized
transitions. This effective reduction factor (which
was similarly found to be necessary to account for
the field and stress-induced uv dichroism of OH

dipoles) was determined in the electro-optical
work as 0. 80+0.05, and in the elasto-optical
work as 0. 85+ 0.02 (the latter value being some-
what more accurate due to the more complete
stress alignment). Thus both field- and stress-
alignment measurements come exactly to the same
conclusion on the (110) dipole symmetry and the
assignment of the A, D~ and D, bands as optical
transitions with -84/o o', v~f0, and woo& dipole-po-
larization character.

Figure 15 summarizes in comprehensive form
the results of the independent S&QQ and S»f experi-
ments in both systems performed in the A and D~
bands at various temperatures. Using an as-
sumed 85/z optical polarization character of these
transitions and the expressions in Table I, the log-
arithmic population ratio of the two-level system
under SfQQ and S», was calculated for all measured
optical transitions, stress and temperature values,
and plotted against S/T. As expected for the para-
elastic-alignment model, the data for each sub-
stance and stress-symmetry coincide into a perfect
straight-line dependence through the origin, yield-
ing by their slopes the e, and n, parameters. The
most significant and clear result for both RbC1: Ag'
and RbBr: Ag' systems is the fact that the tetrag-
onal (E,) elastic-dipole part (given by u, ) is con-
siderably larger than the T2~ part (determined by

21

These ef and n~ values, derived directly and in-
dependently from the SMQ and S,» experiments,
should predict —within the elastic-dipole model—
unambiguously the level splitting for any alterna-
tive stress symmetry. Thus our third experiment,
with (110) stress, is a critical test on the validity
and internal consistency of the elastic-dipole model
used. In Table II we compare the splitting values
+3 and n4, m easur ed in the S»Q expe rim ent, with
the values predicted from the S&«and S», splitting
parameters n, and n~ by the relations n, = —,

'
n2 and

+4=-,'e, ——,
' e,. %e note the following:

(i) For the RbC1: Ag' system under S„o, both
measured o.~ and e4 parameters agree exactly with
the predicted values. The measured S»Q stress
dichroism (Fig. 7) can be quantitatively fitted by
calculated curves using n, and e4 values predicted



PARA E LA ST IC PROP ERT IE S AND REORIENTATION. . . 1541

TABLE II. Stress-splitting coefficients 0.3 and o,'4, as measured directly by
the S~~o experiment, and as determined indirectly from the Supp and Sggg data, us-
ing the relations 0.3=2 e2 and o.4=~ o.~-@n~.3 1 3

RbC1: Ag'

n {10 3cm ) o.4(10 cm3)

RbBr: Ag+

Q 3(10" cm ) e4(10 cm3)

FroQl Sggo
From Sggg

100+ S111

0.28
0.28

0.27

0.27

0.59
0.59

0.16

0.44

from the S,oo and S«, experiment (full curves in
Fig. V).

(ii) For the RbBr: Ag' system under S„o, the
splitting effects o,3 and e4 can be separated due to
the different 60' and 90' reorientation rates: (a)
At 2 K where only the 90 reorientation between
the two higher levels (split by uz) takes place, the
measured stress dichroism (Fig. 8) agrees per-
fectly with the calculated behavior, using n3 =-,'n~.
(b) At higher temperatures, where both 60' and
90' reorientations occur under $»0, the stress de-
pendence of the dichroism at 5 'K yields a value of
o., = 0. 18x10~' cm' (Fig. 9), while the I//T tem-
perature variation of the dichroism yields o., =0.14
x10 cm (Fig, 10). The mean value o,'4=0. 16
x10~z of these (several times carefully repeated)
experiments is in severe disagreement with the
predicted value

Q4= 2 +j g Qg=0, 43X10 cmA3 3

Thus for both the o.3 and n4 value in RbCI: Ag' and
for n3 in RbBr: Ag' we find a quantitative agree-
ment, which verifies the validity and internal con-
sistency of the elastic-dipole concept with an ac-
curacy which so far has not been obtained experi-
mentally.

This quantitative agreement, which establishes
confidence in the elastid-dipole concept and in our
experimental method, makes it necessary, on the
other hand, to take the disagreement for the sin-
gular case of n4 in RbBr:Ag very seriously. Both
the stress dependence of the dichroism (measured
in three inequivalent polarization directions with
internally consistent results, Fig. 9) and the I/T
temperature dependence (Fig. 10) yield a result
which deviates far outside any possible experi-
mental error from the predicted behavior (com-
parison of full and dashed curves in Figs. 9 and
10). We will return to this serious discrepancy
with the elastic-dipole concept later.

B. Stress dependence of the rehxation behavior

In all cases investigated (Figs. 12-14), a de-
crease of the relaxation time 7 with the applied
stress was observed, with the amount of the re-
duction depending on the stress symmetry. Simi-

lar variations of the relaxation under splitting b, U
of the dipole levels has been observed previously
for paraelastic O~ defects ' and for electric-field
splitting of OH and Ag' defects. " Two different
relaxation models have been discussed for the in-
terpretation oi these r(b, U) effects;

(a) One phono-n assist-ed iunneli ng. The relaxa-
tion time 7 of a two-level system, split by an ener-
gy difference hV= nS, should vary with the stress
(at a fixed temperature 7) like'o

z (S)/r(0) = (21z T/czS tanh(o. S/2k T).

(b) classical rate (Ar-rlzenius process ). The
stress dependence of 7 for a two-level system at a
fixed temperature should be

r(S)/r(0) = [cosh(nS/2k T)]-' . (4)

In Fig. 12 both these functions are plotted, using
the e& and e3 splitting parameters from the static
$», and $»0 experiment for the $», and $»0 data,
respectively. We note the following:

(i) When using the —measured and expected—
ratio between the S», and S»p splitting parameters
o., : na = 3, the plotted r(S) dependence for S„,and

$$ fo in Fig. 12 become identical. This is a further
independent confirmation for the validity of the re-
lation n3 = ~a~.

(ii) Using the measured absolute values for nz
and czz, the r(S)/r(0) dependence for the 90' reori-
entation process fits accurately the calculated be-
havior for the one-phonon process. This agrees
fully with the result obtained for Rbar: Ag' under
an E«, electric-field splitting, where the r(E)/r(0)
dependence was found to follow similarly the one-
phonon relaxation behavior.

It must be noted that the temperature variation of
the 90' reorientation process, measured electro-
optically, does not reflect a one-phonon relaxation
as clearly as the field and stress dependence would
imply. While at high temperatures T & 5 'K the ex-
ponential dependence of 7 on the inverse tempera-
ture indicates a classical-rate process, the onset
of a much weaker temperature variation below 5 'K
shows that tunneling becomes predominant. The
temperature variation of v, however, never be-
comes the T ' dependence expected for a one-pho-
non process, but has a higher power T dependence
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(about v~ r "at 2 'K). This may indicate that
multi-phonon contributions to the relaxation process
can not be neglected in this temperature range.

Aside from this last unexplained side feature, the
quick 90' reorientation process shows consistent
results under Sgg, & Sggp& and E»& splitting which
indicate basically a one-phonon relaxation process.

This S»g and S»0 result is in striking contrast to
the one obtained under S»0 for the stress dependence
of the slow 60' reorientation process. The ob-
served very large v(S) variation (of more than three
orders of magnitude) plotted semilogarithmically
in Fig. 13, follows —after some deviations in the
small-stress regime —an exponential behavior for
large stress. The gross feature of this behavior
can be well fitted with the [cosh(aS/RkT)] ' law for
an Arrhenius process, using the e& splitting factor
from the S,M static experiment. [A one-phonon re-
laxation would produce the much weaker v(S) varia-
tion, indicated by the dashed line in Fig 13..]

This result is in agreement with the exponential
1/T dependence of the 60' relaxation process, mea-
sured electro-optically. Thus both temperature and

splitting dependence of ~ give evidence for a clas-
sical thermally activated process (with a barrier
height of AU=160 'K).

The third case, the slow 60' reorientation under

Sggp at higher temperatures, is more complicated
because three levels are involved in the relaxation
process. The two upper levels are connected by
the quick 90 relaxation and can therefore be re-
garded for our purpose to be "instantaneously" in

thermal Boltzmann equilibrium at all times. Both
these levels, in turn, are connected to the lowest
level by the slow 60' reorientation, and it is this
latter process which we measure in its v(S) depen-
dence in Fig. 14. While for small splitting the re-
laxation is a composite process within this three-
level system, for large stress (when basically full

alignment of the upper subsystem is achieved by the

quick 90' process) the 60' relaxation into the low-

est state becomes essentially that of a two-level
system, with a separation of n4$»p As the 60' re-
orientation is a classical-rate process, the v(S)»a
dependence for large stress should therefore ap-
proach the calculated [cosh(oS/RkT)]-' behavior
with @=0.4. We indicate in Fig. 14 several such
calculated curves with different o. parameters: (i)
a =0. 73 x10~s orna (which would be the splitting of

the lowest level from the average of the two upper

ones); (ii) n=0. 43x10~3cma, which would be the

splitting between the two lowest level e4, predicted

by the elastic-dipole relation o4 = ,'n, —4o.a, (iii)—
e =0.18x10~3 cm, the effective e4 splitting ob-
tained in the static S„~ experiment(whichdisagreed
with the elastic-dipole model).

The observed 7(S) dependencedefinitely discards
the latter value, yielding a best fit to an effective

We now examine the interrelation between the
elastic-dipole properties of the Ag' defect and its
60' and 90 reorientation behavior, which is il-
lustrated in Fig. 16. Due to the elastic-dipole
character of thedefect(i. e. , its nonspherical shape
or elastic interaction with the surrounding) a defect
of given orientation is surrounded by noncubic lat-
tice distortions. [The cubic (A«) part of these dis-
tortions is not affected by the reorientation and
will not be considered. ] These elastic distortions,
illustrated in Fig. 16 for the nearest neighbors of
a dipole with a particular (110) orientation under

(a), consist of two components of E, and Ta~ sym-
metry, as illustrated under (b) and (c). The

&IIO) Dipole dressed with E& and Tpg Distortion

(o)
L

(b)
~ to ~ cH '

(c)

7
I ) 90' Reorientation within a (l00) plane

(a) +
L

/ 2) 60' Reoriantotion of
&IIO& directed dipole

3) Reorientation of (100)"Dipole plane"

SKAG( g
7 0 '.

(h)

7
FIG. 16. Schematic illustrations of the elastic-dipole

dressing and its effects on the reorientation of a (100)
elastic dipole. (1) One particular (110) dipole state and
its nearest neighbor distortions due to elastic interac-
tions (a), which consist of a component of E~ and T&
symmetry (b) and (c). Dipole reorientation within the
indicated (100) plane by 90' jumps reorients the T2 but
not the E~ distortion. (2) One partioular (110) dipole
state with its elastic distortions, before and after a 60
reorientation process: Both E& and T2 distortions take
part in the reorientation. (3) (100) "dipole plane" (with
a rapidly rotating (110) defect), dressed with an E~ dis-
tortion, and its reorientation into another (100) plane.
Only the E~ dressing will affect this reorientational mo-
tion.

splitting value of a = 0. 5x10~3 cm, close to the n4
value expected from the elastic-dipole relation
04 20 f 4 e, . Thus the discrepancy of e4 with the
elastic-dipole model, showing up in the static S»0
experiment, does not appear in the dynamic 7(S')

behavior.

C. Elastic4ipole dressing and reorientation motion
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strength of these two elastic-dipole components are
directly measured by the experimentally determined
stress-splitting coefficients:

E~ part: n~=vo[ —,'(X, +ha)+ Q],

Tag part: o'a = 3&a =vo(~s —"a)~

with eo the molecular volume and X, the strain com-
ponents of the eh, stic dipole tensor, defined in their
direction in Fig. 1(c). A defect of given orientation
is "dressed" by these elastic distortions, and in the
reoriente, tion process both the dipole and these dis-
tortionp have to be x'eoriented. Pire and Gosar~
and Shore'3 have shown for the case of reorientation
by tunneling that the effective tunneling matrix ele-
ment 6 of the system (defect+ distortions) is com-
posed of the tunneling matrix element 50 of the
"naked" dipole in a (hypothetical) rigid cubic lattice
surx ounding, multiplied by a dressing or renormal-
ization factor which contains in an exponential way
the elastic-dipole components which take part in-
and therefore hinder —the rotational motion of the
defect. A more detailed account of this dressed
tunneling mechanism, which resembles the polaron
motion of electrons, is given in the following
pRper,

It is evident [see Fig. 16(a)-(c)] that the 90' re-
orientation of a (110) defect within a particular
(100) plane leaves the E~ distortion unchanged and
rotates only the T2, component. The 90' tunneling
is therefore dressed or hindered only by the T'2~

(= u~) elastic-dipole part, with an effective tunnel-
ing matrix element of

2
490o=hoe & 2 .2 2 c o

This situation is difterent for the 60' reorientation
of a (110)-directed dipole [illustrated in Figs. 16
(d) and (e)] in which both the E~ and T3~ parts of the
elastic dipole rotate and thus contribute to the ex-
ponential renox malization factor of the tunneling
matrix element.

There is an alternative way to look at the second
type of reorientation (60' process) illustrated un-
der No. 3 in Fig. 16. The quick 90 reorientation-
al motion of the Ag' defect among the subset of foux
states in a (100) plane, defines in a certain way a
new planar defect, a pancake-shaped (100) elastic-
dipole disk, characterized by the E~ distortion and
carrying no electric-dipole moment. Reorientation
of this (100)-oriented dipole plane could occur as
indicated ln Figs. 16(e) (g) ~ 80 that this motion is
dressed or hindered only by the E~ elastic-dipole part.
In this picture our "60' dipole reorientation" would be
in fact a "90 reorientation of the dipole plane. "

Whatever the exact nature of the second reox'ien-
tation process, it is evident that its dressing or re-
normalization factor contains the E~ elastic-dipole
part, while the 90' reorientation contains only the

72, part. %8 found in this work that the E~ com-
ponent is large compared to the 72~ component.
This confirms qualitatively our previous explana-
tion for the particulax two-foM motional behavior:
The sloso rate of the 60' motion is brought about by
a strong dressing or hindering effect from a large
E~ distortion, sohile the quick 90' tunneling is only
relahieely little hindered by the smaller T2~ distor-
Nons. For a quantitative analysis, the constants
e, in the renormalization factors e ~ & must be
known. In the following paper'5 these c, values are
determined from shell-model calculations for vari-
ous alkali-halides and coupling mechanisms. It
will then be shown that these computed e& and the
experimentally determined a& values (together with
the electric-dipole moment) give a consistent ex-
planation for the experimentally observed 60' and
90 x'eox'ientatlon behavior within the dx'essed tun-
neling model.

In spite of this success in explaining the dynamic
tunneling behavior from static defect properties,
several important questions are left unanswered.
Qnly for RbCl: Ag' are both 90 and 60 reorienta-
tions x'8Rlly 'tunnel1ng motions, F01 RbBr: Ag
only the quick 90' process is based on tunneling
(below 6 'K), while the 60' rotation is always a
classical process; for T &5 'K both motions in
RbBr: Ag' become thermally activated processes
with a rate r ' (determined from the temperature
dependence) of

F80'=2&&10" sec-' xexp- {161'K/T),

v~0' = 2 x 10 sec ' x exp - (6V 'K/T).

%bile the strong exponential dependence on the E,
and T2~ elastic dressing was able to explain the
large difference for 60 and 90' reorientation for
the case of the quantum motion, it is not clear why
this difference prevails in the regime of classical
motion too, showing up Qow Rs R fRctor of 2 differ-
ence in the activation energy.

A dressing by elastic distortions (or a changed
effective moment of inertia P) should enter into the
description of a classical thermally activated pxo-
cess only very weakly by a change of the attempt
frequency (v CCI* ~~3) which could never produce the
large difference in the classical rates. Besides
this, the attempt frequency for the 60' process
(derived from the measured exponential relaxation
behavior)'0 is found two orders of magnitude higher
than that of the 90 process; the preference for the
latter process at low temperatures arrives appar-
ently from its lower activation energy.

It would be very desirable if the concepts devel-
oped for the dressed tunneling motion could be ex-
tended into the regime of reorientation by thermally
activated px ocesses. The Ag' system in BbCl and
RbBr provide borderline cases for cJRssical Rnd
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quantum motion, allow'ing dynamic studies in both
regimes and tests on their interrelation with the
static electric and elastic properties of the defects.
Such a study and understanding of both regimes
would supply an important model case for the rath-
er unexplored question: Under which conditions
will quantum motion take over at low temperatures
in classical diffusion cases in solids.

As pointed out in Sec. I, the Ag' dipoles are not
the only systems displaying the peculiar reorienta-
tion behavior discussed here. For the (110)-reori-
ented N2 defects in KCl and KI a similar supression
of the 60' reorientation relative to the 90 effect
was observed and qualitatively attributed to phonon
dressing. " Several (110) off-center F- defects and
some (110) oriented OH molecules, which are
presently under study'6 ' display a similar behav-
ior in terms of their reorientation and/or elastic-
dipole properties. The connection between the
elastic dressing (E~ & Tai) and the reorientation
[7(90 ) & v(60')] properties of the Ag' defects treated
here, may be therefore a model case for a whole
group of (110)-dipole defects.

D, a~ diserepaney for RbBr:lAg+ under S'Iio

The failure of the ~„o experiment in HbBr: Ag'
(Figs. 9 and 10) to yield an o.4 splitting parameter
in agreement with the elastic-dipole relation 0.4
=-,'0, , ——,'e~ is a serious one in view of the quantita-
tive agreement obtained for the same case in abdal
(Fig. 7) and the otherwise perfect consistency of

IQ= —0 —Q4

FIG. 17. Qlustration of the 0,'4 discrepancy for
HbBr: Ag . (a) Level diagram for S&&p, with the splitting
parameters n3 and o,'4 as predicted by the elastic-dipole
model from the Sgpp and ~gag experiment. Tll possible
transitions between the levels by the quick {v~) and slow
{v~) relaxation are indicated. {b) Level diagram as ac-
tually observed in the S&~p experiment, with the proper
o.3 parameters, but a strongly reduced effective n4 pa-
rameter.

all data with the elastic-dipole model. The simplest
possibility for explaining such a discrepancy would
be the assumption that —at least for certain stress
directions —the elastic dipole does not behave as a
"permanent" quantity, as assumed, but changes
somewhat in magnitude or equilibrium orientation
under stress. Attempts to explain in this way our
S,«discrepancy fail, however, completely, for an
evident reason: The measured stress and temper-
ature dependence of the S»0 effect (Figs. 9 and 10)
follow perfectly the behavior for a permanent and
rigidly (110)-onented diPole with a fixed (and not
stress-dependent) n4 value. The problem is that
this 0.4 value does not agree with the elastic-dipole
relation a, = &e, —-', 0.~. In Fig. 1V we illustrate this
discrepancy in a level scheme drawn to scale: on
the left-hand side (a) the S»0 level splitting expected
from the Shoo and Sggg experiments; on the right-
hand side (b) the experimentally observed behavior,
showing exactly the expected @3=~a~ splitting, but
a much too small n4 splitting. ,

We cannot offer at this time any convincing ex-
planation for this evident breakdown of the elastic™
dipole model, though some initial efforts in this
direction have been started. It should be noted that
the e4 splitting is different from all the other cases
treated in. oneimportant aspect. The e„n&, and n,
parameters represent the splitting between dipole
states of the same symmet~ character: for the e&
case (S,oo) between E, states, and for n~ and o.,
(S», and Tz~-part of S,») between Tz, elastic-dipole
states. The n, parameter represents the only case
with a splitting between dipole states of different
(E~ and Tz, ) symmetry. We feel that this fact is
somehwo responsible for the breakdown of the
elastic-dipole picture. We note phenomenological-
ly that [suggested by the effective-level diagram
Fig. 17(b)] the observed o.4 value comes out numer-
ically exactly right if we replace the proper elastic-
dipole equation e4 = &e, ——,'n2 by an ad hoc changed
effective equation e4 = 2e& ——,e&.

1 3

Further discussions of this interesting break-
down of the elastic-dipole model and its possible
explanations will be delayed until corresponding ex-
perimental material is available about other (110)
defects with similar static and dynamic behavior,
which are under study now. From the material
available at this time it is already evident that a
similar e4 discrepancy appears in other dipole
systems too, and therefore is not an isolated but a
more general phenomena for (110) dipoles which
must be taken serious.
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