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Uniaxial stress along (110) lifts the degeneracy of the three tunneling orientations of the restricted interstitial

motion of the HA(Li+) center in KCl:Li+. This phonon-assisted tunneling motion possesses C3 symmetry
around (111).These experiments yield two differential stress coupling coefficients, which is not sufficient
for a determination of the elastic dipole tensor. Uniaxial stress along (100) changes the HA(Li ) orientation
in a continuous fashion along a well-defined path. An interpretation of the (110) and (100) data is

presented. To this end the concept of a free elastic dipole in a stress field is introduced and the statistics of
these dipoles are calculated. This permits an interpretation and analysis of the (100) stress data and a

third independent linear stress coupling coefficient is obtained. The resulting elastic dipole tensor has a
principal axis close to (111).The free elastic dipole model implies that at zero applied stress the Cl, of
H„(Li+) librates freely over a large angle, i.e., that all positions along the path are equally probable, A careful

reanalysis of the ESR spectra has confirmed the existence of this librational motion. The Cl, librates freely
with respect to a [110] plane along an almost quadrant of a cone around (100) whose apex angle is 2 X 28.2 .
The libration frequency is fast enough to result in a motionally averaged but still anisotropic ESR spectrum.

I. INTRODUCTION

The H„(Li') center' in KCl:Li' possesses two'
reorientation motions. One of these, the restricted
interstitial motion (RIM) of Cs„symmetry around
(111), exhibits tunneling properties at liquid-heli-
um temperatures and these have been studied by
investigating the effect of uniaxial stress v on the
electron-spin-resonance (ESR) spectra.

In a recent paper' the tr )) (100) data were pre-
sented and an unexpected result was found: (100)
stress at 4.2 K changes the orientation of the
H„(Li') center in a continuous fashion along a well-
defined path, and this overwhelms the effect that
the (100) stress should have on the degeneracy of
the HIM tunneling orientations. Furthermore,
raising the temperature above 4.2 K while high
(100) stress is applied, undoes the effect of the
(100) stress.

In the first half of this paper (Sec. II) the o )~(110)
data will be presented. ' It will be shown that (110)
stress does lift the degeneracy of the three HIM
tunneling orientations. In the second half (Sec. III)
an interpretation of the (100) and (110) data is
presented. This is based on a model of a freely
librating elastic dipole in a stress field, and per-
mits the determination of the H„(Li') elastic di-
pole tensor (Sec IV). The implications of this
model and its justification are presented at the
end of this paper.

It should be pointed out that as a result of the
analysis presented in this paper an important cor-
rection has to be applied to the H„(Li')-center
model I, ' However the analysis given in Secs
II and III A ls based on 'tile old Hx(LI )-center

model. This has no consequences for the discus-
sion or the results because it will become clear
that the "old" model is in some sense an average
of the newly proposed model. Thus the presenta-
tion in this paper will be along the chronological
development of the subject. The refined new mod-
el for the H„(Li') center will emerge in Secs. 111

and IV. The experimental details are the same as
in previous papers. '

II. (110)UNIAXIAL STRESS EXPERIMENTS

A, Tunneling orientations

Because of their complexity it will be useful to
recall the model of the H„(Li') center' and the
geometry of the restricted interstitial motion'
(RIM). The H„(Li')-center model is presented in
Fig. 1: A Cl, molecule ion composed from the
chlorines Nos. 1 and 2 occupies a single negative
ion site next to a substitu'tional impurity Li' ion
in the KCl lattice. The Cl, makes a 8"= 26' angle
with (100) in a (110}plane through this direction.
(Later in the paper this angle will be modified to
8"= 28.2'. ) The Li' ion lies in this {110)plane,
and although it is drawn on a lattice site in Fig. 1,
its exact position with respect to the nuclei of the
Cl, is not known and cannot be derived from the
ESR data as such.

The center also possesses very weak molecular
bonds with substitutional Cl ions Nos. 3 and 4 in
Fig. 1. These are responsible for the nonresolved
superhyperfine structure (shf) of the ESR lines.
The direction of these weak bonds is indicated by
the broken lines in the figure.

These two chlorines, Nos. 3 and 4, together with
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Cl No. 2 in Fig. 1 play an important role in the
RIM which is shown in Fig. 2. Interstitial Cl No. 1
breaks its molecular bond with Cl ion No. 2 and
reestablishes a Cl, molecular bond with No. 3
(or No. 4) and so on. This motion possesses C,„
symmetry around (ill) and is a phonon-assisted
tunneling motion at very low temperatures. ' For
clarity the shf directions have not been drawn in
Fig. 2.

Uniaxial stress along (110) will be applied so that
the degeneracy of the three RIM tunneling orienta-
tions will be lifted. In order to understand the
stress measurements to be presented in Sec. IIB,
all the RIM tunneling systems which are inequiva-
lent with respect to a given (110) stress direction
must be distinguished. Inspection of all possibili-
ties leads, e.g. , o ))[110],to the two inequivalent
tunneling systems A and 8 shown in Fig. 2. In
tunneling system A, the RIM takes place around
[ill] which makes a 35.26' angle with [110],where-
as for B the motion takes place around [ill] which
makes a 90' angle with [110].

Tunneling systems A and 8 are each representa-
tive of a set of two equivalent tunneling systems. The
A' system is derived from A by a reflection in the
(110) plane; B' is obtained from B by reflection in
the (110) plane. These equivalent sets are not
drawn in Fig. 2, but they should be kept in mind.

Note that the A and 8 sets are related to each
other by a 90' rotation around [001].

Our experimental setup was limited to the 0.&H
configuration. Consequently, in the o II [110]uni-
axial-stress experiments the external magnetic
field H could only turn in the (110) plane perpendic-
ular to the stress direction. The angle 8' be-
tween H and [001] (see Fig. 2) will be used to de-
scribe the orientation of the crystal and to charac-
terize the ESR spectra. It is important to visualize
and discern all the H„(Li') orientations for differ-
ent values of 8', and this information is presented
in Table I. A Cl," direction defined by nuclei 1 and
2 in system A is indicated by 12A, etc.

B. Qualitative effect of &110& stress

In order to study the effect of (110) uniaxial
stress, one would like to observe isolated well-
defined ESR lines corresponding to the various
orientations 12A, 12A', . . . , 148, 148'. Unfor-
tunately, this is not possible for two reasons.
First, the experimental set up was limited to the
o4H configuration. "This means, e.g., that one
cannot observe isolated ESR lines corresponding
to the 128, 138, 128', 138' orientations. Indeed
by varying 8' from 0' to 90' the angle 8 between
H and these four directions is never smaller than
63.1'. Such large angles give rise to contracted
ESR spectra whose lines are distorted by, or
buried under, the lines of spectra with smaller 8.

Second, the ESR lines are broad (at least' V. 5 G)
and this together with the presence of Cl, of other
isotopic combinations ("Cl"Cl ) makes that one
has to turn over a rather large 8' angle in order
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FIG. l. Schematic three-dimensional model of the
H&(Li') center in KCI:Li' . The midpoint of the 1-2
internuclear MDs of CI2 should be near lattice site 2,
but this schematic presentation is usefuI in the dis-
cussions. This figure is consistent with Fig. 2(a} and
Fig. 8.

FIG. 2. (a) Schematic presentation of the restricted
interstitial tunneling motion (RIM) of C» symmetry
around [1T1] for the Hz(Li') center in KCI: Li'. (b)
A second RIM system around t111] which is different
from (a) with respect to the applied a )) t. lTO] uniaxial
stress. Below each system the lifting under [lTO] stress
of the degeneracy of the three tunneling orientations is
given.



to separate clearly lines which are degenerate
when H is parallel to one of the directions (100),
(110), or (111).

The best one can achieve is shown by the ESR
spectrum in Fig. 3(a). This presents part of the
high-field pattern of the ESR lines corresponding
to the crystal orientation 8' = 24' (Table I).

For this orientation the ESR lines correspond-
ing to directions 14A, 14A', and 14B (namely,
the 8= 34.8' and 8 = 2' spectra) are best resolved
from one another and from 8= 50' and 8= 50.9'
originating from directions 148', 12A, and 12A'.
Unfortunately, isolated lines corresponding to
directions 128', 138', 12A, 14A', and 148' can-
not be observed simultaneously with 13A and 148.
One can observe 12A and 13A if H is turned to the
[110)direction (i.e., when 8'=90'). However, the
study of the effect of (110) uniaxial stress on these
orientations is complicated by the fact that this
type of uniaxial stress changes the line shapes of
the 8= 31.3' ESR lines' and as a result their height
cannot be taken as a measure for their intensity.

Figure 3(b) presents the effect of applied [110]
uniaxial stress at 4.2 K and for the 8' = 24' direc-
tion. It is very clear that line 148 has increased

Hp (Li j [N KCl: Li

0 ll[ll01 T =4.2K8' = 24'

(aj

"Cl "Cl-
"Cl "Cl
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FIG. 3. Part of the high-field side of the Hz(Li') ESH
spectrum for 8'=24 {see Fig. 2 and Table I) showing
the effect of c ll (1TOI unisxial stress on the RIM. (a)
No stress at 4.2 K; {b) with (110) stress at 4.2 K.

in intensity while the twofold degenerate 14A,
14A' line has dropped. This substantiates the
earlier conclusion' that the RIM is still going on
at 4.2 K. This spectrum shows that the degener-
acy of the RIM tunneling orientations of the two
inequivalent tunneling systems A and 8 is lifted
as shown in Figs. 2(a) and 2(b).

TABLE I. Orientations 8 of the internuclear C12" axes
of the H~{Li') centers for a few orientations of the crys-
tal defined by the angle 8' in Fig. 2. The A' orientations
are derived from the A orientations by reflection in the
{110)plane, and B' from B by reflection through (110).
A 1-2 direction of system A is written 12A, etc. This
table is based on the "old" H&(Li') center model (see
text).

C. Quantitative analysis

1. 0' = 24' experiments

Angle 8 of C12"

axis with magnetic
field H

Orientation of
crystal with
respect to H

Direction of
Hg{Li )

The populations of the tunneling states whose
degeneracy is lifted by the (110) uniaxial stress
are governed by the Boltzmann distribution. The
intensities of the ESR lines are a direct measure
for these populations. For system A the inten-
sities of ESR lines 14A and 13A (the latter degen-
erate with 12A) are related by

14A, 14A'
14B,14B'
12A, 12B'
13A, 13A'
12B,12B'
13B,13B'

8'=0
(HII t«1i)

26'

71.9'

12A, 12A'
13A, 13A'
12B,12B'
13B,13B'
14B,14B'
14A, 14A'

31.3'
I(14A)/I(13A) =-,'e ~ & "s

65.4'
in which hU„= U(14A)- U(13A) is the energy dif
ference caused by the application of the [110]uni-
axial stress and k~ is the Boltzmann constant.
Similarly for the system 8

64'
90'

12A, 12A'
12B,13B
12B;13B'
14A, 14A'
13A, 13A'
14B
14B'

8' =24' 50.9'
63.1'
83.5'
34.8'
86.3

20

50'

I(14B)/I(13B)= 2e' vs "s

in which &Us = U(13B)-U(14B) and we have also
taken into account the fact that excited state 138
remains degenerate with 12B under [110]stress.

In analyzing the experimental data the usual as-
sumption is made that the dependence of the ener-

ESR AND UNIAXIAL STRESS STUDY OF A FREELY. . .
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A ) A ) fllo3 & B ~B ) t;1103 (3)

gies U on the magnitude o of the applied uniaxial
stress is linear:

U=Po.
This relation defines the "linear stress coupling
coefficient" P which has the dimension of a volume.
Consequently, the energy differences 4U are also
linear functions of o, and C4

0

0 0

2I(14A) pro'

3IO(14A)-I(14A) ksT '

and similarly for line 14B

(4)

3 Io(14B)-I(14B) Ps o'

2 I(14B) ks T

The experimental plots for T =4.2 K and -0.1mW
are given in Fig. 4. The assumed linear relation-
ship between &U and o is indeed verified and from
the slopes one deduces the following values for the
differential stress coupling coefficients:

p„= (2.9+0.2) &&10 "cm',

ps = (2.1 + 0.2) x10 '4 cm'.

define the "differential stress coupling coeffi-
cients" pA and pB. The equivalent pt oj a d pt&To3

notation, which we will use later on, expresses
the fact that the A and B sets are related to each
other by a 90' rotation around [001].

The only directions that can be studied reliably
are 14A, 14A', and 14B [Figs. 3(a) and 3(b)]. It
was carefully verified experimentally that their
line shape was not noticeably influenced by the
stress. However, the uniaxial stress does affect
the spin-lattice relaxation time T, and/or the spin-
diffusion time. At the higher microwave powers
and at 4.2 K, the o ~~ (110) stress has the result of
increasing the ESR line intensity more than can
be accounted for by the effect of the stress on the
populations of the tunneling orientations. To
eliminate this unwanted contribution the stress
experiments were performed at the lowest pos-
sible microwave powers and at the lowest possible
100-kHz field-modulation amplitudes for which
still an acceptable signal-to-noise ratio was ob-
tained. About 0.1 mW of microwave power and
modulation amplitudes in the neighborhood of 1 G
peak to peak were used. At these low microwave
powers the unwanted effects were strongly reduced,
but probably not completely eliminated. We re-
turn to this in Sec. III.

For the determination of pA and pB we cannot use
Eqs. (1) and (2) as such. They can be rewritten,
however, as a function of I(14A) and I,(14A) or
I(14B) and I,(14B), where I, represents the starting
intensity of a line. One finds, arranging it so that
the lines go through the origin, that for line 14A

2 3

STRESS, 0 (10 dyn/cm j

FIG. 4. Population-vs-cr plot yielding the two differ-
ential stress coupling coefficients for 0 ~) (110).

Similar experiments at a few temperatures up to
about 12 K show that the slopes of the lines are
proportional to 1/T. This is as it should be if the
Boltzmann distribution holds.

The results of Fig. 4 are representative of sev-
eral independent measurements on different sam-
ples. In all experiments of this type (i.e., 8' = 24')
it was found that pA & pB and the foregoing values
were quite reproducible within the stated limits.
Even so, one mustbe cautious. First, one would
feel more confident if the P's had been obtained
from formulas (1) and (2) rather than formulas (4)
and (5). Second, the experimental results indicate
that even at-0. 1 mW there still seems to be an ef-
fect of o on T, (see following), and one cannot dis-
card the possibility that the effect of o on T„ex-
hibits an anisotropy. These, and possible other
unrecognized experimental effects may produce
errors in the magnitudes and relative magnitude
of pA and IBB. That these apprehensions may be
founded is shown by the H~~[001] experiments (8'
=0') to be discussed below.

2. 0' = 0' experiments (H I1 /001 J)
For the 8'=0'orientation of the crystal, i.e.,

when H I[ [001], the 14A and 14B spectra coincide
to give a fourfold-degenerate 8 = 26' spectrum.
The effect of the cr j~ [1TO] stress on this spectrum
will be a balance between the two degenerate 14A
lines going up and the two degenerate 14B lines
going down. Using the values for pA and pB as
given by (6) one calculates that the 8= 26 line in-
tensity should decxease by about 5/g at 4.2 K when
the magnitude of the o'

~~ [110]stress is about 2.9
&&10' dyn/cm'

However, the experiment gives a, 5/o increase in
line intensity for this stress and at -0.1 mW. (At
-25 mW and 4.2 K one finds an increase of about
50/o clearly indicating an effect of o on T,.) This
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was carefully checked by a double integration of
the first-derivate line. In this experiment it was
a1.so verified that the 26 line shape was quite ac-
curately Gaussian and unaltered by the (110)
stress. These results imply that P„&Ps, which
is in contradiction with the results of Sec. II C1. Vfe
conclude that some of the perturbing effects sug-
gested at the end of Sec. IIC1 may indeed be pres-
ent possibly together with other unrecognized ef-
fects. The best one can say is that p„= p~ or

Pt„)——P),—,oq-—(2.5+0.4) xl0 "cm3,

which is the average of the differential stress
coupling values given in expression (6).

Finally, it should be mentioned that a small
number of exploratory uniaxial stress measure-
ments were performed with a ([(111). One might
expect a, mixture of o )) (100) and 5 )[ (110) effects,
i.e, , an effect on both the lifting of the degeneracy
of the RIM tunneling orientations' and on the geo-
metric structure. ' The exploratory investigation
did bear this out. However, because of the com-
plexity of the ESR spectra and because of the
limitations in the experimental stress geometry
(fl~ &111)&8) a detailed analysis was not attempted.

III. ELASTIC DIPOLE TENSOR OF H (Li')

A. Analysis of o ([&110)data

The influence of an external applied stress (ten-
sor) field on the physical properties of a solid can
be described by various models, the simplest be-
ing the classical continuum theory of an elastic
solid. ' ' This continuum model is particularly
useful to account for the lifting of the orientational
degeneracy of a low-symmetry defect in a high-
symmetry solid by an applied uniaxial stress. An
interesting situation arises when a low-symmetry
defect exhibits motions at low temperatures which
enables it to jump to any, or part, of its equivalent
positions. In that case a removal of the orienta-
tional degeneracy by a stress field will lead to
different populations for the various orientations
of the defect as determined by Boltzmann's dis-
tribution law.

%ithin the continuum approach one can formulate
the concept of the "elastic dipole tensor'"" of a
defect, which represents the lattice distortion
around the defect in terms of the change of the
macroscopic strain due to the introduction of the
defects. Another equivalent formulation appeals
to the "double force tensor, "' which defines a
force distribution which would distort the perfect
lattice in the same way as the defect does.

The elastic free enthalpy density of a perfect
solid can be expressed'

U= ——,o'e=- — o, e»
&ed

where 0 denotes the stress tensor, e is the strain
tensor, and i,j run over the Cartesian components
x, y, and z. The influence of the defects can be
accounted for by modifying the strain. For a suf-
ficiently low concentration the strain can be ex-
panded in powers of the defect concentration as

Bg] ~e(n) = e(0)+n " +
n-0

with n the number of defects per unit volume.
The dimensionless "X tensor" or "elastic dipole
tensor" is defined by

in which V, represents the molecular volume of
the matrix crystal. Combination of Eqs. (8)-(10)
tells us that the interaction of the elastic dipole
with the stress field is represented by

AU= —VoA. o=—P ~ a, (11

in which P represents the linear stress coupling
tensor. The interaction energy of Eg. (11) is per
unit volume, and per unit defect concentration,
i.e. , per defect. The information which should
be extracted from experiment are the three prin-
cipal values and the three principal directions of
the second-rank X tensor. The double-force-ten-
sor method' characterizes the effect of the intro-
duction of imperfections by a force distribution.
To this end the stress tensor o' in Eq. (11) is re-
placed by the stress-induced strain tensor e em-
ploying Hooke's law. The result is

4U= —VC A. e—= -P e,
where P is the double force tensor, and C is the
fourth-order tensor of the elastic moduli of the
solid. P is the force array which would produce
in the perfect lattice the same macroscopic lattice
distortion as the defect does. The elastic moduli
near the defect can be, and probably are, quite
different from those of the perfect solid explaining
the restriction made in the interpretation of P.

Because they were introduced using the continu-
um approximation both the A. and P tensors are
macroscopic quantities, i.e., they are defined
over volumes much larger than the molecular-
defect volume. They are able to describe the
interaction of a macroscopic defect=induced
strain field A., or a macroscopic defect-induced
stress field P, with the external stress-induced
strain. The extraction of these quantities from an
atomistic calculation is very difficult. In order to
do so one has to calculate the displacements over
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large distances around the defect and fit these to
a displacement ellipsoid. Conversely, the extra-
polation of these tensors to a microscopic, i.e.,
atomistic, scale should be performed with cau-
tion.

However, the X tensor is the quantity which is
directly observed experimentally and this makes it
a meaningful quantity to attempt to extrapolate to
atomic dimensions. The P tensor on the other
hand is derived from X. using the macroscopic
compliance coefficients and this accentuates the
macroscopic character of the P tensor. One
should, therefore, not be too eager to attempt to
give the double force tensor a microscopic inter-
pretation. For this reason we prefer to use the
X tensor and will not use the P tensor.

The elastic dipole tensor can be divided into an
isotropie part and a traceless anisotropic part. Ex-
periments such as optical polarization which detect
the difference in population of the elastic levels in-
volve only the anisotropic part A.

' of the elastic dipole
tensor. Consequently, we are only able to determine,
not X, but its anisotropic part, A.', whose principal
values are subject to the condition A. ', + A.,'+ A.,' = 0.
The isotropic part of X merely corresponds to the
f ractional volume increase or decrease caused by
the defect.

The majority of experiments performed to mea-
sure the elastic dipole tensor of defects involve
rather high-symmetry defects, e.g. , a tetragonal
defect in a cubic solid. This simplifying situation
is an almost necessary restriction for the experi-
ments to be analyzable. Let us take a cubic solid,
and introduce an arbitrarily oriented defect, and
let us apply a uniaxial stress along an arbitrary
direction. There will be twelve nonequidistant
elastic energy levels. The thermal behavior of
such a manifold is so complicated that it will be
difficult to distill the elastic dipole tensor from
it. There are, however, two types of possible
simplifications: (i) the symmetry of the defect
is so high that all the directions of the X tensor
are dictated by the symmetry alone and uniaxial
stress along high-symmetry axes results in two-
level systems which can be analyzed easily, '
yielding the principal values, or, (ii) the thermal
transitions between certain orientations are not
allowed, which may result in a simpler thermal
behavior. The H„(Li') center in KC1:Li' is an
example of the second simplification: There is no
communication between the orientations of the two
tunneling systems A and B, because the "pryamid-
al motion'" (PM) does not exist at low temperatures
(&23.5 K). It is exactly this lack of communication
which gives the simple two-level systems for
o ~~ (110) stress whose thermal behavior was ana-
lyzed in detail in the first part of this paper. The

H„(Li') center in NaF:Li', which possesses no
symmetry elements, "is an illustration of a sys-
tem in which all thermal transitions appear al-
lowed, resulting in a very complicated response
to external stress. " In the majority of cases
there are no thermal transitions between equiva-
lent orientations at all at low temperatures owing
to the heights of the barriers.

We will now attempt to determine the principal
axes and principal values of the elastic dipole
tensor of H„(Li') and we will use the H„(Li') mod-
el as depicted by the Cl, in the 1-2 orientation in
Fig. 2(a). We start by noting that the symmetry
of H„(Li') is C,„ forcing one of the principal axes,
t say, to be along the normal [011]of the (011)
reflection plane. The other two principal direc-
tions will be called q and r„and both lie in the (011)
plane. Their orientations are defined by the angle
o, which q makes with the [Oil] direction.

For uniaxial stress applied along [110]we ob-
tained in (7) two differential stress coupling co-
efficients ~&»oi " ~ringo& and a straightforward
calculation yields

P&»» ——Vo[&~&(1+ 'cos'n —+ sin2o/2v 2 )

+ X„'„(-,
' cos2a+ sin2o, /W2)],

(13)

P„-„,= V, [A.'„(I- ' cos'o + sin2n/2 v 2 )

+ A.„'„(--' cos 2o, + s in2o/v 2 )],
in which A.«, A.„'„, together with A&~ are the princi-
pal values of the traceless tensor A.'. It is clear
we cannot determine A,

' and its orientation from
Eqs. (13}. We need another independent stress
coupling coefficient. This we shall obtain in Sec.
III B but we can give already a good qualitative
argument which shows that n is expected to be in
the neighborhood of 35.26', i.e., that ~ should be
near (111). (In Sec. III B it will be shown that
u =39'.}

Indeed, for interstitial centers one expects
rather large A.

' and A. principal values because one
extra atom is squeezed into the crystal and be-
cause the symmetries of the centers are lower
than cubic. This expectation is supported by the
comparison of the X' tensors of the V~ and H cen-
ters'" both of which possess D» symmetry in
KCl. They are presented in Table II. The princi-
pal values of X' for the interstitial H center are
a few times larger than those of the substitutional
t/'E center although in both cases the same molecu-
lar ion Cl, in the same crystal KC1 is involved.

For the interstitial H„(Li') center large values
are thus expected for the stress coupling coeffi-
cients. However, because Li' is smaller than K',
these coefficients should be smaller than those of
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TABLE II. Anisotropic part 7' of the elastic dipole
tensor of the H center, the VE center, and the H&(Li+)
center in KCl.

X3

H center ~

VE center
Hg(Li+)

0.47
O.ll

-0.11

—0.62 0.15 Ref. 8
—0.11 0 Ref. 12

0.33 —0.22 This work

the H center.
We can vary o, from 0' to 90' in Egs. (13) and

solve for A,«, A,„'„,X~~, and see where these values
become large so that they could give larger P's
than the two already determined. It turns out that
these three principal A.

' values are quite small
and slowly varying everywhere, except when z is
in the neighborhood of 35.26'. The results around
this angle are plotted in Fig. 5. (The infinities in
this figure have no physical meaning. In order to
obtain finite A.

' values at o. = 35.26' the experimen-
tal ratio P„»,/P, »» should be three. ) This plot
clearly shows that for large A.

' values, i.e., large
p values, z should be close to 35.26 . That the
(111)should be an important orientation for H„(Li')
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FIG. 5. Components X& &
and A,„'„ofthe anisotropic

part of the elastic dipole tensor vs the angle n between
tOTl] and the q axis of the dipole, as derived from Eqs.
(13) and the differential stress coupling coefficients as
given by (7).

~The directions 1, 2, and 3 denote (110) perpendicular
to molecular axis, (100) perpendicular to molecular axis,
and the molecular axis, respectively.

"The directions 1,2, and 3 denote $, g, and f as defined
in the text; the angle e between q and [110] is found to be
39' (see also Fig. 8).

is not surprising: the RIM takes place around
(111). Furthermore, from an inspection of the
H„(Li') model in Fig. 1 it can be remarked that
the important part of the defect determining the
elastic properties of H„(Li') is very likely com-
posed out of the Li' ion and the interstitial chlorine
No. 1. From the very schematic presentation in
Fig. 1 one might infer that the axis Li'-Cl No. 1
is likely to be close to a (111)direction, and, if
an extrapolation to macroscopic dimensions is
allowed, that one of the A.'-tensor axes should be
in the neighborhood of (111).

B. Interpretation of continuous change

in orientation under (100& stress

The argument given in Sec. IIIA, establishing
the approximate orientation of the elastic dipole,
is, we believe, a reasonable one. Another inde-
pendent stress coupling coefficient, linear or dif-
ferential, from c~~ [001] experiments, could con-

firmm

this and would provide a better fix on the
orientation of the elastic dipole.

However, as was shown in a previous paper, '
the response of the H„(Li') center to o ~~ (100)
stress is rather unusual and can be summarized
as follows. At 4.2 K the application of [001] stress
results in a movement of, e.g. , the 1-2 Cl, axis
[Fig. 2(a)] out of its (011)plane and with increas-
ing stress it describes an octant of a cone around
[100] having a 2 x26'= 52' apex angle. At high
uniaxial stresses (-5 x10' dyn/cm') the Cl, axis
approaches the (001) plane perpendicular to the
stress direction. On the other hand, raising the
temperature from 4.2 K with the applied stress
on, counteracts the effect of uniaxial stress, i.e.,
the Cl, returns to its (011)plane.

A formal way to solve this problem is to treat
all interactions including the applied stress and
to find the potential surface after which the parti-
tion function is calculated. This formidable task
will not be attempted here. In contrast we will
present a simple model which displays the re-
quested temperature and stress dependence and
which permits the determination of a third in-
dependent linear stress coupling coefficient P «»&.
To this end, we make the important observation
that the qualitative features of the experimental
results' are such that they give the impression
that the elastic dipole ellipsoid can orient itself
in a continuous fashion in a stress field in analogy
with, e.g. , a classical electric dipole in an elec-
tric field.

To illustrate the idea, let us consider a simple
case, and let us take, as opposed to an elastic
dipole which has because of its symmetry only a
discrete number of equivalent positions, an elastic
dipole which has a continuous distribution of orien-
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tations of equal energy in a plane. The application
of stress along a direction in this plane will de-
stroy the equivalence of all these positions and the
elastic dipole will orient itself as far as the ther-
mal motions allow it. Employing classical statis-
tical physics enables one to calculate the average
orientation of the elastic dipoles characterized by
the thermal average of cos'g, g being the angle be-
tween the stress direction and a principal axis of
the elastic dipole in the plane. The anisotropic
part of the energy will vary as cos'g, and there-
fore for this simple model the Hamiltonian is,
apart from a constant factor which is irrelevant,

3C = —Po cos'P, (14)

xp dP

where y is the angle over which the ellipsoid can
orient itself in the plane.

The phenomena are studied with ESR. Let us
assume again for simplicity, that the external
magnetic field H is parallel to 0 and that the sym-
metry axis of the spin Hamiltonian coincides with
an elastic dipole tensor axis in the plane. As we
shall see, the ESR spectra which we measure re-
flect average values of squared trigonometric
functions indicating that we need (cos'g), and, to
get an idea of the spread, (cos'P). The experi-
ments on the H„(Li') center indicate that a (cos'g)
varies between 2 and a value close to 1 for zero
and infinite temperature, respectively. The
orientation or libration range represented by y
can be determined using this observation" and
this yields approximately y ~ 90'. Calculating
(cos'g) and (cos'P), e.g. , for y=90; with the help
of Eq. (15) is relatively simple and we obtain the
following expressions:

(cos'g) = —,'+ —,
' I, (-,'x)/I, (-,'x)

(cos'g) = -', + [41,(—,'x)+I, (—,'x)]/8I, (-,'x), (17)

in which x -=Pa/RENT and I„(o) is the modified Bessel
function of order n. and argument z." Both aver-
ages are depicted in Fig. 6. The qualitative fea-
tures of the (cos'() are as expected and exhibit a

in which 0 is the magnitude of the applied external
stress and P a linear stress coupling coefficient
characterizing the anisotropy of the X tensor in the
plane in which the reorientation of the elastic di-
pole takes place. It is a function of the three
principal values of the X' tensor. The thermal
averages of cos"g are

(cos"q) = f' e~ tms"P@
kgb

TENS ION

(cos2$) 0 9
(coS4$&
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FIG. 6. Theoretical Langevin-type plots based on Eqs.
(16) and (17) of an elastic dipole freely librating in a
plane and possessing a 90 libration range; (cos g) de-
scribes the average orientation and (cos4$) the spread
in average orientation. The figure is based on a posi-
tive linear stress coupling constant P.

Langevin-type behavior: Infinite stress (x = + ~)
causes an alignment of the ellipsoid along the g
= 0 or the g = 90 axis depending on the sign of the
linear stress coupling coefficient and on the sign
of the stress (compression or tension). Further-
more, infinite temperature (x=0) results in an
average value (cos'g) =-', .

We now want to apply the ideas contained in this
simple model to the behavior of H„(Li') under
(100) stress. Because the phenomena are studied
by ESR we have to look closely into what we are
actually measuring.

In the light of the above model the experimental
o'll (100) data. on H„(Li") are interpreted as a change
of the average H„(Li') orientation under uniaxial
stress. The experimental evidence indicates' that
the change of average orientation takes place along
an octant of a cone around (100) whose apex angle
is 2 x26'. This means that with stress removed,
the Cl, of H„(Li') moves, or better librates,
rather freely along a. (almost) quadrant of a cone
around (100). This motion will be called the
libration motion (LM).

One can envisage two extreme experimental situ-
ations: (a) the librational frequency is slow com-
pared to the ESR sampling time, or (b) the libra, —

tional frequency is fast.
In the first case one should see a smeared out,

probably unrecognizable, ESR spectrum because
the basic H„(Li') spectrum is strongly anisotropic,
and all orientations on the quadrant of the cone
are equally probable.

This is definitely not observed. The H„(Li')
spectra are well defined looking like Cl, 's occupy-
ing discrete orientations. " One must conclude
therefore that the librational frequency is so fast
as to result in motionally averaged ESR spectra.
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Since the LM is a limited motion, the resulting
averaged ESR spectra must still exhibit a sizeable
anisotropy, as is indeed the case.

The formal way to analyze ESR spectra result-
ing from limited fast motions has been given be-
fore. " Assuming the following spin Hamiltonian:

0.900,
F////////////////~ ASYMPTOTIC LIMIT AREA

0.850

X 1 2

= —H g S+QS A; 1;,
go&a go 1

(18) 0.800

TZT

Til
O
CJ

where the sum is over the two nuclei of the Cl, ,
the first-order hyperfine (hf) separation and the

g anisotropy are given by (assuming axial sym-
metry)

0.750

0.700
0

I I I I I I I I I I I
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(IO dyn/cm K)
T

+ (A„, -A, , )'(P', +y', ), (19)

(8'&'= l(a, -a')o, +a, )'+ (a a, )'-(P,'+y,') (2o)

with,

o. , =- (cos'8,),
P, -=(sin8, cos8, cosTII,),
y; -=(sin8, cos8; sing, ),

(21)

in which (8,, TII, ) are the polar coordinates of the
spin-Hamiltonian symmetry axes with respect to
a set of axes (x', y', z') ti.ed to the magneti. c field
H II z'. These averages (thermal averages if stress
is applied) of the trigonometric functions must be
taken over the path of the librational motion.

These expressions should be contrasted with the
well-known angular variation formulas which hold
when the centers are static (or slowly moving):

FIG. 7. Experimental Langevin-type plots of the 0
(100) uniaxial stress data obtained in Ref. 3; the

solid line represents an average fit based on p~Lppg]
= (7 +2) x 10 24 cm3. A fit to the solid points gives
(5 +0.5) x 10 4 cm and a fit to the open circles (9 +2)
@10 24 cm3.

CITII
K g =A„g cos 8+A g sln28,

g =g, cos 8+g~ sin 8.

(22)

(23)

!
Axis fo

RIM(C3

What these formulas show is that in analyzing mo-
tionally averaged spectra one can only determine
averages such as, e.g. , (cos'8,), and not 8;. The
latter is only possible for static centers.

The analysis based on the a II (100) stress data
which resulted in Figs. 7 and 8 in Ref. 3 was based
on formulas (22) and (23). In other words, the im-
plicit assumption was made at that time that the
observed change in the Cl, orientation under (100)
stress was the result of a change in orientation of
a static center which remained a static center
under stress. With the assumption of large-angle
librational motion that we introduce, this is not
correct. Formulas (19)-(21) have to be used to-
gether with the observed K, values.

The averages n;, p;, and y, can be calculated
from Eels. (21) as a function of the linear stress
coupling coefficient P [ppy] provided one knows the
amplitude and path of the librational motion. For
instance,

0=3

t:Ol I 3

FIG. 8. Two-dimensional model in the (011) plane of
the Hz(Li') center in KC1:Li' incorporating the new re-
sults obtained in this paper concerning the g, hyperfine,
and elastic dipole tensor axes. The C12 molecule li-
brates around [100] with respect to the plane of the fig-
ure. The libration range is about 70 —80', and each
point along the path is equally probable.
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u; —= (cos'8, ) =
Qt I

Jcl kg T cos28 dP/ /

I I
a

gt I 1

x 'e c~'&~dg
gl I

in which P" is the angle (Fig. 1) between the
planes defined (i) by H ((z' and the (100) (( z direc-
tion around which the LM takes place; and (ii) by
the H„(Li'} Cl, and the same (100); g,

"and P»"

define the limits of the LM. When H lies in a (110]
plane, then P,"=—g,"; when H lies in a (100j plane,
g,"+g,"= —,z. The integration is over P" because
all these angles are equally probable when there is
no external stress 0. The integration, analytically
or numerically, is performed by noting that

(25)

X——Pi )0LM

= —V,o cos'y [A.'„(sin'o, + 1)-X„'„cos2n], (26)

in which @=P"+ —,'m is the angle between ( and the
B ~~ [001] stress direction, and P~&,»& is the linear
stress coupling coefficient.

Our mode of attack in analyzing the data will be
the following. The a ~~ (100) data that yielded Figs.
7 and 8 of Ref. 3 will be reanalyzed using Eqs. (19)
and (20) and similar expressions as Eq. (24) for
P, and y, . From the experimental (K;) values,
values for (cos'8, ) will be derived. For this we
need the thermal averages P',. and y', But in order
to do this we need the spin-Hamiltonian param-
eters and the 8',.' values derived from analysis of
the ESR data at zero stress, in zehich the libra-
tional motion is taken into account. The spin-
Hamiltonian parameters obtained before"' for
H„(Li') were derived with the assumption that it
was a static center, i.e. , formulas (22) and (23)
were used.

The ESR analysis taking the LM into account is
an involved one. It merits separate treatment and
is given in the Appendix. It is found that this
analysis gives a superior fit to the ESR data when
compared with the earlier static analysis. The
new ESR results are distinctly different from the

cos 8,. = cos 8',.' cos 8'+ sin8', .' sin8' cosg",
in which 8", is the constant angle that the K, tensor
makes with (100) while librating, and 8' the angle
that H makes with (100).

The Hamiltonian K in expression (24) represents
the interaction energy of the elastic dipole with the
applied (100) stress field. When H„(Li') librates
along the cone, the axis (, which is perpendicular
to the Cl, -Li' plane [the Cl, -[100] plane in Fig.
2(a)] remains in the (100) plane which also con-
tains the stress direction. Consequently, the
anisotropic part of the interaction energy is

static ESR data, and both results are given in the
Appendix.

In order to calculate the thermal averages p,.
nad y, we still need P [ppy] Clearly a,n iterative
procedure must be used. It turns out that P «,»
= (7 + 2) x10 " cm' and this value was used to cal-
culate the final P,. and y,. values.

The reasons for calculating P, and y, are (i) that
they cannot be determined experimentally from
Eqs. (19) and (20) because of insufficient data; and
(ii) because they turn out to be small compared to
(cos'8;) (see Appendix).

Using the same stress data that led to Figs. 7
and 8 of Ref. 3, (cos'8, ) was calculated and the
results are plotted in Fig. V. The two sets of data,

(T = 4.2 K and o varying; o = const and T varying)
show the correct qualitative behavior, but they
differ from each other. The difference could be
real and be caused by, e.g. , the stress and tem-
perature dependence of the X tensor (which goes
beyond the present formulation), but it is also very
probable that the difference is caused by experi-
mental errors and by the approximations used in
the analysis. ' We will not discuss it further but
try to obtain an average fit for the two sets of data
points.

In order to fit one needs the amplitude of the LM.
This is given by the limiting value of (cos'8) for
c/T -~. The data of Fig. 7 are not very precise
in this respect but they suggest an asymptotic
value for (cos'8) lying around 0.9 or lower. This
corresponds to, approximately, P,

"—P,
"= 80' to

70'. With this LM interval one obtains a best fit
for the two curves when

p~&,
M

&

—(7+2) xl0" cm'. (27)

The two curves fit separately give 5 &10 "and
9&&10"cm', for the lower and upper experimen-
tal points, respectively.

With this P «~» we can now, using Eq. (26) and
Fig. 4, determine the X' values and the angle o.
establishing the orientation of the elastic dipole
in the (110}plane. They are presented in Table II
showing in particular that z = 39'.

Finally, Fig. 8 presents a schematic two-dimen-
sional model of the H„(Li') center in the (011)
plane. The directions for the hyperfine and elastic
dipole tensor and internuclear axes as obtained in
this paper have been incorporated. The Cl,
librates with respect to this plane around [001].

C. Change of geometry under (110)stress and effect
of &100) stress on the RIM tunneling

At first glance the (100) and (110) stress data
on H„(Li') are qualitatively quite different: (110)
stress affects the tunneling RIM but does not seem
to affect the geometry" of the center, whereas(100)
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stress affects primarily the geometry to such an
extent that it seemingly has no effect on the RIM.

A closer inspection of the c [~ (110) data shows
however that there is an effect on the geometry.
The hf separation at 4.2 K originating from Cl,"
1-2 in Fig. 2(a) (8 = 31.3 spectrum, IT II [110],
o II [1IO] decreases from K=88.V 6 for no stress,
to K= 84.0 G when o = 2.S x10' dyn/cm'. This can
be understood by an increase in the average 1-2
Cl, orientation with respect to H ~[ [110]. The ob-
served decrease of g corresponds to a change of
the average g" value of magnitude &g" —= 4'. This
is smaller than expected. Indeed, the c ~) [110]
stress has a [010] component of magnitude —,'o.
For o = 2.8 x10' dyn/cm' this leads to &ict" =—10'.

The smaller 4g" values may possibly be ex-
plained by noting that the induced strain under
(110) stress is much larger than under comparable
(100) stress because" S«=108» for KCl. Conse-
quently, it seems likely that (110) stress will spoil
far more quickly than (100) stress does, the pro-
posed flat potential that the Cl, is moving in.
Thus, a [[(110)stress may lead more rapidly to
localization of the Cl, , i.e., to smaller excur-
sions away from the jl10] plane.

Finally, another observation which has not been
dealt with so far is the apparent absence of any
effect that (100) stress has on the lifting of the
HIM tunneling motion. ' An inspection of this with
our Illodel sllows (i) that tllls can 011ly be 1111deI'-

stood if there is indeed a large angle librational
motion of the type we have been describing; and
(ii) that the absence of a measurable quantitative
effect is more or less accidental.

IV. SUMMARY AND CONCLUSIONS

We have shown that o ~l (110) stress lifts the de-
generacy of the three tunneling orientations in-
volved in the RIM of the H„(Li') center, and two
differential stress coupling coefficients P&»» and

Pr Qp ] were dete rmined. Though thes e are insuf-

ficient to determine the orientation of the elastic
dipole axes, an argument based on the expected
size of the stress coupling coefficients for inter-
stitial centers made it possible to conclude that
one dipole axis, namely II, is close to a (111)di-
rection. This axis is probably defined by the Li'-
interstltlai Cl No. 1 dIrec'tloll (Fig. 8) wlllcll is
expected to induce the major part of the elastic
dipole and to determine its orientation.

The o II (100) stress data and their temperature
dependence' were interpreted (Sec. IV) in terms
of a freely librating elastic dipole model. A quan-
titative description of the data is possible if lt ls
assumed that, without stress, the CI, librates
along an almost quadrant of a cone around (100)
whose apex angle is 2 x28.2' (Fig. 1). This large-
angle librational motion (LM) must have a libra-
tion frequency of at least 5 &&10' Hz in order to
yield the observed motionally averaged, but still
anisotropic, ESR spectra. A linear stress cou-
pling coefficient P «„,of expected size was ob-
tained and this made possible a better fix of the
principal axis and principal values of the elastic
dipole tensor A.'.

This large-angle LM of C,„symmetry is a third
distinct motion of the H„(Li') center which must be
added to the already established' restricted inter-
stitial motion (RIM) of C,„symmetry around
(111)and the pyramidal motion (PM), of C,„sym-
metry around (100). The conclusions regarding
the LM obtained in this paper replace the conclu-
sions given in a recent note in which the existence
of a small-angle librational motion was argued. '

The observation in the latter reference, namely
a slight loss of resolution and broadening of the
ESR lines at 4.2 K compared to 15 K, may be ex-
plained as an attempt towards localization of the
Cl, in the neighborhood of the (011)plane, pos-
sibly brought about by a temperature-induced
curvature near (011) of the rather flat potential
the Cl, is moving in.

TABLE III. Raw ESR data of H&(Li') in KC1:Li' at 14 K. (a) Without second-order correc-
tions; (b) with second-order correction.

Direction of magnetic
field H

Hgperfine splittings in gauss
(go/s'Ãi (s 0/s)lf I

(100}+26 in (110}

(100)

(110)

(a) 2.0031
(b) 2.0028

(a) 2.0093
(b) 2.0089

(a) 2.0088
(b) 2.0080

(a) 2.0097
(b) 2.0084

104.8

79.1

82.3
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TABLE IV. Illustration of the "static" fit to the H&(Li+)
ESR data using the extrapolated A~ values {in units of G )
as a criterion. (i) Requiring that Z = 8~&&pp)+ 8&&&&)

——54.74",
(ii) not requiring that Z = 54.74'. The fit is seen to be
bad.

Direction
of H

Ai, i
2

{i)
Ai i Ai22 2

{ii) {i)
A, ,2

{ii)

(100)

(110)

2.0298 ~ 0 —1300 0 " —13 000
2.0298 ~ 0" —1800 0 " —1300
2.0234 -2300' -4oo'

8~ =28.5'+0.1 . This value corresponds to g .
For this AI &

——0 value, Z =58.7' instead of 54.74'.
'For these unacceptable A& ~ values, gf 8&fpp) —30 4'

aud 8)|fbi —24.3' giving Z = 54.7'.
For this Ai, ~

——0 value, Z =59.7' instead of 54.74 .
'For these unacceptable A~ 2 values, 82' =—

8&&pp&
——18.5

and 8&ff f) —36.2' giving Z = 54.7'.
These unacceptable Ai values were calculated using

8& happ ) = 30.4' and 8& happ ) = 18.5'.

Although the Cl, moves in a flat potential while
librating, it must encounter rather steep potential
walls when it approaches the Ji100}planes. Indeed,
it cannot cross a (100) plane at 4.2 K for if it did,
the pyramidal motion would already exist at 4.2

K and this, together with the tunneling RIM, would
make it impossible to produce an optical anisot-
ropy at 4.2 K." The steep potential walls are
surmounted only at and above 23.5 K which is the
disorientation temperature of the PM. '

The existence of a fast LM (&5 &&10' Hz) offers a
possibility of explaining the rather short spin-
lattice relaxation time T, of the H„(Li') center.
This T, was, very roughly, estimated to be 5x 10 '
sec. A.n attempt to link this short T, to the RIM
ran into an apparent quantitative difficulty': al-
most every jump of the RIM should induce a spin
flip, and this seems rather unlikely. However,
the large-angle LM established in this paper has
a libration frequency which is many orders of
magnitude faster than the RIM frequency. Thus
the fast LM could very well be at the basis of the
short T,.

Another observation which finds a natural ex-
planation as a result of the large-angle LM is that
the ESR line-broadening temperatures caused by
the RIM are the same within experimental error,
for both the stressed and the unstressed H„(Li')
centers, namely' T~s(RIM) = 29 K. The applied
stress merely induces a change in the average
Cl, orientation along the librational path. Conse-
quently, it does not prohibit the occurrence of the
RIM, and it should not substantially affect the

Tr, s (RIM).
Although the model of the freely librating elastic

dipole is quite successful in describing the uni-
axial stress data it is possible that more accurate
measurements may emphasize the quantitative dis-
crepancies; but it is also possible that such mea-
surements agree better with each other and with
the predicted behavior. If more accurate stress
measurements along both (100) and (110) would
confirm a quantitative discrepancy with the model,
then the explanation must very likely be sought in
the localization of the Cl, axis brought about by
stress-induced strain around the center which,
because of the strong anisotropy of the compliance,
depends on the stress orientation. Furthermore, a
temperature dependence of the principal values of the
elastic dipole tensor remains a distinct possibility.
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APPENDIX: ANALYSIS OF ESR SPECTRUM OF FREELY
LIBRATING ELASTIC DIPOLE

The evidence from the uniaxial stress data, es-
pecially the temperature dependence, that the
Cl, of the H„(Li') center is librating over a large
angle is very compelling and constitutes a proof

TABLE V. Librational averages (cos 8), (sin8cosg costi|), and (sin8cosg sinlt)) for 8"=28.2
and a librational amplitude gg —P~ =80 . These values were used to obtain the H&(Li+)-center
spin-Hamiltonian parameters of Table VII in which inequivalency of nuclei and bending of C12
bond was ignored. The 8,ff values were used for the calculation of the second-order hf shifts.

Direction of H (cos~8) (sing cos 8 sing) (sing cos 8 cost|i)

(100)+26' in (110)
(100)

(110)

0.966(80gg= 10.6')
0.777 (geff = 28.2')
0.747(geff= 30.2 )
0.715(g,ff =- 32.3')

0
0
0
0.247

0.026
0.383
0.402
0.331
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by itself, The ESR spectra, though still quite
anisotropic, should reflect this large-angle LM.
However, its presence is not obvious at a first
glance and even an analysis based on the observed
angular variation puts the Cl, axis statically in a
(110}plane and making a 26' angle with (100). We
remarked already in Sec. III that, because the
ESR spectra are well defined, the LM must be
fast enough to give a motionally averaged but still
anisotropic spectrum. The magnetic field interval
over which the outer ESR lines are averaged is,
on the average, of the order of 100-200 G. The
librational frequency must therefore be of the
order of, or larger than, 5 &&10' Hz.

The qualitative features of the ESR spectra do
not yield the existence of a LM. Its presence can
only be determined from a careful quantitative
analysis based on accurate measurements.

Thus we will perform both a "static" analysis
based on formulas (22) and (23), and a "libra-
tional" analysis based on formulas (19)-(21).
Then we will compare them to see which one gives
a better fit. A. visually convincing procedure would
be to calculate the angular variation for the two
cases and compare them with the experimental an-
gular variation. However, for nonspecial direc-
tions of H, the spectra are oftentimes not suffi-
ciently well resolved, and so the analysis will be
based on the results of careful measurements along
four particular directions: H II (110), H [( (100),
H II (111) and H (( ((100)+ 26 in (110}). The observed
hf separation is maximum for the latter direction.

For each of these directions one wants the fol-
lowing parameters (in an axial approximation): the

g factor, and the first-order hf separation K&. We
are assuming that the two Cl nuclei of the Cl, are
inequivalent and that their hf tensor symmetry
axes do not coincide with each other (i.e. , the
molecular bond is bent) or with the g-tensor sym-
metry axis.

TABLE VI. Illustration of the "librational" fit to the
H&(Li') ESR data, in which inequivalency of the nuclei
and bending of the molecular bond is ignored. Using the
extrapolated A1 values (in gauss units) as a criterion, the
fit is seen to be quite good. The value obtained for 8"
is 28.2'. This analysis gives the sign of A&.

Direction of H

(100)

(110)

2.033
2.025
2.023

+ 13.1
+ 13.1
+ 12.0

These parameters for the four orientations are
summarized in Table III, and they were obtained
as follows. From the difference between the upper-
most and the lowest lines one obtains (g,/g)(K,
+K,). From the average of the two differences
(uppermost minus next-uppermost line) and (low-
est minus next-lowest line) one obtains (g,/g)K„
and hence (g,/g)K, . By making these differences
and averages, second order effects are eliminated.
The mean position of the uppermost line and lowest
line defines g, but uncorrected for important sec-
ond-order shifts. Table III also gives the g's cor-
rected for second-order shifts. Here a little ex-
planation is necessary because, depending on the
type of analysis one is performing, one needs
"static" or "librational" second-order correc-
tions. An investigation of this matter learns that
both types of shifts are comparable to one another,
except for the case H ~~ ((100)+ 26' in (110}),where
in the "static" case the correction is negligible
while in the "librational" case it amounts to 0.0003.
The corrected g values in Table III are based on
"librational" second-order shifts because this type
of analysis turns out to be the better one. These
shifts were approximated employing the formulas
used for "static" shifts and using an effective 8,«

TABLE VII. Spin-Hamiltonian parameters of H&(Li+) in KCl:Li+ at 14 K obtained by a
"librational" analysis. (i) Including bending of Cl2" molecular bond and inequivalency of
nuclei; (ii) ignoring bending and inequivalency. The hyperfine values are given in gauss.

8'z" A„) A, ,
Bending ingle

II tt
8( —82

2.0018 2.031" 2.025 + 108.9
+0.0002 +0.001 +0.001 +0.1

+ 99.1
+0.1

+ 14.5 + 9.2
+3.5 +1.7

10.8'
+0.4'

2.0019 2.029
+0.0002 +0.001

+ 103.6 e

+0.1
+ 12.5

k2

Oo

~8~ = 29.2' + 0.2' in the C12 —Li' plane.
"x"axis is perpendicular to the internuclear C12 axis z" and lies in C12 -Li' plane.

8&" ——32.1'+0.1' in the C12 -Li+ plane.
82" ——21.3' + 0.3' in the C12"-Li' plane.'8"=28.2'+0.1' in the C12 -Li' plane.
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TABLE VIII. Librational averages for (cos 8), (sin8cos8cosg), and &sin8cos8 sing) for the
two hyperfine tensors (8&"——32.1 and 8&"—-21.3 ) and the g tensor (8g 29 2 ) The librational
amplitude corresponds to g&' —g,"=80 . The averages were used to obtain the spin-Hamilto-
nian parameters in Table VII. i =1,2,g, going down in that order.

Direction of H

(100)+26' in (110)

(100)

&110)

(co&&28$

0.952
0.970
0.964

0.718
0.868
0.762

0.790
0.652
0,759

0.723
0.688
0.718

(sin8; cos8; sing;)

0.277
0.188
0.255

(sin8; cos8 cosg;)

0.069
0.089
0.032

0.411
0.309
0.389

0.360
0.455
0.391

0.286
0.398
0.318

derived from the (cos'8) values (see Table V).
In order to decide which of the two analyses

gives the best fit the following procedure will be
applied. First, from the II II ((100)+ 26' in {110))
spectrum, values for g„, A, „and A, , are de-
termined. Using these, the values for g, , but
especially A, , and A, , will be calculated from
the data of each of the other three special H di-
rections. If the fit is good, this procedure will
yield good A, values. The hyperfine components
of the Cl, V~ and H centers are very well
known'" ": the A, values vary between + 5 to + 16
G. So values in this range will be considered as
good.

"Static" analysis The H [[ ((.100)+ 26' in (110))
data of Table III yield immediately g~~

= 2.0031 in
this case, because second-order corrections are
negligible for 8=0'. In case of no bending of the
molecular bond, the two K values would give im-
mediately A„, and A„,. However, we shall see
that the total bending is about 12 . Consequently,
A~~

~ &
=K~/cos6 = 105 3 G and Ag p =K2/cos6

=97'.2 G'.

We can now treat the H)[(100) and H)[(111) data
together. Using formula (22) we can solve for
A, ;, 8&,«&, and 8&»» in which 8~&,«& is the angle
that H [[ (100) makes with the hf tensor axis i, and
similarly 8&', »& for H [~ (ill). We note that 8~&„»

+ 8&»» = 54.74 is a necessary condition. Solutions
are found for 8~&„,

&
and 8~««& (see Table IV) but in

both cases one finds strongly negative values for
A,', and A,', . This is impossible and indicates a
bad fit. Using these 8' and 8' values one can
analyze the H ~~ (110) data. Again strongly negative
A,' values are found.

This "static" analysis gives a bad fit for the

TABLE IX. illustration of the "librational" fit to the
H&(Li ) ESB data in which the inequivalency of the nu-
clei and bending of the C12 bond is taken into account.
Using the extrapolated A~ &

values (in gauss units) as a
criterion, the fit is seen to be good. Note that this
analysis gives the signs of A» and A~ 2.

Direction of H

&100)

&110)

2.0315 ~

2.0274 ~ + 17.1 b

2.0251 + 9.2

+79
+ 7.9'

+ 11.9

Corresponds to 8~ =29.2 . In the "librational" anal-
ysis these values need not be equal. The 2.0315 value
corresponds to g„.

"Corresponds to 8&' ——32.1'+0.1'.
Corresponds to 82'-—21.3 +0.3 .

ESR spectra. The best one could say in this
analysis is that A y A~ 2 0 G Conversely, if one
accepts the latter values, the condition 8(happ)

+

8(gyes

) 54.74' cannot be fulfilled as is made clear
in Table IV.

As far as the g factors are concerned, we note
that g&,pp) and g(gyes) should extrapolate to the same
g„value. We find g„=2.0298 with 8,"=— 8~&„»= 28.5'
+0.1'. From the (110) data, one finds g = 2.023.
The total bending is 8,"—8,"= 30.4' —18.5'—= 12'.
The results of the "static" analysis as given in
this section replace the values obtained earlier. "

"Iibxational" analysis. We will present two
analyses in which the I.M is taken into account.
In the first one, we will ignore inequivalency of
the nuclei and bending of the molecu1. ar bond; in
the second one, these will be taken into account.
The reason for presenting the first one at all is
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that similar motions may exist in other Cl, -type
centers for which it is often impossible or difficult
to obtain accurate Ky and K, values, but only

&(K, +K,). If the first type of analysis would give
reasonable results one would feel confident in
analyzing other centers in this approximation.
For the "librational" analyses formulas (19)-(21)

are used, the latter with 0 =0. The uniaxial stress
data have suggested (Sec. III) that the librational
amplitude is g,"-P,"= 70'-80, in other words, the
Cl, approaches the (100}planes not closer than
5' or 10'. The integrals for (cos'8, ) and

(sin8,.cos8, sing, ) can be carried out analytically
and one finds

(cos'8&) = @2&+ ~ b', + [b, /(g~' —g,")][a&(sing~' —sing,")+4 b, (sin2tJri' —sin2rfr,")],
(sin8, cos 8& sing, ) = [sin 8' /(t/r~" —g,")][a&(cosg,"—cosg~')+ ~ b, (cos2$~" —cos2$,")],

(A1)

(A2)

with (i =1,2, g)

a, = cos 8", cos 8', b,. = sin8',.' sin8',

in which 8' is the constant angle that the K;- or
g-tensor axis make with [001] and 8' is the angle
that H makes with [001]. The angle 8, is between
H and the tensor axis.

The values of (sin8, cos8,. cosg, ) were calculated
numerically on an HP-25 programmable pocket
calculator.

For the analysis in which the equivalency of the
nuclei and the bending of the Cl, bond is ignored,
the foregoing formulas were used with 8=— 8, =—8,
=-8 . After a lengthy analysis it was found that a
good fit was obtained with 8"= 28.2'+ 0.1'. Table
V gives the librational averages (cos'8), etc,
for this 8" angle. Table VI illustrates the fit (it
is quite good), and Table VII gives the spin-Ham-
iltonian parameters in this approximation.

In the analysis in which inequivalency of the nu-
clei and bending of the Cl, bond is taken into ac-
count 8j 82 8g are pe rmitted to have diff e rent
values. A lengthy analysis finally yielded the fol-
lowing values 8"=32.1', 8,"=21.3', and 8"
= 29.2'. The resulting librational averages
(cos'8,.) etc, , are summarized in Table VIII.
Table IX illustrates the fit to the ESR data using
the sign and values of A, , as a criterion; the fit
is seen to be quite good. It should be stressed that
the "librational" analysis gives the sign of A, ,
(the sign of A„~, is known") something the "static"
analysis cannot.

The spin-Hamiltonian parameters obtained from
this "librational" fit are also given in Table VII.
They are distinctly different from, and superior
to, the spin-Hamiltonian parameters obtained
from the "static" analysis. It should also be re-
marked that the two "librational" analyses are
quite consistent with one another.

*Based on work performed under the auspices of the
U. S. Energy Research and Development Administra-
tion.
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