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The above equations are solved and we find:

~"=[1—("/2 )(1+C )X -',
Bp'=i(rp/2rt)E+Dt ', for /~0,

and
Ap' ——(1—C )(2D ')—',
Bp'=iE+(2D ')-', for /=0,

where
D =1-("/ )+0( A),

(A3)

(A5)

D i=TA[(1+Is)its+ (1+tt+s)its i.(1—C )g. (A6)

From the above expressions we see that the term pro-

portional to rAi in Eq. (A1) gives negligible correction
(of the order of rA) for the case of /40 while it gives an
important contribution in the case of /=0. %'e obtain
almost similar equations for the other amplitudes
(A,',8,') (i/0).

Now let us turn to the case of nonvanishing q. In this
case we obtain equations similar to those in (A1), which
can be obtained by simply replacing Q(co) ' by
Q(cc) '(/q) ' arctan(g/) for the s-wave case. In a, higher
wave vertex such a momentum dependence is negligible
as long as q/(&1.

In the case of paramagnetic impurities the equations
involved are much more simple and we do not feel it is
necessary to present them here.
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The linewidth variation of electron-paramagnetic-resonance (EPR) absorption in single crystals of
(Al&Os)& ~(Crs03), with x equal to 0.01, 0.001, or 0.0001% has been investigated as a function of the angle
between the C axis of the samples and the magnetic field. The observed width variation is practically in-
dependent of the values of x and of the choice of the axis of rotation perpendicular to both the C axis and
the magnetic field. In order to account for the observed width variation, three alternative models have been
considered: a mosaic model, a strain model, and a hybrid of the two models. The calculated width variation
based on each of the three models is in qualitative agreement with the observed one, the degree of agreement
being the best for the strain model. Quantitatively, however, significant discrepancies between the observed
and calculated variations have been found for some regions of the angle of rotation. Some discussions of the
discrepancies are presented.

I. INTRODUCTION

EJECT electron-paramagnetic-resonance (EPR)
absorption studies" of the Cr'+ ion in single

crystals of (AlsOs), ,(CrsOs) with x close to 0.03%%uo

have indicated that the width of the three EPR lines
corresPonding to the (s —+ —s) and (ss —+ s) transitions
is approximately 12 G, when the external magnetic
field is parallel to the crystallographic (111)or C axis of
the samples. For such small values of x, the spin-spin
interactions among the Cr ions contribute insignificantly
to the linewidth. For example, when x is taken to be
0.001%, the linewidth of the (-,' —+ s) transition, if
broadened solely by the spin-spin interaction, would be
not larger than 0.5 G.' Under the circumstances, the
hyperfine interactions between the electronic spin of
each Cr ion and its neighboring Al nuclei of spin ~

and of 100%%u~ abundance have to be considered as being
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responsible for the linewidth. According to Laurance
et al. ,' the hyperfine broadening mechanism wouM lead
to a linewidth of 9.7 G. This is approximately 81% of
the observed width of 12 G. Thus the hyperfine broaden-
ing mechanism appears to be the major, but not the
sole, source of the linewidth for the case of the mag-
netic 6eld being parallel to the C axis.

The linewidth is expected to vary depending upon the
angle 0 between the C axis and the magnetic held if
the dipolar part of the hyperfine interactions is appre-
ciable. The expected anisotropy of the linewidth may be
calculated in terms of the hyperfine coupling constants
measured by Laurance et al.2 The hyperhne broadening
mechanism then would predict a variation of the line-
width between 9.4 and 9.9 G [see Eq. (B 14) of Ref. 1],
when the samples are rotated over the 90' range of 0

about an axis which is perpendicular to the C axis.
In the following, the axis of rotation is referred to as
the a axis.

However, the experimental results obtained from the
sample with x less than 0.01% investigated in the
present work indicate that the linewidth varies by
approximately a factor of 5 over the 90 range of 0,
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and also that the angular dependence of the width is
not the same for individual EPR lines. Thus, the hyper-
Gne broadening mechanism alone is not capable of fully
accounting for the experimental results.

In order to understand this discrepancy, three dif-
ferent models are considered. In the Grst, the samples
are viewed as being in the form of a mosaic of micro-
crystals. In the second model, the system is viewed as
having random localized strains. The third model is a
hybrid of the above two models. The mosaic model is
similar in nature to the model employed by Shaltiel
and Low' for the case of Gd in Th02, and the strain
model to that used by Feher4 to explain the broadening
of Mn and Fe absorption lines in MgO.

Elementary theories of the mosaic and strain models
are given in the following section. The experimental
results and discussions are presented in Sec. III and a
conclusion is drawn in the last section.

II. ELEMENTARY THEORIES

The magnetic-energy-level structure of a Cr'+ ion
in single crystals of (AlsOs)&, (Cr&Os), has been con-
veniently described in terms of an axially symmetric
spin Hamiltonian' 2 ~~

O
Lal

tL

D = —5.75 kMc/sec. ' (2)

When the resonance condition is established with a
fixed microwave frequency vo, and a slowly swept mag-
netic Geld, the EPR lines are observed at certain values
of the magnetic Geld, which vary depending upon the
value of tII. The curves in Fig. 1 represent an experimental
plot of B versus 0 for the EPR lines observed from a
sample with @=0.001% for the value of ve equal to
9.472 kMc/sec (see also Sec. III). Because of the fixed
microwave frequency vo, the curves will be referred to
as the isofrequency curves for convenience in the
following. The magnetic levels, the resonance transi-
tions, and the isofrequency curves are labeled in accord-
ance with the conventions employed by Weber, with

' D. Shaltiel and W. Low, Phys. Rev. 124, 1062 (1961}.
4 E. R. Feher, Phys. Rev. 136, A145 (1964).' A. A. Manenkov and A. M. Prokhorov, Zh. Eksperim. i Teor.

Fiz. 28, 762 (1955) I English transl. : Soviet Phys. —JETP 1, 611
(1955)j.

M. Zaripov and I. Shamonin, Zh. Eksperim. i Teor. Fiz. 30,
291 (1956) LEnglish transl. :Soviet Phys. —JETP 30, 291 (1956)g.

7 J. E. Geusic, Phys. Rev. 102, 1252 (1956).' J. Weber, Rev. Mod. Phys. 31, 681 (1959).

where the z axis is the axis of symmetry, which is the
C axis of the sample, and S stands for an effective
spin of s. The two subscripts

~~
and J mean "parallel"

and "perpendicular" to the z axis, respectively. The
values of the constants in Eq. (1) are as follows:

grr=1 9840,

go=1.9867s '

2-3LF

l I l l t I l l

IO 20 30 40 50 60 70 80 90
ANGLK IN DKGRKKS ( 9 )

Fzo. 1. The isofrequency curves of the EPR lines of the Cr'+
ions in (Al&O&)q (CrsO&), with x=0.001%%uo for the microwave
frequency vo =9.472 kMc/sec. The four energy levels of the ions
are labeled, 1, 2, 3, and 4 from the highest level down (see Rei. 8).
Thus the curve (1—2) corresponds to the transition between the
levels 1 and 2. The notations HF and LF are used to distinguish
two EPR lines, one at higher Geld (HF) and the other at lower
6eld (LF), pertaining to a pair of levels. Portions of the curves
(1—3), (2—3), and (34) are missing for some values of S, because
the corresponding transitions are either forbidden or yield almost
unobservable EPR lines.

the proper correction for the sign of D in Eq. (1).
If the sample is crystallographically "perfect, " the

local C axes passing through the sites of the Cr ions are
all parallel among themselves, and should make the
same angle with the magnetic Geld. The common direc-
tion of the local C axes is then the direction of the
C axis of the perfect sample. Also D in Eq. (1) is the
same for all Cr ions and the s direction used in Eq. (1)
is along the crystallographic C axis. Thus the magnetic
levels, and consequently the resonant magnetic Geld

positions of the EPR lines, are coincident for all the Cr
ions. This means that the width of the EPR lines ob-
served from the perfect sample should be identical to
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(a)

x
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de'

Fro. 2. (a) The co-
ordinate system for
the mosaic model.
The direction of the
C axis (OL) of a
perfect microcrystal
is specified by the
angles p and p on the
unit sphere centered
at O. Z is the effec-
tive C axis for the
sample and H is the
direction of the mag-
netic Geld. The angle
0 is measured be-
tween the directions
of H and Z, 8' be-
tween H and L. The
C axes of the micro-
crystals constituting
the sample lie within
the cone with an
apex angle 2po. (b)
When p is small, the
base of the cone in
{a)can be considered
to be Rat. The co-
ordinates are then
given by x and y,
with L~ as the origin.
The shaded area cor-
responds to the dif-
ferential area having
equal values of 8'.

p2 —x2+y2

dQ=P dPdf= dxdy,

@=0'—0, (6)

and also using the assumed Gaussian distribution of p:
P (0' 0)d0' =C e—xpL —(0' 0)'/2 (—tt P)']d0', (2)

Then, a unit vector (representing a local C axis) lying
in the cone can be speciled in terms of a polar angle p
and an azimuthal angle f in this frame of reference.
According to assumption (c), the probability of the
unit vector (P,lt) lying within a differential solid a,ngle
dQ in the direction of (PpP) may be written as follows:

P (P)dQ =B exp L
—P'/2 (hP)'] sinPdPdg,

where 8 is a normalization constant for the Gaussian
distribution. Now let the angles that the magnetic
field makes with the polar axis and with the unit vector
(PpP) be 0 and 0', respectively, as shown in Fig. 2(a).
Since Ps is assumed very small, the surface formed by
the intersection of the cone and a unit sphere centered
at 0 may be taken to be practically Rat. The coordinate
system shown in Fig. 2 (b) may then be used to express
P(P)dQ in terms of 0—0', by using the following
approximations:

that of the EPR lines pertaining to a single Cr ion. '
Accordingly, if the local C axes are not all parallel,
and/or the value of D in Eq. (1) is not the same for all
the Cr'+ ions of the sample, the sample may be viewed
a,s being imperfect.

A. Mosaic Model

As a simple case of the imperfect sample, the sample
is viewed as consisting of many perfect microcrystals
in a mosaic form. In order to simplify the model, the
following assumptions are introduced: (a) The number
of Cr ions remains practically constant from one micro-
crystal to another. (b) The formation of the mosaic is
such that, when drawn from a common origin in space,
the unit vectors along the C axes of the microcrystals
lie within an axially symmetric cone whose aperture
angle 2ps is very small. (c) The unit vectors are dis-
tributed symmetrically about the axis of the cone, and
the angular deviation p of individual unit vectors from
the cone axis may be described in terms of a Gaussian
distribution with a suitable standard deviation hp,
which is much smaller than 8p. The cone axis is then
taken to represent the egecti~e C axis of the imperfect
sa,mple. Thus, a perfect sample corresponds to the case
where ps vanishes.

Let the cone axis (representing the effective C axis)
be the polar axis of a right-handed coordinate system.

' Since the x value is less than 0.001%, the line broadening due
to the spin-spin interactions among the Cr ions is insigni6cant, as
mentioned in the Introduction. Then, the linewidth is very likely
to be determined by the hyperfine interactions.

where dP is the half-width at maximum slope of the
distribution of p.

The use of the isofrequency curves

0=f(H)

makes it possible to transform P(0' —0)d0' into

P(H' H, )dH'= C—exp( ftf(H') f(H—z)]—
X$2 (DP)'] ') (df/dH') dH', (9)

where BE is the position of resonance for 8.
If the shape of the EPR line E for a single Cr ion in

a perfect crystal is given by g (H Hz), the shap—e of the
"composite" line E for the mosaic sample will be given
by

G (H Hz) = g (H H') P (H—' Hz) dH'—. (10)—

It is easily seen that 6 is dependent on the isofrequency
curve of the EPR line E. Because of assumption (c),
P(H' Hz) is apprecia—ble only when the difference h
between H' a,nd Hz is small. Accordingly, f(H') and
df/dH' in Eq. (9) may be expanded in powers of tt in
the vicinity of IIE. If the derivatives of orders higher
than 1 are neglected, Eq. (10) can be written as follows:

G(H Hz) =C g(H —Hz —h)—

Xexpt —h'(f')'/2 (lg) ]f'dh, (11)

where f'= d0/dH. Since the EPR line E for each micro-
crystal is primarily broadened by the hyperfine inter-
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actionss ' the shape function g(H H~—) for the line
is very likely to be Gaussian. ' If, then, g is taken to be
Gaussian with a half-width Dg at the maximum slope,
the shape G(H H~—) of the "composite" E is also a
Gaussian, with the full width 2AG at maximum slope.

»G=2L(~g)'+(f')-'(~~)'1'" (»)

pendent in the present approximation and their effects
should be added in the root-mean-square fashion. The
full width at maximum slope would then be given by

26G = 2((dig)'+ (AH s)'j'I'.

C. Hybrid Model

Experimentally, 2' is measured, and f' obtained from
the isofrequency plot for individual EPR lines. If the
line is Gaussian, and the value of hg is available, then
Eq. (12) yields the value of AP, which is a measure of
the mosaic model.

The two preceeding models may be combined to form
a third model under the following assumptions. Each
microcrystal of the mosaic model is now subject to
random local strains as in the strain model. A first
approximation to the resulting linewidth of such a
model would be to treat both mosaic and strain e8ects
as statistically independent. The resulting full width of
the line shape would be then given by

B. Strain Model

As another simple case of the imperfect sample, the
sample may be such that D of Eq. (1) varies from site to
site of the Cr ions, while the variation of the local C
axis orientation is insignificant. The small deviation of
D from the value of D in the perfect sample may be
described in terms of an additional term in the spin
Hamiltonian LEq. (1)]

»G=2L(~g)'+(f')-'(~~)'+(». )'j'" (»)

III. EXPERIMENTAL RESULTS AND
DISCUSSIONS

Single-crystal boules of (AlsOs); (CrsOs), with x
values being nominally equal to 0.01%, 0.001%, and
0.0001%have been purchased from the Linde Company,
East Chicago, Indiana. Cubic samples of dimensions
3 mm&&3 mmX3 mm have been prepared from these
boules in such a way that one of the cubic faces is
normal to the C axis which has been determined by
means of I.aue back-scattering patterns.

EPR absorption studies of these samples have been
conducted at room temperature by means of a Varian
4500-10A EPR spectrometer assembly operated at
X-band microwave frequencies. The magnetic field
was modulated at 100 Kcjsec, and the derivative of the
bell-shaped EPR absorption curve has been recorded. The
derivative traces will be referred to as the EPR lines in
the following. The width of each EPR line has been
measured in units of Gauss between the two peaks of
the derivative. The angular dependence of the EPR
lines has been investigated by rotating the samples
about the u axis perpendicular to the C axis as well as
to the magnetic field. The angle of rotation 0 is measured
from the C axis to the magnetic field.

The curves in Fig. 1 represent the isofrequency curves
(H versus i7) which have been obtained experimentally
from a, sample with an x value equal to 0.001%. At
8=0', for example, only three lines are observable, and
their widths are 11, 12.3, and 12.4 G for the lines

(1 —+ 3HF), (1—+31.F), and (1—+ 2), respectively.
The dependence of the measured width of individual

EPR lines on 8 is illustrated by the heavy solid curves
connecting the vertical bars in Fig. 3. The ordinate and
abscissa represent the width and the angle of rotation,
respectively. Over the 90' range of 0, the width varies
substantially, and its angular dependence is diGerent
for diferent lines. The shape of individual lines has been
found to be approximately Gaussian except for a few
orientations. The observed linewidth variation has been

BC'=Q D;,S,S, , (13)

where the D;; depend on the strain constants at local
Cr sites."The Cartesian components S; of S have the
same reference system as used in Eq. (1). When the
strain term X' is treated as a first-order perturbation
to the Eq. (1), the resonant-magnetic-field value can
be given as

a'=Hyg D,,{(~~s,s, ~~)—g ~s,s, ~s)}
'a7 d(E,—Es)

2»s=2 Z ~, {(~~s;s;~~&—(&~s's;~&))'
j2

dH
X ~, (13)

d(E Eb)1—
where the cr;; are the half-widths at maximum slope of
the distributions of the D;; in energy units.

The strain broadening and the hyperfine broadening,
mentioned in the Introductioo, are statistically inde-

'o For example, A. M. Portis, Phys. Rev. 91, 1071 (1955).
"As for the general dependence of the D tensor on the stress

components see P. L. Donoho, Phys. Rev. 133, A1080 C', 1964).

where a and b label the levels of the Cr ion between
which the transition takes place. The distribution of
II' in the vicinity of H is determined by the distribution
of the D,;.Thus, one sees the possibility of a broadening
of the line due to local strains.

If, for simplicity, the distributions of the D,; s are
assumed to be all Gaussian and independent of one
another, the resulting full width at maximum slope due
to strain alone would be given by
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FIG. 3. A comparison
of the observed and
calculated angular de-
pendences of the EPR
linewidth. For example,
(b) illustrates the com-
parison for the transi-
tion (1—2).The observed
angular dependence is
indicated by the solid
curve joining the "error
bars" (for x=0.001%)
and the crosses (for
x =0.01%), while the
calculated angular de-
pendence is indicated by
the other curves based
on the mosaic model
with varying AP, the
strain model, and the
hybrid model.
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found to be virtually independent of the different choice
of a axes, and crystal boules of diGerent x value. Thus,
the width variation seems to be a general property of
low Cr-concentration samples. To illustrate the con-
centration independence, the linewidth data taken of a
sample with x=0.01% is shown by crosses in Figs.
3(b), (c), and (d).

The linewidth variation of the line (2 —+ 3LF) has
not been investigated in the present work. This is

because the line overlaps a, line belonging to the
impurity Fe'+ spectrum for almost the entire range of
8, and the overlap is serious enough to make linewidth
data for the (2 —+ 3LF) line meaningless,

The value of hg in Eqs. (12), (16), and (17) has been
chosen to be one-half of the full width (11 6) of the line
(1~3HF) at 8=0'. The following reasons may be
cited for choosing this value of Ag. First, (1/f') =dH/d8
vanishes g,f. P =0', ag.Q accordin0ly the mosaic effect does
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not contribute to the linewidth. Secondly, the line at this
orientation corresponds to the transition (-', —& —-', ) and
consequently, DPS,S;~-', )—(—~ (S;S;[—~)j vanishes
for all i, j, and thus the strain effect also gives no con-
tribution to the linewidth. However, for the other lines
at 8=0', which correspond to (32 ~ xo) transitions, the
matrix elements of S;S; do not vanish. Therefore, the
chosen width of 11.0 6 is expected to be the closest to
the width of the line for a perfect sample.

In order to apply Eq. (12), which gives the contribu-
tion of the mosaic model alone, the 6rst derivative
dH/d8= (f') ' has been evaluated by means of the
isofrequency curves 8=f(H) in Fig. 1. Three values of
AP, 0.08', 0.10', and 0.14' have been chosen to compute
the angular dependence of the linewidth predicted by
Eq. (12). The calculated values are represented by the
curves with hp values indicated in Fig. 3. Of the three
alternative values of Ap, the case of Ap=0. 10' seems
to yield the optimum Gtting to the observed curves.

To evaluate the linewidth variation due to the strains
by means of Eqs. (15) and (16), the eigenfunctions of
Eq. (1) have been obtained as a function of 8 by means
of a computer and the matrix elements of S;S; eval-
uated for the appropriate levels represented by the
eigenfunctions. The value of dH/d(F. , F~) has b—een
obtained by similar computational methods.

Because of the axial symmetry of Eq. (1), and the
fact that the value of D» can be subtracted from all the
diagonal elements of D;; without change in the relative
spacing of the magnetic levels, the only matrix elements
that contribute to Eq. (15) are S.', SP, and
(SQ,+Sg,).A Gaussian distribution has been assumed
for each of D„, D„, and D„(=D„),and the half-
widths, 0, O-.,„and a„of these distributions have been
treated as adjustable parameters. The solid curves
labeled "strain" in Fig. 3 represent the calculated line-
width variation of the strain model obtained by the
optimum values of the parameters,

o„=6.25 Mc/sec, o.„=2.25 Mc/sec,
o.„=10.6 Mc/sec. (18)

In using the hybrid model LEq. (17)j, the following
optimum value for the parameters were used:

o.„=6.25 Mc/sec, o.„=2.25 Mc/sec,
o.„=3.85 Mc/sec, DP =0.08'. (19)

The linewidth variation computed from Eqs. (15) and
(17) with these values of the parameters is illustrated
by the curves labeled "hybrid" in Fig. 3.

A survey of Fig. 3 indicates that all of the three
proposed models qualitatively predict the observed
linewidth variation, and that the strain model is the
best of the three. None of the models, however, predicts
quantitatively the variation over the entire range of 0.
This failure is particularly severe in the region around
8=25' for the (1—+3HF) and (1—+3LF) transitions,
and around 8= 85' for the (2 —+ 3HF) transition. Also,

the (3~ 4) transition shows the anomaly that the peak.
predicted by all three models is displaced from that of
the experimental peak by about O'. Repeated experi-
mental investigations of the peak region have failed to
eliminate the shift of the peaks.

A few possible causes may be speculated for the lack
of quantitative agreement between the theoretical
predictions and the experimental results in some angular
regions.

First, two points pertaining to the mosaic model
should be re-examined: (i) The formation of the
mosaic in the samples might not be "random. ""If this
is the case, the cone in Fig. 2(a) would not be axially
syrrimetric, and accordingly, diGerent choices of the
a axis of rotation would yield dif'ferent linewidth
variations. Experimentally, however, no dependence of
the linewidth variation on the choice of a axis has been
noticed (see Sec. III). (ii) The neglect of the
derivatives of 8= f(H) of order higher than the erst
might not be proper in obtaining Eq. (11).A discour-
aging consequence of including the higher order
derivatives in Eq. (11) is that the second factor in the
integrand becomes non-Gaussian and consequently the
shape of G would deviate from the Gaussian shape.
Experimentally, however, the observed shape of 6 is
practically Gaussian, except for a few orientations, as
mentioned in Sec. III. Therefore, it appears that the
simple mosaic model used in the present work is not
mainly responsible for the quantitative discrepancy
between the experimental and calculated results. It is
interesting to note here that a mosaic model similar to
the present one has been successfully employed by
Shaltiel and Low for the case of Gd ions in Th02, ' and
the value of AP based on the former model is similar to
that of AP obtained from the present model. There is also
evidence in support of the actual mosaic formation of
single crystals of A12O3,"which would correspond closely
to the samples investigated in the present work.

Secondly, it is true that the strains characterized by
D;; in Eq. (14) are of a special nature, which would
correspond to the case of an axially syrrnnetric distri-
bution of strains at each Cr site. Two types of strains
which are a little more general than the one used in
the present strain model may be considered: (i) The
strains are such that the local C axis is also "tipped"
from its direction in a perfect sample. This case is very
similar to the hybrid model used in the present work
(see Sec. II C). However, as one can see from Fig. 3,
the hybrid model is less successful than the strain
model. (ii) The strains are such that the local C axis
can no longer be defined. For this case, the spin Hamil-
tonian itself given by Eq. (1) is inadequate, because the
axial symmetry of the D tensor is no longer valid. This
type of strain is expected to originate more in samples
of Cr-concentrations much larger than 0.01%%uq. So far,
however, the spin Hamiltonian given by Eq. (1) has

~ D. L. Stephens and W. J. Alford, J. Am. Ceram. Soc. 47, 81
{1964).
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been found to be satisfactory even for samples of larger
concentrations. ~

Thirdly, in the case of the strain model, the g values
have been taken to remain the same from one site of
Cr ion to another. Strictly speaking, this is not valid,
because a variation of the strain parameters is related
to a variatiom of g value. "Recently, Scott et u/. , have
reported on KPR line broadening due to the g value
variation in rare-earth salts. '4 This mechanism, however,
does not appear to be noticeably effective for the Cr'+
ions investigated in the present work (see Appendix I).
Nevertheless, possible eGects of varying the g values
depending on different sites of the ions have been
investigated by means of a computer. The results of the
investigation, however, have indicated that the anisot-
ropy of the linewidth based on the g-value variation is
not consistent with the observed anisotropy at all.

Thus, it appears that the quantitative discrepancy
between the observed and calculated results in Fig. 3 is
not due to the simple nature of the models used in the
present work. But some other causes are probably
responsible, at least in part, for the discrepancy. In
this respect, it is interesting to note that some
workers have recently encountered somewhat similar
situations. '4

V. CONCLUSION

The angular dependence of the width of the KPR
lines of the samples of (Alsos)r, (Crsos), with x less
than 0.01%%u~ have been investigated by rotating the
samples about an axis perpendicular to the C axis of the
samples. The observed anisotropy of the width varies
from one KPR line to another. The width varies by
more than a factor of 5 over the 90' range of the angle
of rotation. Such variation of the width is not easily
explained in terms of only the hyperfine interactions of
Cr ions with the neighboring Al ions.

To account for the observed linewidth variation, three
alternative models have been employed: The mosaic
model, the strain model, and the hybrid model. The
linewidth variation predicted by each of the models
agrees qualitatively with the observed linewidth varia-

1' See, for instance, W. Low, in Solid State Physics, edited by
F. Seitz and D. Turnbull (Academic Press Inc. , New York, 1960l,
Suppl. 2, p. 82."P.L. Scott, H. J. Stapleton, and C. Wainstein, Phys. Rev.
137, A71 (1965).

tion. Of the three models, the strain model seems to be
the best. Quantitatively, however, the models are not
satisfactory particularly in some angular regions.

Re-examination of the ba,sic assumptions pertaining
to the individual models in reference to the experi-
mental results seems to suggest that the quantitative
discrepancy between the observed and calculated
results is not due to the defects of the individual models.
It is probably, at least in part, due to some causes which
are diRerent in nature from the mechanisms considered
in the present work.

APPENDIX: 6-VALUE VARIATION

An approximate relation between the spin-orbit
coupling constant X and the experimentally measured
parameters D, g&l, and g&, can be given as follows":

D=', l~(g„—g,).
Using the values of Eq. (2) of the present article

(A1)

X~4X10' Mc/sec. (A2)

Considering the variation of gl& and g& to be mutually
independent as they are determined by the assumed
independent components of D;,, an order of magnitude
estimate of the half-width of the variation of either
g«or g, can be given by

~g=(&D/7), (A3)

where bD is the half-width of the variation of D.
By using the maximum value of 8D(10.6 Mc/sec) in

the present article, a value of Sg=0.3)&10—' is thus ob-
tained. The magnitude of the line broadening due to
this value is estimated by

AII= (dII/dg) bg (A4)

The largest value of dII/dg obtained by means of a com-
puter is 3.82X10' G/unit g for the 1-2 line at /=0'.
Consequently, hH is at most 0.01 G. This is too small
to be significant when compared with the line broaden-
ing estimated by using the strain model.
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