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Uniaxial stress-induced symmetry breaking for muon sites in Fe
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Uniaxial stress has been used on Fe single crystals to induce muon-precession frequency shifts.
The frequency shift for a nominally pure Fe sample at 302 K was —0.34+0.023 MHz per 100 mi-
crostrain lpej along the (100) magnetization axis. This corresponds to a change of magnetic field
at the muon of 25. 1+1.6 G/100 pe. For an Fe (3 wt. % Si) single crystal, the shifts were
—0.348+0.008 MHz/100 pe (25.7+0.5 G/100 pe at 300 K) and —0.279+0.010 MHz/100 pe
(20.6+0.7 G/100 pe at 360 K). The agreement between the shifts for Fe and Fe (3 wt. % Si) shows
the effect to be intrinsic to iron and not strongly impurity sensitive. These shifts and their tempera-
ture dependence (1/T) are dominated by the effect of strain-induced population shifts between crys-
tallographically equivalent, but magnetically inequivalent sites. Their magnitudes are in good agree-
ment with theoretical predictions by Jena, Manninen, Niemenin, and Puska and by extrapolation
from calculations on Nb and V by Sugimoto and Fukai, especially if both 4 T(0) and 1 T sites con-
tribute comparably.

I. INTRODUCTION

The positive muon, having a rest mass of 105 MeV,
may be viewed as a light isotope of hydrogen, the elec-
tronically simplest charged impurity, which can be added
to metals. There are a number of questions of fundamen-
tal interest related to p+ implanted in metals; these in-
clude: where does the muon reside, how does it interact
with lattice atoms, and how does its presence disturb the
local electronic structure in ferromagnetic crystals?

In this paper we present a study of the muon's interac-
tion with the lattice in which uniaxial stress induces an
energy difference between crystallographically equivalent
but magnetically inequivalent sites in an Fe single crystal.
Of the parameters measured, the precession frequency of
the muon, which is proportional to the average local mag-
netic field is of particular interest. This local field is
decomposed as

B„=B,„,+Bd,~+BL+ (Bd )+BHF,

where B,„, is the applied external field, Bd, is the demag-
netization field due to the finite and particular shape of
the sample, and BL is the Lorentz field which appears in-
side a spherical cavity within the sample. (Bd) arises
from the magnetic dipoles inside the Lorentz cavity ap-
propriately thermally averaged over magnetically in-

equivalent sites, but not from the contact hyperfine in-
teraction which is included as BHF. The site correlation
time is probably less than 10 " s at room temperatur'e.
For a general review of the experimental and theoretical
situation for muons in ferromagnetic material see, e.g.,
Meier' or Kanamori et al.

We are interested in the change of B& with applied uni-
axial stress 6B&. Changes in Sext Bdem and Bl. will be
shown to be small for our purposes. Two features of the
hyperfine field can be considered: the change with dis-
tance, especially with respect to the nearest neighbors; and
differences in hyperfine field from one magnetically in-

equivalent, but crystallographically equivalent site to
another. The first can be estimated from the measure-
ments of Butz et al. for Fe under homogeneous compres-
sion. As will be seen, in Sec. III there is a small effect and
will (essentially) be ignored. The second is not usually
calculated since there is no clear mechanism to introduce
such a difference; further this difference would be multi-
plied by a small factor and so is ignorable unless it is of
the order of the hyperfine field itself.

The remaining terms are primarily from the displace-
ment of the nearest-neighbor dipoles and from the
changes in the thermal average, both induced by strain.
By far the larger of these two is the strain-induced
symmetry-breaking change in the thermal average, which
may be written as
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Stj are the elastic compliances for Fe, P; are the diagonal
elements of the double force terisor associated with the
muon in Fe, (Bt B, ) is—the difference in magnetic fields
for the magnetically inequivalent sites, and e&oo is the
strain along the (100) direction, which is also the mag-
netization axis. (Bt B, ) is —essentially , Bt, whi—ch in turn
depends strongly on lattice site, local lattice distortion,
and the shape of the muon's wave function while execut-
ing its zero-point motion. The double force tensor de-
pends on the lattice site and the muon-Fe interaction,
which then determines the lattice distortion and muon
wave function.

Sugimoto and Fukai have considered the behavior of
protons and muons in the bcc metals obtaining P& —Pz
for Nb and V. %'e use their results below to extrapolate
to Fe. We also compare to the results of Jena et al. , who
calculate the shifts one measures using the effective medi-
um model.

Yagi et al. use the tern erature dependence of the re-
laxation rates I 2 and I I

' to suggest a different intrinsic
muon motion below 40 K, and possibly preferential occu-
pancy of the T sites (i.e., Fig. 1) at the lower temperatures
and of 0 and T at higher temperatures. The dependence
on angle between B,zz and (100) of I indicates a site
with tetragonal symmetry, i.e., T or 0 or a linear com-
bination. Hydrogen in bcc lattices typically seems to have
T occupancy. Larger impurities in Fe force a lattice re-
laxation which is large enough to favor the 0 site. The
calculations of Sugimoto and Fukai suggest that the
larger zero-point motion of the muon causes it to behave
as though it were larger than the proton and hence favor
the 4T(O) site.

A perplexing feature of muon spin resonance (@SR)
with Fe alloyed with small quantities of other elements or
Fe with high dislocation density has been the general ten-
dency for the magnetic field at the muon to decrease in
magnitude once one has taken the magnetization changes
into account. The present study leads to the suggestion
that internal strains are responsible for the effect.

II. EXPERIMENT

A. Beam lines, pSR, and pulling apparatus

These measurements were done at the Swiss Institute
for Nuclear Research (SIN) for a pure Fe single crystal,
and at the alternating-gradient synchroton (AGS) of
Brookhaven National Laboratory (BNL) for an Fe (3
wt. % Si) single crystal. At BNL we used beam line D2,
the decay channel for stopping muons, which we, with
Sachs, Fox, and Cohen, designed and had installed. The
pSR apparatus there is shown in Fig. 2. For 10' protons
per AGS cycle on the production target we had 6000
muons through the last collimator (2.3-cm diameter) and
detector M5, 1800 stops in the sample, and 350 events.
Six trim coils were used to cancel residual magnetic fields
and field gradients at the sample. A large Helmholtz
pair, indicated in the figure, produced the aligning field.
Typical asymmetries were 14%, somewhat lower than the
18% observed for nonmagnetic material. 18% corre-
sponds in our detector geometry to about 80% polariza-
tion in the beam.

At SIN, a surface beam from the ~ E3 port was sent
through a 2)&3-mm collimator of the "Mili" pSR ap-
paratus. A positron event rate of 2000 was achieved for
detectors forward and backward with respect to the beam
from the sample position. A jig was used to mount the
sample in order to prevent misalignment between the
stress direction and the long axis of the samples. A sup-
port for the sample was used during the mounting and
dismounting process to minimize extraneous mechanical
strains.

Figure 3 shows the arrangement of the puller. The
sample was typically held in position with epoxy. Since
the epoxy was found to soften at 360 K, grooves were cut
in the Fe (3 wt. % Si) sample which mated to ridges in the
holder.

The sample holder assembly was insulated by a vacuum
jacket. For the pure Fe sample, 302 K was maintained by
circulating ethanol at a carefully controlled temperature
through the cooling line. For all samples temperature was
monitored with a Pt resistor. The 300-K temperature was
measured to be nearly constant, without control
throughout the data taking at BNL. For the 360-K tem-
perature, monitored and controlled water was circulated
through the tubes. A temperature difference occurred at
the sample for the maximum stress on, and subsequent
stress released, 360 K point, arising from reduced thermal

Z A3, A4, M5, F6, F7, F8

Beam

:. VXX'
Cu

FIG. 1. Three possible occupational configurations of inter-
stitials in a bcc crystal.

FIG. 2. pSR apparatus used as BNL. A very similar ap-
paratus was used at SIN. The rectangle between the scintillators
M5 and F6 represents the cryostat in which the pulling ap-
paratus and sample were placed. The four crossed rectangles
are the Helmholtz coils which produced the aligning field.
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FIG. 3. The pulling apparatus inside a vacuum chamber.
The sample shown is the Fe (3 wt. % Si) which was 5 cm long
and 1 cm wide. The grooves which were etched into the sample
by electrodischarge machining are also indicated.

contact with the Pt resistor associated with melting of the
conductive grease. This error was estimated to be 3 K
and has been corrected for in plotting the data.

B. Samples

For these experiments we used two single crystal sam-
ples. The first (Fe) was nominally pure iron while the
second was iron alloyed with 3 wt. % Si. Both samples
were supplied by Monocrystals Co. of Cleveland, Ohio.

The Fe single crystal was prepared from a polycrystal-
line Armco iron ingot which was grown by the strain-
anneal method. The sample then was cut using thin
abrasive saws and point mills. A chemical etch was used
to clean the surfaces and remove surface damage. Final
dimensions were 1&&4.6&&46. 13 mm, with the (100)
along the long axis and the (010), 10' from the flat sur-
face normal. Neutron activation analysis indicates 800
ppm Cu and 500 ppm Mn to be the primary heavy impur-
ities in this sample. The concentrations of C and 0 were
not determined.

The Fe (3 wt. % Si) crystals was grown in vacuum by
the Bridgman method from alloy stock which was
prepared by intermixing powdered iron (electrolytic grade,
99.52% Fe, 0 04% H, 0. .04%%uo C, and 0.05% other) with
silicon powder from the Union Carbide Electromet
Division. A (100) axis was determined by x-rays and the
sample cut and treated by the same techniques used for
the pure Fe crystal. Final dimensions were 2.8&10&&50
mm, the long axis being (100) and the (010) axis 14
from the wide-surface perpendicular. To facilitate
pulling, especially at elevated temperatures, grooves 2 mm
wide and 1 mm deep were cut in the wide surfaces 2 mm
from the ends of the sample using an electrodischarge
milling machine.

C. Strain measurements

which include the effects of longitudinal as well as trans-
verse domain polarization. p =AP(t =0), where A is the
effective asymmetry associated with the forward or back-
ward detectors and energy spectrum of the positrons
which are detected, and P(t =0) is the muon polarization
just after stopping in the sample. The parameters Ft and
FI refer to the fraction of domains which are magnetized
transversely and longitudinally, i.e., parallel, to the initial
muon polarization.

In the actual fitting process, FI was factored out of the
bracket and F, replaced by /3=F, /F~, which corresponds
to the ratio of volumes of domains perpendicular and
parallel to the initial muon-spin orientation. The forward
and backward histograms of each run were analyzed
simultaneously using one value for each parameter which,
in principle, would be the same in both histograms. In
cases for which T2 was short, e.g., with cold-worked Fe,—t/T~ 2t2
replacing e ' by e ' significantly reduced 7 .

E. Domain alignment with field

For the pure iron sample, surface muons were used
which stopped within about 0.1 mm of the surface of the
sample. The sample had some surface irregularities and
these in turn caused two problems: The domains near the
surface were not naturally completely aligned along the
long (100) axis; and there was a spatial inhomogeneity to
the field.

Since the effect of stress is dependent on the orientation
of the domain alignment with respect to the stress axis,
several tests were made to verify that the working field
was sufficient to bring the sample to essential saturation
and domain alignment. Figure 4 indicates the p-
precession frequency as a function of applied field. As.
one can see, the field penetrates above about 120 Oe for
the pure iron sample and 350 Oe for the Fe (3 wt. % Si)
sample. The precession frequency drops as a function of
external field. This is due to the fact that the internal
field is oppositely directed to that of the external field. A
demagnetizing field of about these values is expected for
ellipsoids of dimension just inscribable in the rectangular

Strain was induced in the sample by uniaxial stress
along the (100) direction applied by a piston and
compressed air arrangement for the pure Fe experiment
and by dead weights for the Fe (3 wt. % Si) sample. At
300 K the strain was directly measured using a strain
gauge. For 360 K the strain was inferred from the stress
and elastic constant, which later was obtained by reducing

Weight
(kg)

29.5
59.2

TABLE I. Strain along [100] direction.

e (microstrain)
300 K

82.4
169.6

360 K

78.6
161.9
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FIG. 4. Muon-precession frequency or (a) the Fe sample at
302 K and (b) the Fe (3 wt. % Si) sample at 300 K as a function
of field applied along their long axes. Subsequent stress mea-
surements were done using (a) 150 Oe or (b) 325 Oe.
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FIG. 6. The depolarization rate A for the Fe (3 wt. %%uoSi)asa

function of applied field along its long axis. P(t}=exp( —A t ).

samples. We also calculated the penetrating fields based
on homogeneously magnetizeable rectangular samples.
These are in rough agreement with the frequency fall-off.

A more direct measure of domain alignment is the ratio
F, /FI. While F, includes domains not only along B,„„
i.e., along the long axis of the sample, but also those trans-
verse to that and the beam, i.e., longitudinal direction, it
should be dominated by the domain fraction parallel to
B,„,. For perfect domain alignment Ft/FI goes to co. In
Fig. 5 we can see for pure Fe that above 8„,= 120 G this
ratio is very large and thus we can again conclude that
there is essentially complete domain alignment. The prin-
cipal set of data on pure Fe was taken at 150 G.

For the Fe (3 wt. % Si) sample, for which we used the
more uniformly stopping muons of the AGS decay beam,
I' t/F~ was always very high and independent of applied
field. This clearly indicates that for this sample the
domains were always predominantly aligned along the
(100) axis parallel to the long axis of the sample, a result
expected on energy grounds. For this sample we carried
out the stress measurements at 325 Oe. At higher fields
where the sample becomes completely magnetized the
nonellipsoidal shape produces some field inhomogeneities
which are reflected in the depolarization rate increase seen

in Fig. 6. Thus by staying at 325 Oe we were able to
achieve better frequency accuracy.

III. RESULTS

In Fig. 7 we show the observed precession frequencies
for muons in (a) pure Fe at 302 K and in (b) Fe (3 wt. %%uo

Si) at 300 K and (c) 360 K as functions of strain along the
( 100) long axes of the samples. To check the reversibili-
ty we took stress-relieved data after each stress-applied
point and these frequencies are shown along the horizon-
tal lines. For best straight line fits to the measured points,
see Table II.

The hypothesis that the stress-relieved points corre-
spond to a constant frequency is consistent with the data
so that inelastic history-dependent effects do not seem to
enter. That the stress dependence of the frequency for
pure Fe and Fe (3 wt. % Si) agree with each other at room
temperature clearly indicates that these stress effects are
intrinsic and not impurity sensitive.

The better frequency accuracy for the Fe (3 wt. % Si)
sample reflects the slower depolarization rate (hence
longer time base for that sample), perhaps a result of the
more homogeneous fields deeper in the sample which
could be probed with the more penetrating decay beam
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FIG. 5. The ratio E, /Ei for the Fe sample as a function of
field applied along its long axis. I' t/FI is a measure of domain
alignment. Subsequent stress measurements at 150 Oe had near-

ly complete domain alignment.
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FIG. 7. Muon precession frequencies for (a) Fe at 302 K, (b)
Fe (3 wt. % Si) at 300 K, and (c) Fe (3 wt. % Si) at 360 K as
functions of strain. The points immediately above the points
along the falling straight lines were taken immediately after the
lower points and had stress released. That they fall along hor-
izontal lines indicates that we did not encounter irreversible, in-
elastic effects.
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TABLE II. Frequency and fie1d change with strain and temperature.

(MHz)/100 PE)
BE

Fe 302 K

—0.34+0.023

Fe (3 wt. %' Si) 300 K

—0.348+0.007

Fe (3 wt. % Si) 360 K

—0.279+0.010

BBp
(G/100 PE)

BE'
25.1 +1.6 25.7 +0.5 20.6 +0.7

and also the greater ease with which the alloy sample
could be annealed to relieve internal strains at tempera-
tures near melting. In contrast to pure Fe, the alloy here
does not undergo the a-y phase transition, when cooled
from the melting point.

Interpretation of the result for BB„/Be. The derivative
of Bz, see Eq. (1), with respect to strain, is

BB„BB,„, BB, BB B(Bd ) BB „+ + + +
Be100 Be)00 B 100 100 Be100 e100

Clearly BB„,/Be&pp ——0. The demagnetizing field is on the
order of 125 Oe for pure Fe and 325 Oe for (3 wt. % Si)
and its fractional change with strain should be on the or-
der of the strain, and thus for 100 pe should only be about
0.01 G and can be ignored.

BL, the cavity field, is (4~/3)M„where M, is the
saturation magnetization. As far as we known, no direct
measurement of BM, /Be for a pure Fe crystal has been re-
ported so we consider the following equation:"

Bk ()M,

aII .„= a~

where A,, is the saturation magnetostriction along the
external field H. From the measurement of Calhoun and
Carr, ' (M2/BH ) r ——2. 3 X 10 ' /G along the ( 100)
axis of a pure Fe crystal at room temperature. Therefore,
we obtain (BM, /Bo)H T 2 3X——10 . G/bar, which gives
hM, —=0.03 G for e&pp ——100 pe. Hence the contribution
of BBL /Be)00 will be neglected.

In the Introduction we said that BBHF/Be, 00 is small.
We now justify that statement in more detail.

The hyperfine field at the muon is usually written as

—8m
BHF 9(0)( 90 10 )PB

3

where g~p~ represents the spin density enhancement pro-
duced by the positive charge of the muon and (g0+ —110 )

is the intrinsic local-spin density at the muon site. We ig-
nore differences in hyperfine fields from one magnetically
inequivalent site to another as there is no direct origin for
such differences and they would in any case be multiplied
by the strain, a small number. The changes in hyperfine
field induced by uniaxial strain then must arise from the
dependence on the radial distances from nearby Fe atoms.
We use the homogeneous pressure results of Butz et al.
to make estimates for the derivative in two ways: first, by
comparing local density changes, and second, by assuming
the effect is dominated by nearest neighbors only.

According to Butz et al. , ABHF- —3 G for a positive
volume strain of 300)&10 in Fe. The corresponding
value of hM, =0.234 G can be obtained by combining the

experimental results of BlnM, /Bp = —0.28 X 10 /kbar
and BlnV/Bp= —0.59X10 /kbar. Since the change in
(110+—g0 ) follows roughly that of M„we estimate the
change in BHF by uniaxial stress to be —0.4 G for 100
pE.

Now assuming NN dominance we calculate for octahe-
dral occupancy (the alternative tetrahedral occupancy
would have a very small change with stress). Under uni-
axial strain the average change in BHF due to the two
nearest-neighbor (NN) atoms, which are half a lattice con-
stant, ( a /2) away, is

(
~BHF ~BHF a ~BHF a 1=2 ——4
~&&oo ~ ~z 2 ~ P

The first term arises from sites with tetragonal axis paral-
lel to the stress axis. p=2. 74 is the Poisson ratio for Fe
corresponding to the transverse contraction associated
with longitudinal elongation. For a strain of say
E~pp= 100 pG this leads to

BBHF
(bBHF) =ae1()(). 1—

BZ p

The homogeneous pressure case yields

~BHF

and, since a 300 p(b, V/V) corresponds to a 100 pe, we
have

&~BHF)u= 1 ———&~BHF)h .2 1

p 3

This results in a —0.27 G per 100 pe shift. This is even
smaller than the first estimate and in both cases
BBHF /Be, 00 is small enough to be neglected.

Thus we are left with only B(Bd)/Be)00 as the dom-
inant contribution for BB„/Be)00. The change in (Bd ) by
uniaxial stress arises from two effects. First, there is a
change in the muon-occupation probabilities between
magnetically inequivalent sites where the signs and mag-
nitudes of Bd are quite different; and second, uniaxial
stress lowers the symmetry so that the sum of Bd over the
three octa- or tetrahedral sites for an Fe unit cell is not
zero anymore. We can combine these contributions to
(B„)as

& Bd ) =+ 9 (Bt Br)(~E/kT)+ ,
' (Bt+—2Br), —

where

(S11—
S12 )DE=- (pl p2)e100

S))
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TABLE III. Magnetic dipolar fields under various conditions at T =0 K.

Site
4T(O)

(1) Pointlike muon, rigid lattice
(2) Pointlike muon, nearest neighbors relaxed

according to scaling from Nb and V
(3) Spherical muon wave function a=P=0. 15 —0. 19

lattice relaxed as in (2)
(4) Oblate muon wave function to match the general

shape of a muon in Nb and V, a=0. 19, P=0. 15
(5) Prolate muon wave function to match the T site

shape in Nb and V, a=0. 19, P=0.25
(6) Pointlike muon, lattice relaxed as in the

calculations of Jena et al.
(7) Muon wave function as calculated by Jena

et al. , lattice relaxed as in (6)
Bd'p( T) Bd'p(0)3f ( T)/M' (0)
M, (O)=1.750 kG
M, (300 K)=1.688 kG
M, (360 K)=1.658 kG

'8) &(BI+2Bi)/100 p
Pointlike muon
Calculated muon wave function and

lattice relaxed

18.5
13.5

13

9.3

11.2

7.6

—7.1

—5.2 kG
—3.7 kG

—3.7 kG

—4.8 kG

—4.4 kG

—4.4 kG

—2.3 G/100 pe
—1 G/100 pe

Site

TABLE IV. Pi —Pq for the double-force tensor.

P), —Pq (eV)
3.3 A 2. 87 A

is the difference in free energies between the magnetically
inequivalent sites, the S,z are elastic constants, and P; are
diagonal elements of the double force tensor for the muon
in Fe. For the case at hand, with strain along a (100)
axis, the second term is negative and less than 5 G in
magnitude for e]00——100)&10 at either the octa- or
tetrahedral sites. The sign of the first term, from our cal-
culations, is positive and dominates, accounting for the
decrease in magnitude of Bz. Estimates for Bi and B, are
dependent upon the lattice site, the local lattice distortion
due to the presence of the muon, the shape and symmetry
of the muon wave function, and upon changes in nearby
iron moments produced by the muon. For a pointlike
muon in an undistorted, unstrained lattice of unperturbed
Fe moments BI (8, = ——,'BI here) is 18.5 ( —5.21) kG at
octahedral (tetrahedral) sites.

If we use the displacements of lattice ions calculated by
Sugimoto and Fukai for the muon in Nb, BI in Fe
reduces to 13.56 ( —3.73) kG at octahedral (tetrahedral)
sites for a pointlike muon. In the (Bd ) calculations, the
differences in elastic properties between Fe and Nb enter
only in second order and will be ignored.

For a short-ranged, spherically symmetric muon
probability-density distribution the averaged BI will be the
same as-for a pointlike muon at the site. However since
the local site has only tetragonal symmetry we will take
the form of the muon distribution as

z 3iz 'xp za'p~'" a'
Z2

p2

for the site with the tetragonal axis parallel to M, =M,Z.
Comparing the shape of the Gaussian-type wave function
and those calculated by Sugimoto and Fukai for Nb, we
estimate the value of cx to be around 0.2 in units of the lat-
tice parameter. Calculations have been performed varying
a from 0.15 to 0.25 for the 4T(O) octahedral site, and
from 0.15 to 0.22 for the tetrahedral site. Geometric con-
siderations suggest a=V2P for the 4T(O) site and
a = ( I /V 2)p for the 1 T site.

Jena et al. have calculated muon wave functions and
lattice displacements specific to the case of a muon in Fe.
They also calculated the dipolar fields appropriate to their
results, and these are presented in Table III as well as the
change in —,

' (Bi+28, ) induced by strain.
Now to see whether Eq. (2) is correct in the sense that

the dominant effect which comes from the first term has
the expected temperature dependence. We subtract the
small final term from 5B„obtaining:

oBp
——+ , (Bi 8, )AE /k T= oBp ——,(—BI+28, ) . —

The left side is proportional to M, (T)/T, the saturation
magnetization divided by the temperature. We thus ex-
pect that between 300 and 360 K, a ratio of
[M, (300)/300]/[M, (360)/360] = 1.22, while the right-
side ratio, using a weighting of 1:2 for octahedral to
tetrahedral occupation, is (25.7+ 1.33=27) /(20. 6
+ 1.33=21.9)= 1.23, in excellent agreement. Since
B& ——2B„we may write

4T(O)
1T

3.466
—1.075

3.73
—1.23

M, (T)
M, (0K) aT

58' = , Bi 0K—
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TABLE V. 5B„' in Gauss for room temperature, calculated under various conditions. The average is for 1:2 weights for the
4 T(O):1Tsites.

4T(O)
5B& G/100 pe AE (meV)

jT
6B„' G/100 pe aE (meV)

Average
5B„' G/100 pe

Jena et al.'
Extrapolate AE from Nb and V

(see footnote b below) fields
from (7) of Table III.

Extrapolate hE from Nb and V
(see footnote b below) fields
from (4) and (5) of Table III.

Reversal of AE from
Jena et al.'

Experiment corrected for the
small effects of dipole motion
using results of Jena et al. '

'Reference 6.
"Reference 5, also see text.

61

50

51.8

0.19
0.51

0.51

0.53

29
10.5

9.6

10.7

—0.53
—0.17

—0.17

—0.19

25.3
27.3

23.0

24.4

27+.5

Jena et a/. have obtained AE = —0. 19 and + 0.53 meV
for the 4 T (0) and 1 T sites, respectively. Using these
they obtain 18 and 29 G/100 pe for the two sites. If
again we assume equal occupation of these two types of
sites, weighting them as 1:2 we obtain for the average
shift 25.3 G/100 pe which is certainly very close to the
observed result of 27+0.5 G/100 pe.

We can also extrapolate the results of Sugirnoto and
Fukai on Nb and V to find the double force tensor diago-
nal elements for Fe in the two different types of sites.
The extrapolation was linear in the lattice parameter ob-
serving that P] —P2 changed by 5.3% and 9.7% for the
4T(O) and 1T sites, respectively, in their calculations
upon decreasing the lattice parameter from 3.3 A to 3.0 A
and then using the 2.87 A lattice parameter of Fe. (See
Table IV.)

Since bE=[(S~~ —S&2)/S»] (P& P2)e~pp, we find t—hat
bE is —0.51 meV for the 4T(O) site and 0.17 meV for
the 1T site. Using this b,E and 81(0) which we calculate
[9.3 kG for the 4T(O) site and —4. 8 kG for the 1T site]
we obtain the 5B& shown in Table V. We also include the
results for the fields calculated by Jena et al. Since it is
rather surprising that b E for the 4 T(0) site is smaller in
magnitude than that for the 1 T site in the calculations of
Jena et a/. , we finally present the results obtained upon
reversing the AE though keeping the physically reasonable
signs.

IV. CONCLUSIONS

This last is consistent with the results of Yagi et al. and
with the calculations for the energies of these sites, which
are nearly equal. To be precise there is about a 30-meV
difference favoring the 4T(O) site in the calculations, but
this is thought by Jena et al. not to be significant.

The reduction of precession frequency with extension
along ( 100) magnetization directions can explain the ten-
dency for cold-worked iron samples to have reduced pre-
cession frequencies. Since magnetostriction in Fe favors
domain alignment along the local directions of extension,
the average precession frequency should thus be reduced.

That depolarization rates are evidently sensitive to
internal strains and that these will become more impor-
tant at lower temperatures imply that interpretations of
depolarization rates which do not take these effects into
account may need reevaluation.

Similar frequency shifts associated with symmetry
breaking should occur for those crystalline materials such
as Fe3Si or Fe3A1 which also have crystallographically
equivalent potential muon sites which are magnetically
inequivalent. Other systems, such as Ni, Co, or G-d,

though having only one type of site, should have observ-
able, if smaller, frequency shifts arising from the motion
with stress of the crystal atoms and their associated dipole
and hyperfine field distributions. The effects of working
the Fe samples which show up in irreversible frequency
shifts, usually toward lower values, and depolarization
rate increases, have only been partially explored so far and
will be reported later.

We have determined that the precession frequency as a
function of uniaxial strain for Fe arises primarily from
symmetry breaking effects. The magnitude of the shift is
reasonably well described by either the results of Jena
et al. or by extrapolation from the results of Sugimoto
and Fukai for Nb and V if one assumes in both cases that
the muon occupies nearly equally the 4T(O) and 1 T sites.
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