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actions and subsequent high migration rates®»3
in concentrated systems suggests that the pro-
cesses are of the type described by Dexter.?!
The present experiments cannot distinguish this
from the process whereby spontaneous emission
is absorbed by ions in excited states. Experi-
ments are planned to study this and other aspects
of the effect.

The author wishes to express appreciation to
Dr. J. Murphy and Dr. R. W. Warren for many
helpful discussions and suggestions.
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rf-INDUCED SIDEBANDS IN MOSSBAUER SPECTRA*

Neil D. Heiman,{ Loren Pfeiffer, and J. C. Walker{
Physics Department, Johns Hopkins University, Baltimore, Maryland
(Received 8 April 1968)

We report the first clear evidence that rf magnetic fields generate acoustical side-
bands in the Mdssbauer spectra of metallic Fe5’. We advance an explanation of this
magnetoacoustic effect in terms of magnetostriction, and suggest that this effect pro-
vides a consistent explanation of the results of several earlier workers who observed rf
resonance effects seemingly associated with hyperfine transitions.

Additional distinct lines in the M8ssbauer ab-
sorption of metallic Fe5” have been generated by
subjecting the iron absorber foil to an rf magnet-
ic field. These additional lines are interpreted
as acoustically modulated sidebands arising from
magnetostrictive effects within the iron. It
should be emphasized that the present experi-

ments do not involve an absorber fastened to a
piezoelectric oscillator, but deal with internal
vibrations in the absorber itself.

The influence of rf magnetic fields on M8ss-
bauer spectra was first investigated by Perlow,*
who observed a change in recoilless absorption
at 25.98 MHz, the hyperfine resonant frequency
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of the 14.4-keV level of metallic Fe®’. Recently
Matthias? obtained similar results and noted a
change in recoilless absorption at 45.44 MHz,
the ground-state hyperfine resonant frequency.
In each of these experiments a split source was
rigidly attached to a split absorber, and various
combinations of rf and static fields were applied
to this source-absorber sandwich. The 14.4-keV
gamma rays emitted from the source through the
absorber were detected as a function of the fre-
quency of the applied field. In both experiments
the application of the rf field produced large
changes in the count rate, even at nonresonant
frequencies. These effects could not be satisfac-
torily explained at the time, although both au-
thors have since suggested that magnetostrictive
effects in the iron might be responsible.

Each author attempted to verify this hypothe-
sis. Matthias? observed no sideband effect in a
velocity spectrum taken with a single-line source
and an unpolarized split absorber subjected to a
14.9-MHz field of about 4 G. Perlow® performed
a similar experiment with a split source and a
single-line absorber, using rf fields of 4.2 and
6.5 MHz. He obtained a general washing out of
the M8ssbauer pattern, which he attributed to
the random flipping of the hyperfine field due to
domain wall motion.

The present Letter provides for the first time
clear evidence that rf magnetic fields generate
acoustical sidebands in iron. In addition, we be-
lieve that the sideband effects reported here pro-
vide a consistent explanation for the changes in
count rate seen in the split-split experiments re-
ferred to above. The generation of sidebands
spreads the recoilless gamma rays among many
more lines, and this reduces the effective M&ss-
bauer absorption. At the resonant frequency,
however, the sidebands overlap the normal
Mb&ssbauer lines, resulting in a partial restora-
tion of the absorption. We suggest that this res-
toration due to sideband overlap is responsible
for the resonance effects seen by Matthias. We
also suggest, as a general caution, that this
magnetoacoustic effect should be considered in
any experiment involving radiation emanating
from a ferromagnetic sample subjected to rf
fields.

Unless otherwise stated, all of our experi-
ments were performed in standard transmission
geometry. A 30-mCi Co® source in a Cr matrix
was attached to a M8ssbauer transducer; an en-
riched Fe®" foil (thickness =2.4x 10~ cm) was
placed normal to the well-collimated gamma
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beam. An rf magnetic field in the plane of the
foil was obtained by wrapping an eight-turn, flat-
tened, rectangular coil about the iron. To pro-
vide cooling the foil was attached to a glass slide
and mounted in a Lucite chamber in such a way
as to allow flowing water to cool both the absorb-
er and coil. A screened cage enclosed the trans-
ducer and associated electronics, and great care
was taken to insure that rf interference did not
lead to spurious results.

The results are presented graphically in Figs.
1 and 2. Figure 1 shows transmission spectra
taken at various field strengths with an rf field
of 13.0 MHz. Figure 2 shows the transmission
spectra as a function of frequency. For these da-
ta the field strength was held constant at approxi-
mately 10 G. The solid lines in both figures are
least-squares fits to data obtained using the fol-
lowing simplifying assumptions: (1) All lines
are Lorentzian; (2) the standard M8ssbauer lines
are reduced in size by the rf field; and (3) each
of the six MUssbauer lines has a number of sym-
metric pairs of sidebands located relative to the
main line at velocity positions corresponding to
integral multiples of the applied frequency, that
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FIG. 1. The effect of a 13-MHz magnetic field on a
metallic Fe’" M8ssbauer absorber as a function of field
strength. The solid line is a theoretical curve generat-
ed on the basis of FM theory. The modulation index m
for each curve is, from top to bottom, m =0, m =0.75,
m =1.13, and m =1.4. The error bars for the data
points are approximately the size of the open circles.
The error bar associated with the magnitude of Hys is
about +25%.



VoLUME 21, NUMBER 2

PHYSICAL REVIEW LETTERS

8 JuLy 1968

is,

2.245 mm/sec

V795,98 MHz

Standard FM theory shows that a carrier fre-
quency w, modulated sinusoidally at a frequency
w gives rise to a spectrum consisting of the orig-
inal carrier and an infinite set of sidebands.
These sidebands are located at w,+nw, and their
relative amplitudes are given by I,,°(m), where
Jy is the nth Bessel function and m is the modu-
lation index. Modulation effects of this type have
been seen before in M8ssbauer experiments. Ru-
by and Bolef* obtained sidebands by using a pi-
ezoelectric quartz crystal to vibrate an unsplit
Co%” source mechanically in a sinusoidal manner.
This method was also used in the more recent
work of Cranshaw and Reivari.®

The rf magnetically induced sidebands report-
ed here also seem to be describable in standard
FM terms. We point out, for example, that the
sidebands occur precisely where FM theory pre-
dicts. The overlapping of sidebands from the
several hyperfine lines in the spectrum makes
it somewhat difficult to decide whether the side-
band amplitudes are given by J,%(n) with a sin-
gle m, or whether a distribution of m’s should be
used. A very satisfactory fit to the data can be
obtained with a single m as is indicated in the
figures.

To further investigate this phenomenon the fol-
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FIG. 2. The effect of a 10-G rf magnetic field on a
metallic Fe’” Mdssbauer absorber as a function of fre-
quency. Once again the solid line is the theoretical
FM fit. The modulation index m from the top to bottom
is m=0.75, m=1.01, m =1.30, and m =1.4.

lowing additional experiments were performed:
(a) The absorber and coil were rotated so that
ﬁrf was oriented 45 deg to the gamma beam.
This resulted in a significant increase in the
sideband effect. (b) The experiment was per-
formed with a natural-iron powder absorber (30
mg/cm?) in place of the iron foil. Particle diam-
eters were less than 1072 cm. No sidebands
were observed. (c) The experiment was per-
formed with a natural Fe,O; powder absorber

(30 mg/cm?) in place of the foil. Particle diam-
eters were less than 10~® cm. No sidebands
were observed. (d) The experiment was per-
formed with a 310 stainless-steel foil (thickness
=3.6x10~* cm) in place of the iron foil. No side-
bands were observed. (e) An experiment in 90°
scattering geometry was performed, using a
large sample of Fe,O, in hematite form (4.0 cm
x0.3 cm). A strong sideband effect was observed
with an rf field of only 1.5 G.

The powder experiments (b) and (c) strength-
ened our belief in the acoustic nature of the ef-
fect, as the sidebands disappeared when the par-
ticle sizes in the absorber were smaller than the
wavelength of the acoustic vibrations at the ap-
plied frequency. The stainless-steel experiment
(d) shows that the effect is not simply the result
of the bulk nature of the material, but also de-
pends strongly on its magnetic properties. Fi-
nally, experiment (e) which was done in scatter-
ing geometry shows that the internal acoustic vi-
brations couple to the Fe®” nuclei in gamma-ray
emission as well as in absorption.

These initial experiments are consistent with
the interpretation that internal acoustic vibra-
tions are generated in the sample by bulk mag-
netostriction or by motion of the domain walls in
response to the rf magnetic field. An effort is
underway to clarify the details of these mecha-
nisms through further experimentation involving
static fields, orientation of the foil, magnetic or-
dering, and particle size. Unfortunately, theo-
ries of domain wall motion do not readily pro-
vide any quantitative predictions with which to
compare our present data. Certain quantitative
predictions can be made in the case of bulk mag-
netostriction, however, using a simple model.

One expects® that the modulation index m = (wo/
c)A, where A is the amplitude of vibration. The
relation between m and the magnetostrictive con-
stant A can be made through the approximate
formula® for bulk magnetostriction in a polycrys-
talline sample:

81/1=3%A(cos®6-1),
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where cosf is the ratio of the actual bulk magne-
tization to the saturation value, i.e., cos@=M/
M. Combining these equations and assuming
that M is made up of a component of permanent
magnetization M, and a component of magnetiza-
tion induced by the rf field M ¢, one obtains

2
3 c_,.)—OAl<2MOMrf+Mrf >
M2 ’

S

m=

2 ¢
Using 1=1.2x10"* cm (i.e., the half-thickness of
the foil), A=2x10"%, and reasonable values for
M, and My¢, We can obtain values for the modu-
lation indices which are in good agreement with
our data.

On the basis of ideal magnetostriction, one
would expect the sidebands to occur at +2nw,
since the sample contracts regardless of the
sense of the magnetic field. This difficulty is
resolved by inserting the time dependence in the
above equation and assuming that My> M.
Then

ZeiZwt]
rf :

3 .
The dominating term leads to sidebands at +rw,
with the last term contributing only slightly to
even numbered sidebands. The metallic iron
foil in our experiment was strongly magnetized,
as may be deduced from the relative intensities

of the lines in the calibration spectrum. Thus

the assumption that My>M ¢ is reasonable con-
sidering the small values of H,¢ used. It ap-
pears, therefore, that the sidebands observed
may be understood on the basis of this simple
magnetostriction model.

Finally, it should be remarked that the M&ss-
bauer technique clearly provides a sensitive new
method for studying magnetoelastic effects.
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OPTICAL CONSTANTS OF SODIUM AND POTASSIUM FROM 0.5 TO 4.0 eV*

Neville V. Smith
Stanford Electronics Laboratory, Stanford University, Stanford, California
(Received 31 May 1968)

Ellipsometric experiments have been performed on thick evaporated films of Na and
K both by single reflection at free surfaces and by multiple reflection at metal-fused
silica interfaces. The results are in qualitative agreement with the nearly-free-elec-
tron model, exhibiting no anomalous peaks and showing interband transitions with
thresholds at the expected frequencies. The values deduced for the optical masses are

1.14m for Na and 1.17m for K.

New measurements have been made of the opti-

cal constants of Na and K as part of a larger
project to investigate the optical and photoemis-
sion properties of the alkali metals. We believe
that these first results will be of immediate in-
terest since they do not show the anomalous ef-
fects reported by Mayer and coworkers.!»2 The
results are in fair accord with the predictions of
the nearly-free-electron model.
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Apart from the obvious problems associated
with the preparation of uncontaminated surfaces,
the alkali metals present the following additional
experimental difficulty. The ellipsometric meth-
od, usually regarded as the most sensitive, con-
sists of determining p and A at some large angle
of incidence ¢; pexp(ZA) is defined as the ratio
of the amplitude reflection coefficients for the
components of polarization parallel and perpen-



