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1/3K—2u
a=—(———~). (14)
2\ 3K+pu

To date several materials other than the above
samples of steel have been examined using a single
rod 15.24 cm long and 2.540 cm in diameter. The
totality of results is summarized in Table I1I. The
velocities are given in meters/sec., and the elastic
moduli in units of 10" dynes/cm?. The densities
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TaBLE III. Summary of results.

Material Vb VR P K m E o
C. R. Steel I 5880.0 3203.5 7.82 16.34 8.025 20.69 0.289
C. R. Steel I 5892.2 3211.8 7.82 16.39 8.067 20.79 0.289
Aluminum 6379.0 31000 2.70 7.47  2.60 6.98 0.345
Brass 4283.0 2033.0 856 11.02 3.54 9.59 0.355
Lucite 2640.0 1269.0 1.18 5.70 1.90 5.13 0.350

used are given in g/cm?. Figure 6 is a photograph
of the traces obtained with the additional materials
with a cold rolled steel rod of the same length and
cross section for comparison.
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Ferromagnetic resonance absorption in a single iron crystal has been observed at 23,675 and 9260
Mc/sec., using an external magnetic field applied perpendicular to the r-f magnetic field in the plane
of the crystal surface. A variation in the resonance field is found which depends on the angle the
magnetic field makes with the crystal axes. The results agree well with the theory of Kittel which
predicts that an angular variation in resonance will result from the effects of crystal anisotropy.
In the case of the lower frequency, deviations from the expected angular variation and a second
resonance peak are shown to be the result of incomplete alignment of the magnetization with the
direction of applied field. A calculation of the first-order anisotropy constant computed on the basis

of this deviation agrees well with the known value.

INTRODUCTION

HE first experiment showing a microwave
resonant absorption in iron was performed by
Griffiths.! In this experiment a thin film of iron was
applied to one end of a microwave resonant cavity.
An external magnetic field was applied parallel to
the surface of the thin film. With a constant micro-
wave frequency, it was found that a maximum
power absorption occurred for a particular value of
external applied field.
Kittel? has discussed the theory of ferromagnetic
resonance absorption and has shown that the
resonance condition is given by

w0=7(BH)%1 (1)

where wo is the resonance frequency, y=ge/2mc
=magnetomechanical ratio for electron spin, H is
the static magnetic field, and B is the magnetic
induction in the specimen. Kittel has further pre-
dicted that for single crystals the magnetic field for
resonance should be dependent on the angle which
the external field makes with the crystal axis,

*This work has been supported in part by the Signal
Corps, the Air Materiel Command and the ONR.

1 J. H. E. Griffiths, Nature 158, 670 (1946).
2 C. Kittel, Phys. Rev. 73, 155 (1948).

owing to the effect of anisotropy. In the present
experiments the resonance phenomenon was inves-
tigated, using a single Fe—Si crystal, with the
purpose of determining the effect of the known
anisotropy of the crystal on resonance absorption.

THEORY

Before presenting the results of these experi-
ments, a short discussion of the theory, as developed
by Kittel, will be given. Ferromagnetic resonance
absorption is to be expected, by analogy with the
Purcell-Bloch nuclear resonance experiment, when
the applied field is such that the microwave fre-
quency is equal to the Larmor frequency for elec-
tron spin. It is shown that the demagnetization
field normal to the surface of the crystal must be
taken into account when calculating the Larmor
frequency. The effect of crystalline anisotropy on
resonance can be accounted for by treating the
anisotropy energy in terms of an equivalent mag-
netic field. This treatment leads to the effective
demagnetizing factor which is to be included in the
calculation of the Larmor frequency, and results in
a modification of Eq. (1).

In an infinite plane cubic crystal, the modified
equation for resonance in the (100) plane is found
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Fi1G. 1. Sketch showing crystal mounted over hole in cavity
iving directions of r-f and external magnetic fields and the
%100 direction in the crystal.

by Kittel to be

w0=7{ [Ifz+47rMs+(2Kl/1l/Is):|
X[H,—(2K1/M;) cos46]}t.  (2)

Here M, is the saturation magnetization, K, is the
first-order anisotropy term (anisotropy energy/unit
volume = (K/4) sin?20), H, is the applied mag-
netic field, and 8 is the angle between the mag-
netization and the [100] direction of the crystal.
In this treatment it is assumed that the external
applied field is always great enough so that the
magnetization is saturated and oriented parallel to
the external field. On these assumptions, using a
constant frequency, one expects that the field for
resonance in the (001) plane will vary with cos46,
since H,<4rM, at the frequencies used. This will
give a maximum field for resonance in the [110]
direction and a minimum in the [100] direction.

EXPERIMENTAL ARRANGEMENT

The apparatus used in this experiment consisted
of a resonant cavity arranged so that one surface of
the iron crystal acted as part of one wall of the
cavity, a reflex klystron for generating microwave
power, and measuring equipment for determining
the variation in absorption of power as the external
magnetic field was varied.

The resonant cavity was constructed from a piece
of brass wave guide shorted at one end and coupled
through an adjustable iris to the wave guide leading
to the generator. The cavity was one guide wave-
length long and was excited in the TE;; mode. The
Fe—Si crystal (approximately 3.85 percent Si),
kindly loaned to us by Dr. R. M. Bozorth of the
Bell Telephone Laboratories, was in the form of a
circular plate 2.2 cm in diameter and 0.022 cm in
thickness. The plane of the surface was within a
few degrees of the (001) plane of the crystal.

Figure 1 shows the arrangement of the iron
crystal in the wall of the cavity. A rectangular hole
was cut in the narrow wall of the cavity so that the
iron crystal placed against the hole would have
an r-f magnetic field tangent to its surface plane.
The cavity was placed between the poles of an
electromagnet so that the external field was in the
plane of the crystal, perpendicular to the r-f field
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in the crystal plane. By rotating the crystal about
an axis perpendicular to its plane it was possible to
change the angle 8 between the external field direc-
tion and the [100] direction in the crystal plane.
A very thin mica disk was placed between the
crystal and cavity wall to prevent variation in the
cavity Q due to variable contact between crystal
and cavity.

A reflection method was used to measure relative
power absorption in the crystal, as follows. The
cavity containing the iron crystal was connected
to the microwave power source by a wave guide,
with sufficient attenuation inserted to isolate the
source from the effects of changing load. A change
in power absorbed in the crystal caused a change
in the Q of the cavity, which changed the fraction
of power reflected from the cavity. A directional
coupler inserted in the guide between power source
and cavity was oriented so as to pick up only the
power reflected from the cavity. The signal thus
received could then be related to the relative power
absorbed in the crystal for each value of applied
magnetic field. In order to measure the signal ob-
tained from the directional coupler, a 1000 cycle
per second square wave modulation was applied
to the signal generator, so that power picked up
through the directional coupler could be detected
by a crystal and the resulting 1000 cycle signal
amplified through a narrow band amplifier and read
on a meter.

The details of the method of measurement were
as described in an earlier paper,® except that in
these experiments a directional coupler was used
instead of a magic T for measuring the power re-
flected from the test cavity. The data obtained con-
sisted of measurements of the relative power ab-
sorption as a function of external magnetic field,
from which could be plotted the magnitude of
applied magnetic field necessary for maximum ab-
sorption versus the orientation of the crystal.

The applied magnetic field was determined by
measuring the a.c. voltage induced in a small
rotating coil placed in the field. Details are given in
reference 3.

F1G6. 2. Resonance ab-
sorption in an iron single
crystal, showing relative
power absorbed vs. applied
magnetic field.
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3 R. D. Arnold and A. F. Kip, Phys. Rev. 75, 1199 (1949).
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TasLE 1. Comparison of observed and calculated resonance
fields at 6=0° and 45°. Calculations are from Eq. (2), using
v/27=2.80 Mc/gauss, M,=1575 gauss, K1=2.8 X105 ergs/
cm?.

Resonance field

Frequency 0 Calculated Experimental
23,675 Mc/sec. 0° 2765 gauss 2530 gauss
23,675 45° 3393 3290

9260 0° 182 70
9260 45° 875 830

EFFECT OF STRAINS IN THE SINGLE CRYSTAL

It should be mentioned that original measure-
ments gave a very broad resonance effect, and
showed essentially no effect of orientation on the
magnetic field required for the absorption maxi-
mum. The crystal was therefore returned to the
Bell Laboratories where it was electrolytically
polished in an effort to remove any surface strains.
Both before and after this treatment, examination
was made of the domain structure by H. J. Williams
of the Bell Laboratories, using the colloid tech-
nique. In both cases, maze patterns characteristic
of strained surfaces were found. However, after
polishing, the resonance effect was found to be a
strong function of orientation and, as will be shown,
the detailed results indicate that the strains played
at most a minor role after the crystal surface had
been polished. All data given below were obtained
on the polished crystal.

MAGNETIC FIELD CORRECTION

A correction must be applied to the values of
magnetic fields obtained in these experiments,
because we used a finite size of sample rather than
an infinite plane. The result of this is that the de-
magnetizing field due to the edge surface of the
crystal reduces the effective applied field by a cal-
culable amount. Using the equations of Osborn* for
the demagnetizing factors of a very flat oblate
spheroid, and assuming a saturation magnetization
of 1575 gauss, we find that for our crystal the effec-
tive magnetic field is obtained by subtracting 154
gauss from the applied field. All fields given have
been corrected in this way.

EXPERIMENTAL RESULTS

Resonance absorption in the iron crystal was
observed at microwave frequencies of 23,675 and
9260 Mc/sec. Absorption curvessuch as those shown
in Fig. 2 were obtained for various angles 6 between
the external field and the [1007] direction in the
plane of the crystal. The half-width of the absorp-
tion curve is of the order of 200 gauss for the lower
frequency. Accurate half-width data at the higher
frequency are not available, but the half-widths at

4J. A. Osborn, Phys. Rev. 67, 351 (1945).
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the two frequencies are known to be of the same
order of magnitude. Using the values of H, giving
the maximum absorption at each angle, the reso-
nance magnetic field was obtained as a function of 6,
as shown in Figs. 3 and 4. For both frequencies it
is seen that the predications of theory are quali-
tatively borne out. Thus for §=0°, 90°, 180°, 270°
(external field parallel to the [100] or [010] direc-
tions) the resonance field is a minimum. For angles
45° from these angles (external field parallel to the
[110] or [110] directions) the resonance field is a
maximum. (On the graphs, results are plotted only
from 0° to 180°.)

Table I gives the results of our experiments
compared with calculations from Kittel’s equation.
Resonant fields are given for applied field in the
[100] and [110] directions in the (001) plane.
The values of the various constants used in the cal-
culations are given with the table.

The results at the higher frequency are seen to
agree reasonably well with the theoretically deter-
mined values for resonant field. As shown in Fig. 3,
the variation of resonance field with 6 is accurately
in accord with cos46, showing that the magnetiza-
tion is aligned with the external field for all values
of 6.

Examination of the curves for both frequencies
shows that maximum and minimum values for reso-
nance fields do not exactly repeat at 90° intervals.
This effect can be explained on the basis that the
crystal face is not exactly in the (001) plane. With
the crystal set at 0° there is actually a small angle
between the [100] direction and the external field,
due to the error in the crystal surface. Rotation of
180° will give the same angle, but rotation of 90°
will give a different angle. Thus resonance fields at
angles 180° apart should be equal, but those 90°
apart should be slightly different. This is in agree-
ment with experimental results.

Results at the lower frequency (Fig. 4) show a
number of deviations from the simple results at the
higher frequency. In the first place the variation of
resonant field with angle no longer follows the
cos46 variation. In the second place, a second reso-
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F1G. 3. Resonance magnetic field vs. angle between applied
field and [100] direction in iron crystal, where frequency
=23,675 Mc/sec.
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nance occurs at angles near the [110] direction, at
lower applied fields than for the expected resonance.
Figure 5 shows a typical resonance curve at a par-
ticular angle, illustrating the appearance of the
second resonance. Each of the foregoing phenomena
will be discussed below.

The deviation from cos46 variation of resonant
field with angle at the lower frequency is readily
accounted for as follows: with the relatively low
applied fields used, the torque of anisotropy prevents
alignment of the direction of magnetization with
the applied field for some angles of applied field.
We assume, however, that the magnitude of static
magnetization is at its saturation value.

The effective field producing resonance is the
component of H, in the direction of magnetization,
H, cosB, where 8 is the angle between H, and the
direction of magnetization, and the resonance con-
dition depends upon the angle-a between the [100]
direction and the direction of magnetization instead
of upon 6. (See Fig. 6.) It is to be noted that when
the external field is in the [100] or [110] direction,

l"lﬁl H, FOR MAXIMUM ABSORPTION vs 8
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F1G. 4. Resonance magnetic field vs. angle between applied
field and [100] direction in iron crystal, where frequency
=9260 Mc/sec.

B=0°. This follows from the fact that the first-order
anisotropy energy per unit volume is given by
f=(K1/4) sin*260 so that the torque 9f/38 becomes
zero at §=0° and §=45°. It follows that the anisot-
ropy forces which cause the direction of magnetiza-
tion to deviate from the direction of H, disappear
at these angles.

It is possible to check the wvalidity of this ex-
planation of the departure from cos46 dependence
by deriving from our experiment the anisotropy
force constant and comparing this with the known
value. To do this we first determine the value of «
for each point on the experimental curve by com-
parison with the cos46 curve (as shown in Fig. 4).
The angle a for a given point on the experimental
curve is obtained by finding the point on the cos46
curve where the ordinate has a value H, cosB. The
abscissa of this point is a. The torque acting to align
the magnetization away from the [100] direction
is M,H, sinf. For all values of « this torque must
equal the torque of anisotropy which tends to align
the magnetization in the [1007] direction. A plot of
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F16. 5. Resonance absorption curve at 9260 Mc/sec. showing
double peak which occurs when 6 is near 45°.

M,H, sin versus o obtained from the experimental
data is shown in Fig. 7, where M,=1575 gauss is
used for the saturation magnetization. This should
be the same as the curve for the torque of anisot-
ropy, given by K;/2 sin4a. The experimental curve
is seen to be approximately the expected shape. The
value of K, evaluated from the experimental data
is 3.0X10% ergs/cm3. This is to be compared with
the value 2.8 X105 which has been obtained by H.
J. Williams, using a single crystal of approximately
the same composition as ours. Failure to get exact
agreement is not surprising in view of the known
fact that the simple picture we have assumed to
describe the magnetization in a single crystal breaks
down at low applied fields.5

The appearance of the second resonance peak at
low fields when 6 is near 45° can be qualitatively
explained in the following manner. Consider the
case where the applied magnetic field is in the [110]
direction (8=45°). As the field is increased from
zero, the value of a will change. Figure 7 can be
used to determine the value of a for each value of
H,. The value of the resonance field can be deter-
mined for each value of , using the known variation
of resonance field with angle. In addition, H, cosg,
the effective component of the applied field, can be
calculated for each value of a. Comparison of these
last two quantities shows that for fields around
200 gauss, the effective field is close enough to the
resonance field to cause appreciable absorption in
view of the width of the resonance curve. As the
applied field is increased, however, the angle «
increases very rapidly so that the effective applied
field is very far below the field required for reso-
nance. Absorption is thus lowered until the field
has been increased to such an extent that the normal
resonance at 6=45° begins to show. The double
peak shown in Fig. 5 is in very good agreement with
calculations made on this basis.

It should be noted that lack of knowledge of
precise values of M, and K, precludes the possi-

( 5 1;) von Engel and M. S. Wills, Proc. Roy. Soc. A188, 464
1947).
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t F16. 6. Angular rela-
tionships among applied
field, magnetization, and
[100] direction.
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bility of making an accurate determination of the
effective g factor in this experiment. We have used
the value of v resulting from assuming g=2, but
any value of g within, say, 10 percent of this would
give equally good fit with the equations.**

At the lower frequency used, an additional ob-
servation was made which has not been shown on
the curves. The resonance fields reported were
determined using only one side of the crystal. When
the crystal was reversed to expose the opposite
face to the microwave field, results were in agree-
ment with the results using the original side, except
that an additional resonance peak was found for
certain orientations of the crystal. The field required
for this peak was of the order of 40 percent higher
than for the normal resonance. The magnitude of
the absorption and the field required for resonance
was found to vary rapidly with angle, indicating
that the effect was due to localized regions on the
surface which behaved differently from the normal
crystal surface, and whose effects disappeared as
rotation of the crystal moved them out of the rec-
tangular slit opening into the cavity. The normal

** Comparison of data taken at the two frequencies, assum-
ing M, and g to be the same in the two cases, allows elimina-
tion of M, from the equation. The value of g obtained in this
way is 2.1440.08.
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resonance curve was unaffected, indicating that
only a small fraction of the exposed area of the
crystal behaved anomalously. This result has been
attributed to small regions under stress, on the
surface of one side of the crystal, which alter the
anisotropy energy and hence affect the resonance
fields. No observations were made of the stressed
side of the crystal using the higher frequency.
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CONCLUSIONS

The results of these experiments show conclu-
sively that the effects of anisotropy can be accounted
for along the lines suggested by Kittel. In the case
of the lower frequency used, a simple modification
of the theory is necessary, taking into account the
fact that the direction of magnetization may
deviate from the direction of applied field. The
second resonance peak observed at the lower fre-
quency is explained as a result of the deviation of
the direction of magnetization from the direction
of applied field.

The authors wish to express their appreciation to
Dr. Kittel for numerous very helpful discussions of
the results of these experiments.



