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Ferromagnetic resonance in NiOFe;O; has been studied over a temperature range of —195°C to 588°C.
From this study the variation in line width with temperature, g value, and magnetic anisotropy constants
K, and K, have been determined. Results show that the line width decreases with increasing temperature,
the g value remains essentially constant, and the two anisotropy constants show different sign behavior

over the temperature range.

I. INTRODUCTION

HE phenomenon of ferromagnetic resonance
originally observed by Griffiths! has since received
extensive study both theoretically?® and experimen-
tally.4=7 In particular, Yager ef al.® have studied the
resonance phenomenon in single crystals of NiOFe;O3
at room temperature.

This paper discusses the experimental results of a
study made on NiOFe;O; over a temperature range of
—195°C to 588°C. The Curie temperature of NiOFe O3
is approximately 600°C. The investigation was carried
out at a frequency of about 9000 Mc/sec on small
spherical samples. These spheres were about 0.019
inch in diameter, and hence, were small enough so
that the rf electromagnetic field could be considered
uniform throughout their volume. In addition, their
small sjze relative to the exciting wavelength insured the
avoidance of dimensional resonance effects.

A study has been made of the line width of the reso-
nance curve, the variation of the spectroscopic splitting
factor, g, and the magnetic anisotropy constants, Kjand
K,, as a function of temperature.

II. EXPERIMENTAL

The experimental technique of measurement was
similar to that used by Bloembergen’ in studying the
resonance phenomenon in nickel and Supermalloy. A
block diagram of the measuring equipment is shown in
Fig. 1. A sample was placed in a rectangular microwave
cavity excited by a fixed frequency rf field, and the
power absorbed by the sample then was measured as a
function of the magnitude of a constant magnetic field
H,. This field was so oriented that its lines of flux were
perpendicular to those of the rf field.

In order to measure the power absorbed in the
sample, the unloaded Q, Q. of the cavity and the
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coupling Q, Q., were determined by conventional tech-
niques. Q, at zero value of H, was measured both with
the sample in the cavity and also without a sample. The
two Q,’s were nearly identical; therefore, the sample did
not materially contribute to loss either of a dielectric
or eddy current nature in the cavity. Since nickel
ferrite has a high resistivity® and since the sample was
located at a region of rf magnetic field maximum
(electric field minimum), it is expected that such losses
would be small.

Once Q, for the cavity and sample had been deter-
mined at zero H,, the technique was to measure the
power reflected from the cavity as a function of H,.
Since the power incident on the cavity was held con-
stant, the variation in power absorbed in the sample
could be found in terms of the power reflected from the
cavity. The power absorbed in the cavity in turn could
be expressed in terms of a change of the Q, of the cavity.

The imaginary component, u”, of the permeability of
the ferrite sample can be evaluated from a knowledge of
the change in Q of the cavity by using a perturbation
technique such as described by Bethe and Schwinger.?
In order to employ this technique we must know the
field configuration in the cavity and we must assume
that the distortion of these fields produced by the
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Fi6. 1. Block diagram of measuring equipment.
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introduction of the sample into the cavity is negligibly
small. For this case we have

Of/N+76(1/2Q,) = sW/W, €Y

where f is the resonant frequency of the cavity, éf the
change in the resonant frequency produced by the
introduction of the sample, Q, the unloaded Q of the
cavity, 6 the change in stored energy in the cavity
produced by the introduction of the sample, and W is
the total stored energy of the cavity. If we know the
field configuration, we can compute W and also éW in
terms of u=u’-+ju”. In computing W and 6W we take
advantage of the fact that the sample was placed in a
region of the cavity where the electric rf field is neg-
ligibly small.

By this means p” can be calculated from the rela-
tionship

A0V g
M= - ’
20,2 AV A2

)

where AQ is the change in the value of Q, measured as
a function of the constant magnetic field, V is the
volume of the cavity, AV the volume of the sample,
A\ is the resonant wavelength in the cavity, and X, the
free space wavelength corresponding to A,.

Figure 2 a drawing showing the test cavity and
sar_plc. ine sample was mounted so that it could be
rotated about a [110] axis in the same fashion employed
by Yager et al.® With this method of mounting the
magnetic field H,, which is perpendicular to the axis
of rotation, will remain in a (110) plane of the crystal
as the sample is rotated but will successively pass
through the three principal crystallographic axes, the
[1007, [110], and [111] directions. The method of
crystal alignment and mounting also was similar to
that used by Yager et al. except that here the sample
had to be held in place by a material that would with-
stand a large temperature variation. Insalute cement
was used for this purpose.

Since the cavity was to be used over a wide tem-
perature range it was necessary to prevent oxidation of
the copper cavity walls at the high temperature and
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also prohibit the condensation of water vapor and
oxygen at the low temperatures. For this purpose a
slight positive pressure of dry nitrogen was maintained
in the cavity at all times.

The spherical samples were prepared by a technique
similar to that described by Bond.!

The steady magnetic field was measured in terms of
the current through the field coils. The calibration of
the magnetic field in terms of the field current was made
by means of a proton resonance device of the type
reported by Pound and Knight.??

III. THEORETICAL

Kittel has shown that the general resonance condition

is
w= 7H eff, (3)
where v is the gyromagnetic ratio, g(e/2mc), and g is the

spectroscopic splitting factor.'® H.g, the effective value
of the constant magnetic field, is given by

Her={[Ho+ (N, +N,+N,2~N,)M.]
X[Hy+(NoAN24N2—N M I} (4)

H, is the externally applied field, assumed here to be
in the z direction, N, N,, and N, are the shape de-
pendent demagnetizing factors, and N,%, N, and N %,
N, are effective demagnetizing factors introduced to
account for the presence of magnetic anisotropy energy.
Kittel? and Bickford® have shown that, when H, is in a
(110) plane and is strong enough to saturate the sample
magnetically, these effective demagnetizing factors are
given by
N @ =(1—sin?0—3 sin*260)(K1/M ?2),
N,o=2(1—2 sin?0— 2 sin?20) (K,/M 2),
N, 2=1 sin®0(6 cos*0— 11 sin2 cos?0 (5
+sin‘0) (Ko/M 2),

N, 2= —1% sin%0 cos?6(3 sin20-+2) (K,/M 2).

Here 6 measures the angle between Hy and a [100]

axis of the crystal, and K; and K, are the first and
second order anisotropy constants, respectively. From
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these expressions, knowing the value of M,, H,, and 6,
the anisotropy constants K; and K, and g value have
been calculated.

The classical equations of motion as first set up by
Kittel have the form,

M, y/df: 'Y(MXHeff)x, v— M2,/ T5),

A di= (M X Hog) — [ o)/ 71T, | ©

The relaxation terms are those used by Bloembergen
and were based upon the form used by Bloch in de-
scribing nuclear magnetic resonance. An alternative
form for these relaxation terms is that used by Yager
et al. and first put forward by Landau and Lifshitz.4
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In the equation of motion this form appears as
dM/di=y(MXHetr)— (va/M)[MX (MXH)]. (7)
Since the physical mechanisms which lead to a

broadening of the resonance line are not well under-

stood, both of these damping terms have been intro-
duced on purely empirical grounds.
The steady state solution of Eq. (6) yields

4y M [ Hot+ (N4 N ) Mo J(2w/ Ts)
(— o™+ w’)+ (4?/T2)
where we assume that M.=M, and the sample is

spherical so that N,=N,=N,. Here wo®=v2H?; res.
The solution of Eq. (7) is
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where we have used Yager’s notation that I.H,=H,
+ (N 24N 22)M, and I, H,= Ho+ (N, 24N 2) M.

From either Eq. (8) or (9) we can calculate T or its
equivalent in terms of « by equating the peak value of
u” as determined experimentally to the theoretical
expression at resonance.

IV. RESULTS

The absorption resonance curves at several tempera-
tures are shown in Fig. 3. The solid curves represent
the theoretical curves where the damping term has
been adjusted so that the value of u”/ at resonance
agrees with the experimental value. For the room tem-
perature data two sets of theoretical curves are drawn,
one indicated by the solid curve and the other by solid
triangles. The solid curve was drawn for the theoretical
expression using a damping term of the form used by
Bloembergen,” while the solid triangles are derived from
the theoretical expression using the form of damping
term used by Yager ef al.3 It is readily seen that there is
is little difference between these two curves.

The room temperature data agree very well with those
of Yager et al® and give an absorption curve width of
about 70 oersteds independent of the crystallographic
orientation of the sample. At —195°C the width of the
absorption curve is about 110 oersteds, and this de-
creases to about 50 oersteds at 588°C.

Figure 4 shows a plot of 1/T vs temperature. T’ is
the over-all relaxation time as determined from the
width of the absorption curve. The decrease of 1/T,
with temperature was unexpected and is a different
behavior from that observed in ferromagnetic metals.
The fact that 1/T, decreases with increase in tem-
perature would suggest that spin lattice relaxation

141, Landau and E. Lifshitz, Physik. Z. U.S.S.R. 8, 153 (1935).

effects play only a small role in contributing to the
over-all line width.

Figure 5 shows the variation of H, required for
resonance measured as a function of the angle between
the direction of Ho and a [100] direction in the sample.
In order to explain this angular variation it was neces-
sary to include two anisotropy terms in the expression
for the magnetic anisotropy energy. From the angular
variation shown in Fig. 5, therefore, the anisotropy
constants K; and K, were measured. Their variation
with temperature is given in Fig. 6.

Referring again to Fig. 5, we have plotted a curve
for 25°C showing the best fit to the observed angular
variation of the resonant value of Hy that can be made
using only the first term in the expansion for the anis-
tropy energy. We see that this curve does not fit the
experimental data very well and that it is necessary
to include the second-order term to get a good agree-
ment. This result is different from that observed by
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Fi1c. 4. 1/T; vs temperature from NiOFe;O; resonance curves.
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Yager et al. and indicates that there may be considerable
variation in the anisotropy energy from crystal to
crystal depending on the impurity content and method
of preparation.

Table I shows the variation in the g value as a func-
tion of temperature. This g value is calculated from the
value of H, required for resonance and remains essen-
tially constant over the whole temperature range. It
had been expected that there would be some correlation
between the value of g and that of the magnetic ani-
sotropy energy. This correlation was expected since it
is believed!® that the spin system “feels” the crystal
lattice through the agency of the spin-orbit and orbit-
lattice coupling parameters. Thus any variation in the
strength of the orbit-lattice coupling would be mani-
fested by a change in both the g value and the anisotropy
energy. Such a correlation is not evident here.

In calculating both the g values and the anisotropy
constants it is necessary to know the saturation mag-
netization, My, of the nickel ferrite as a function of
temperature. Pauthenet!® has published data on this
quantity. In experiments with other ferrities, however,
it has been observed that there was considerable varia-
tion in both M, and the Curie temperature among
ferrite samples of supposedly the same chemical com-
position. It was of interest, therefore, to ascertain the
value of M, for the particular lot of NiOF;0; crystals
used here.

To do this some of the crystals used were ground to
a fine powder and then formed into thin disk-shaped
specimens by subjecting the powder to a pressure of
several hundred tons per square inch in a hydraulic
press. When the resonance phenomenon is observed for
such samples it is found that the line width is con-
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siderably increased by the so-called ‘“powder broaden-
ing.” It is not expected that the resonant value of H,
will be displaced due to this “powder broadening;”
however, the resonant value of H, will be considerably
affected by the demagnetizing field.

The demagnetizing field can be calculated using the
formulas compiled by Osborne!” considering the disks
as limiting cases of flattened oblate spheroids. A value
for M can be determined by comparing the value of the
field required for resonance in a spherical sample, where
M, enters only through the anisotropy field, with the
field required for resonance in a disk-shaped sample,
which is strongly affected by M, through the agency of
the demagnetizing fields. Figure 7 shows the tempera-
ture variation of M, calculated in this fashion compared
with the data prepared by Pauthenet.

Table I also lists the g value computed for the disk-
shaped samples using the calculated value of M. These
values of g are quite sensitive to any error in deter-
mining M, and thus agree with the values of g computed
for the spherical samples within the accuracy of the
experiment. In addition, we have listed in Table I the
value of H, required for resonance and the computed
value of H ;.

V. CONCLUSIONS

Comparison of the experimental data with the curves
predicted by Kittel’s theory shows that a resonance
type curve fits the observations very well. The physical
reasons for this are not clear. Measurements made by
Damon®® on spin-lattice relaxation times indicate that
the spin lattice interaction contributes little to the line
width. Since the other mechanisms which are respon-
sible for the line width are not evident, it seems fruitless
to discuss the more difficult problem of line shape.
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The increase of T, with temperature shown in Fig. 4
is unexpected. This increase rules out the possibility
that spin lattice relaxation and dipolar forces con-
tribute materially to the line width since their tem-
perature variation would be the inverse of that ob-
served. The fact that the line width increases along
with the increase in ordering of the electron spins, as
0°K is approached, indicates that the cause for the line
broadening might be sought in action of the pseudo-
dipolar forces mentioned by Van Vleck.? He points out
that, if crystalline imperfections exist, these forces may
couple together microcrystals of slightly different
resonance frequencies, thus broadening the line. Such
forces could increase with the increase in anisotropy
energy and thus become more pronounced at low tem-
peratures.

In this connection it would be of interest to make
measurements at lower temperatures to determine
whether or not ordering of the magnetic lattice even-
tually overcomes the tendency for the line to broaden.
It may be, as Van Vleck suggested, that the effect of
impurities in the crystal lattice would obscure such
tendency and no narrowing would be observed.

Experiments at lower temperature would likewise be
of interest in connection with the anisotropy energy.
The measurements made here show that the anisotropy

TasLE I. g values of NiOFe;Os.

Polycrystalline

Single crystal sphere material
Temp Hres Hest g Temp g
—195°C 2486 2856 2.26 —195°C 2.28
—65°C 2567 2878 2.24
25°C 2597 2866 2.25 25°C 2.24
100°C 2677 2878 2.23 115°C 2.19
200°C 2693 2834 2.26 233°C 2.20
300°C 2735 2844 2.25 360°C 2.16
400°C 2792 2828 2.26 488°C 2.20
500°C 2795 2813 2.27 542°C 2.30
588°C 2813 2812 2.27
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constants increase in magnitude very rapidly with tem-
perature in the vicinity of —195°C, and it is not expected
that such a temperature variation would continue. At
higher temperatures, as has been observed in the ferro-
magnetic metals, the anisotropy energy falls to zero
before the Curie temperature is reached.

The g value as seen from Table I remains essentially
constant over the whole temperature range studied.
This is a different behavior from that reported by
Bickford® for magnetite. In the case of magnetite the
change in g value could be correlated with the change
in anistropy energy, the lowest g value occurring near
the temperature where magnetite undergoes a transition
and becomes magnetically isotropic. No such correlation
is possible here, and reasons for this different behavior
are not known.

In conclusion the writer would like to acknowledge
his debt to Professor N. Bloembergen who has given
generously of his time and advice during this inves-
tigation. He would also like to acknowledge his gratitude
to the Bell Telephone Laboratories who supplied the
single crystals of NiOFe;0O3 studied.



