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Antiferromagnetic resonance in single crystals of FeF, was ob-
served between 1.5° and 66°K (T'x=78.4°K) in the far-infrared
region. The resonance frequency at T'~0 was found to be
#(0) =52.740.2 cm™. Using the antiferromagnetic resonance rela-
tion derived by Kittel, Nagamiya, Keffer, and others, and using
the experimental value for the static susceptibility, the uniaxial
anisotropy constant at absolute zero, K(0), was inferred to be
1.1X 108 ergs/cm?® (40 cm™/atom). Measurements of the splitting
of the line caused by an external magnetic field gave g =2.25
=+0.05. The anisotropy energy in FeFs, being primarily due to the
crystalline field-spin-orbit interaction, may be described by a term

I. INTRODUCTION

NTIFERROMAGNETIC resonance was predicted
by Kittel! in 1951, and has been discussed more
completely by a number of authors since then.2—8 It has
been shown that the resonance frequency has a direct
dependence on both the exchange and anisotropy
energies. This fact has made the resonance observations
particularly useful, since the magnetic anisotropy of an
antiferromagnet is difficult to determine by the usual
torque measurements. This difficulty is due to the ab-
sence of any externally appearing magnetization, except
for the small induced moment, which contains ani-
sotropy effects only in second order.

Various antiferromagnets differ in the magnitude and
origin of their anisotropy, as well as in the strength of
their exchange interaction, and it is informative to study
the resonance absorption in a number of them. The few
compounds which have been investigated® prior to the
present work have been characterized by the fact that
their resonance frequencies have been reached using
millimeter microwave techniques. However, many anti-
ferromagnets have sufficiently large exchange and ani-
sotropy energies that their resonance frequencies are
expected to lie in the submillimeter or far-infrared
spectral region. We have observed the antiferromagnetic
resonance in FeF,, which has a very high anisotropy
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2; DS,? in the Hamiltonian. By including this interaction in the
molecular-field treatment, we have determined D= —9+2 cm™,
and have calculated the temperature dependences of the sublattice
magnetization, the anisotropy constant, the resonance frequency,
and the line width. The last two were compared with the experi-
mental results and found to be in reasonable agreement. The line-
widths were found to follow a 7% law above 15°K. The search over
a frequency region of 13-70 cm™ for the absorption lines expected
in the paramagnetic region was unsuccessful, possibly indicating
a relaxation time of less than 1072 sec.

energy, at about 1580 kMc/sec (corresponding to a free-
space wavelength of ~0.2 mm) at low temperatures. A
preliminary account of this work has been previously
given.!

Ferrous fluoride has a rutile-type structure'! as shown
in Fig. 1. The Fet™* ions, which form a body-centered
tetragonal structure, are surrounded by a distorted
octahedron of six I~ ions. The symmetry axes at a
cation site are the [1107], [1 10], and [0017] directions.
The axes of the body-centered ion are rotated 90° about
the ¢ axis to obtain the equivalent axes at a corner ion,
thus causing the macroscopic anisotropy to be uniaxial.
This anisotropy is relatively strong since it is due to the
effect of the symmetry of the crystalline electric field
upon the spins through the spin-orbit interaction. Below
the Néel temperature of 78.35°K,'? long-range antiferro-

F16. 1. Crystal structure of FeF; showing the magnetic moment
arrangement in the antiferromagnetic state. The lattice parame-

ters, from reference 11, are @=4.6966 A,
21=0.305.

0 R. C. Ohlmann and M. Tinkham, Bull. Am. Phys. Soc. 3,
416 (1958).
( 17, W. Stout and S. A. Reed, J. Am. Chem. Soc. 76, 5279
1954).

12 J, W. Stout and E. Catalano, J. Chem. Phys. 23, 1803 (1955).

¢=3.3091 A, and

425



426

magnetic order is present and the ions may be grouped
into two sublattices according to their average spin
directions,” as shown in Fig. 1.

II. THEORY

The antiferromagnetic resonance frequency of a two-
sublattice antiferromagnet having uniaxial anisotropy,
in the absence of an external field, is given by?

wWe= ’Y(ZHEHA—FHAZ)%, (la)

where y=ge/2mc, Hg is the exchange field, and H 4 is
the anisotropy field. This has been derived using a
molecular-field approximation in which Hg=AM, where
A is the molecular-field constant, and M is the average
sublattice magnetization. If the uniaxial anisotropy
energy is written in its simplest phenomenological
form as
E 4= —%K/(cos?0;+ cos?d,),

where 0; and 6, are the angles between the two sublattice
magnetizations and the easy (c¢) axis, then it is also easy
to show! that H,~K/M.

The exchange and anisotropy effects may be separated
using the perpendicular susceptibility (in the antiferro-
magnetic state) and the relation!® (X,)"'=N4- (K/2M?).
By substituting into Eq. (1a), the resonance frequency
may be written

wo= 'Y(ZK/X.L)%- (1b)

Thus, the anisotropy constant, K, can be calculated
from the experimentally measured quantities.

The above theory was derived on the assumption of
an isotropic g factor in the gyromagnetic ratio y. How-
ever, the susceptibility measurements on FeF, (in the
paramagnetic state) show'67 that g, is greater than g,
by about 10%,. The usual isotropic molecular-field ap-
proximation is not directly applicable in the case of an
anisotropic g value, but the simplicity of the standard
approach may be recovered by a transformation to an
isotropic form. The manner in which this may be done
has been shown by Nagamiya'® in his treatment
of the antiferromagnetic resonance in orthorhombic
CuCly-2H,0. Following Nagamiya, we assume an iso-
tropic g value, which we arbitrarily set equal to g;;. The
results of the isotropic theory may then be taken over
with the modification that, where the external field H
appears in the equations, its component perpendicular
to the ¢ axis is replaced by (g./gi)H,, while the perpen-
dicular susceptibility X, is replaced by (gii/gu)*X..

The preceding theory is used in Sec. IV to analyze the
experimental results. In Sec. V, the theory of the ani-
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a zero-order grating.

PARABOLIC
MIRROR

sotropy energy is discussed on the basis of a spin
Hamiltonian-molecular field treatment and its tempera-
ture dependence is derived. The linewidth and shape
are discussed in Sec. VI, and the paramagnetic region
in Sec. VII.

III. EXPERIMENTAL METHODS
Monochromator

The far-infrared monochromator, schematically shown
in Fig. 2, was similar in optical design to the one de-
scribed by McCubbin and Sinton.!® The source of radia-
tion was a high-pressure mercury vapor lamp (General
Electric type H100-A4). A Littrow system was used, the
main diffraction gratings having 2 by 3 in. oval-shaped
holes in their centers to allow the use of an on-axis
parabolic mirror of f/1.5 aperture ratio. The echellete
gratings were ruled in the departmental shop either on
a f%-in. layer of solder bonded to a brass backing plate,
or on solid Dural. They had a 14.5° blaze angle and
ruling spacings of 0.26, 0.34, 0.45, and 0.75 mm.

The harmonics of the desired frequency, which were
also diffracted and reached the exit slit, were greatly
attenuated by a combination of filters. Carbon-black
coatings on the mirrors and transmission filters absorbed
the near-infrared radiation, while crystal quartz, fused
quartz, and rock-salt filters removed most of the longer-
wavelength harmonics. In addition, the plane mirror
before the entrance slit was replaced either by a crystal
of KRS-5, for use from 140 to 280 u, or by an appropriate
zero-order grating, for use at longer wavelengths. The
depth of the observed antiferromagnetic resonance ab-
sorption showed that a radiation purity of about 909,
was obtained at about 190 u.

An innovation was the use of a metal light pipe® to
channel the radiation from the exit slit to the liquid-
helium Dewar, as shown in Fig. 3. To eliminate the
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large number of water vapor absorption lines, the
monochromator case and the light pipes were evacuated.

Detector

The radiation was detected by a carbon resistance
bolometer?'2? operating at 1.3-1.5°K. This consisted of
a %5 X%X0.015 in. slab ground from a 56-ohm Girard-
Hopkins resistor onto which indium contacts were
evaporated. It was glued to the brass bottom of the light
pipe with a 0.001-in. Mylar film interposed for electrical
insulation. A light cone was used to condense the radia-
tion from the 0.43-in. i.d. light pipe onto the bolometer.
The bolometer, which operated in vacuum, typically
has a resistance of 250 kohm when conducting 9 pa and
with the helium bath at 1.4°K.

Temperature Measurement and Control

To observe the temperature dependence of the anti-
ferromagnetic resonance, the FeF; sample was placed
in the light pipe 12 in. above the bolometer. As the
helium level dropped, the sample temperature rose at
about 0.2°/min, which was slow enough so that the
effect of the temperature change was negligible during
a single sweep through the resonance line. This was
checked by using the heater to hold the sample tem-
perature constant during some runs. Sample tempera-
tures of over 100°K could be obtained using the heater
when the helium was at the bolometer level. The tem-
perature was measured using a thermocouple made from
a silver-gold alloy vs a gold-cobalt alloy.

Sample Preparation

A number of single-crystal samples were obtained?
which were as large as several millimeters on their
longest edge. Sample I, which was used for the majority
of the experiments, was ground into a disk having the
[0017] direction, as determined by the usual Laue back-
reflection technique, normal to its surface. This was
done since the maximum resonance absorption of un-
polarized light occurs when the direction of propagation
is down the ¢ axis, the easy axis of magnetization.
Thicknesses of 2, 1, and 0.5 mm were used in successive
groups of observations. It seemed impractical to grind
this sample thinner than 0.5 mm since an excessive
number of cracks and pinholes developed.

Sample II, which was 1 mm thick, was used primarily
for the observations of the splitting of the resonance
line using a magnetic field directed along the ¢ axis.
Since the nature of our apparatus required that the
field be perpendicular to the direction of radiation pro-
pagation, the ¢ axis had to lie in the plane of the sample
disk. However, after the sample was mounted, the x-ray
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pattern disclosed that the ¢ axis was 5° out of this plane.
This error required a 0.49, correction to the effective
magnetic field.

Preliminary results with a number of unoriented
samples were also included in the resonance-frequency
data. These were taken before improvements in the
radiation purity were made, but were consistent with
the later results.

IV. EXPERIMENTAL RESULTS
Field-Free Resonance

The antiferromagnetic resonance was observed at
temperatures ranging from 1.5° to 66°K with no static
magnetic field applied. Figure 4 shows the appearance
of the data taken at the sample temperatures of 2°, 36°,
and 50°K. The distribution of the background energy
with wavelength is shown by the dashed lines in the
figure. This is the energy which would have reached the
detector in the absence of any antiferromagnetic reso-
nance absorption. It was obtained with the sample
heated to 100°K, well above the Néel temperature
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Fi16. 4. Antiferromagnetic resonance lines. The original data
has been replotted to have the three curves of equal scale, and the
amplitude has been adjusted to have the absorption curves join
smoothly on the background energy distribution shown by the
dashed curve. These curves have been obtained using sample I,
0.5 mm thick, with the 260-u grating in the spectrometer. Running
conditions were: 2°K, 1.5-mm slit, 0.75 u/min, 45-sec time con-
stant; 36°K, 6 mm slit, 6 u/min, 11-sec time constant; 50°K,
10 mm slit, 12 u/min, 11-sec time constant.

(79°K). The shape of this distribution was the combined
result of the source distribution, the grating efficiency,
the filtering, including the filtering of the sample itself,
and any false energy present. It was necessary to have
the sample present in determining the background in
order to separate the resonance absorption from the
frequency-dependent lattice absorption. Evidence that
the absorption line did not come from the excitation of a
lattice vibrational mode is the splitting of the line pro-
duced by a magnetic field and also the temperature de-
pendence of the resonance frequency. Large fluctuations
on the background, due to interference phenomena from
multiple internal reflections, were eliminated by non-
parallel grinding of the two surfaces of each filter and of
the sample. The slight irregularities remaining in the
background distribution, which were also found with
no sample present, were suspected to be due to stray
reflections in the monochromator, but we were unable
to eliminate them.

In normalizing these curves, the false energy simply
was assumed to be a constant percentage of the back-
ground energy. This percentage was obtained from the
fact that the attenuation at the line center was so high
that, except for the widest lines observed, the true trans-
mission at the center of the line was essentially zero.

R. C. OHLMANN AND M. TINKHAM

Thus the remaining signal (10-159%, of the background
energy) was false energy. This was confirmed by the
observation that the resonance lines using sample I, be-
tween 15° and 45°K, which show at least a factor of 5 in
their range of apparent linewidths, all had the same
maximum absorption. Only the lack of instrumental
resolution prevented the narrow lines observed below
15°K from showing the same maximum absorption.

After each curve was normalized, the resonance fre-
quency was taken to be the frequency at which the
relative transmissivity was a minimum. A plot of these
frequencies vs temperature is shown in Fig. 5 along with
the theoretical curve obtained below. The indicated
uncertainties were estimated from the normalized trans-
mission curves, and range from 10 to 309, of the line-
widths. Since the observed lines were considerably
asymmetric, the relationship between the frequency at
the transmission minimum and the theoretical resonance
frequency must be determined and this is done below in
Sec. VI. However, for the very narrow lines, the differ-
ence is unobservable and the resonance frequency
extrapolated to 0°K is

70(0)=52.7£0.2 cmL, )

Resonance Observations in a Magnetic Field

The observations in a magnetic field were necessarily
made under a relatively narrow range of experimental
conditions since only 19 000-oe fields were available
compared to the effective internal field of 500 000 oe. At
absolute zero, if the external field is along the preferred
axis, the splitting of the resonance line?3 is twice the
Larmor frequency wr=+vyH,. This yields a splitting of
about 4 cm™ with the above field and with a spectro-
scopic splitting g factor equal to 2. Approximately, this
splitting was observed at low temperatures where the
linewidths were about one cm™. However, if the external
field is perpendicular to the preferred axis, the splitting
is a second-order effect equal to wz?/wo. This would be
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¥Fic. 5. Temperature dependence of the resonance frequency.
The experimental points represent the frequencies at the trans-
mission minima, and the curve is the result of the theory given
in Sec. V.
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F16. 6. Splitting of the line in a magnetic field. The ratio of the
signal observed with the field on to that with the field off is plotted
vs frequency. The central peak represents the inverse of the ab-
sorgtion observed in the absence of a field. The temperature was
1.5°K. The splitting is consistent with g=2.25+0.05.

only 0.08 cm™! with the above fields and, therefore, it is
unobservable.

The ratio of the signal from a typical run with an
18 7004400 oe field applied to that from a zero-field
run is plotted in Fig. 6. Since all other conditions of the
runs were identical, this ratio isolates the magnetic
effects. The central peak represents the reciprocal of the
zero-field absorption line, while the two dips on either
side are the split lines which result from the field being
present. The intensities of the lines are consistent with
the assumption that, at the peak of each line, there was
almost 1009, absorption of the appropriate component
of the radiation polarized perpendicular to the ¢ axis,
while the other component was not absorbed.

The result of these observations is that

This value agrees within experimental error with that
obtained by Foner'” from the susceptibility at high
temperatures and with Tinkham’s value from para-
magnetic resonance observations on the dilute salt
(Fettin ZnF,).24

Hgz, Hy, and K at T=0

Asapreliminary to the discussion of the antiferromag-
netic nature of ferrous fluoride, the values of some of the
macroscopic parameters at absolute zero are calculated.
The theory just discussed, including the appropriate
 modifications for the anisotropic g factor, is sufficient
for this purpose. This means that Eq. (1b) should be
written wo=~1(2K/X,)¥(g./g1), where vi=gue/2me.
We have used g,=2.0540.05, which was obtained from
the high-temperature susceptibility data.’” This value
agrees with the value calculated from the susceptibility
anisotropy,'® X;;—X,, which also follows a Curie-Weiss
law with a Curie constant proportional to g;2—g.2

YR Tinkham, Proc. Roy. Soc. (L.ondon) A236, 535 (1956).
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In the formalism of an isotropic g equal to g, the
effective field for resonance at T=01is wo(0)/v11=H :(0)
=500 koe. By using X,(0)=0.0159M emu,® one obtains

K(0)=2.4X10° ergs/mole=1.1X108 ergs/cm?®.  (4)

Since only a small portion of the anisotropy arises
from the interactions between the magnetic ions,
while the major part is due to the interaction of each
ion with its crystalline field, it is relevant to refer to the
anisotropy energy per Fe?* ion, «(0), which -equals
K(0)/(N/2) or 4042 cm™/ion. [We divide by (N/2)
rather than NV because only one sublattice at a time
enters in the consideration of anisotropy energy, i.e.,
3K cos?0,= (N/2)%«x cos?6:.]

The saturation magnetization of a sublattice is
M(0)=34Nguus(S);=560 gauss (where we have taken
(S)=0.985 to account for the zero-point motion).
Thus one obtains H4(0)=K(0)/M (0)=200 koe and
Hz(0)=540 koe.

V. INTERPRETATION OF RESULTS
Origin of the Anisotropy

The principal source of magnetic anisotropy in FeF,
is the effect of the asymmetry of the crystalline electric
field upon the spins, the interaction occurring via the
spin-orbit coupling. The other sources of anisotropy
usually considered'*—the dipolar interaction and the
anisotropic exchange interaction—are probably an
order-of-magnitude smaller. The dipolar anisotropy
energy would be about the same as that found in MnF,,
which is magnetically and crystallographically similar to
Fel"; but whose anisotropy is almost entirely of dipolar
origin. This energy (1.8 cm™/ion at 0°K?25-%7) is less
than 5%, of K(0) found for FeF,. The anisotropic ex-
change, resulting from the combined effect of spin-orbit
coupling and the isotropic exchange, is more difficult to
estimate. However, since it is a third-order perturbation,
we might expect it to be small compared to the second-
order crystalline field-spin-orbit-coupling interaction.

The free ion of Fe** has a 3d%°D ground state. The
orthorhombic symmetry (Da) of the ligand field at the
cation site in FeF, completely removes the fivefold
orbital degeneracy of the D state. A quantitative calcu-
lation of the splitting is difficult®®® since it is sensitive
to the polarizability of the fluorine ions and the degree
of overlap of the d electrons onto the fluorine. However,
the estimated separation of 1000 cm~' between the
ground state and the first excited orbital state is suffi-
ciently greater than the free-ion spin-orbit-coupling
constant,® A= — 103 cm™, that one may use a perturba-

25 I, Keffer, Phys. Rev. 87, 608 (1952).

26 T, Oguchi, Phys. Rev. 111, 1063 (1958).

27 S. Foner, Phys. Rev. 107, 683 (1957).

28 K. Niira and T. Oguchi, Progr. Theoret. Phys. (Kyoto) 11,
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2 M. Tinkham, Proc. Roy. Soc. (London) A236, 549 (1956).
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. Phys. Soc. Japan 11, 211 (1956).
3LR. E. Trees, Phys. Rev. 82, 683 (1951).
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tion treatment on the ground state which leads to a
spin Hamiltonian. For orthorhombic symmetry, the
effect of an L-S perturbation may be represented in
the spin Hamiltonian as

DSP+E(SS—S/), ©)

where only the lowest-order anisotropic terms are
considered.

In the following analysis the molecular-field approxi-
mation is used to determine the relationships which
exist between the parameters of the spin Hamiltonian
and the macroscopic parameters entering into the anti-
ferromagnetic resonance theory. The treatment has been
simplified by neglecting the second term of Eq. (5),
since Tinkham? has shown that E<D. Tinkham esti-
mated that D= —7.320.7 cm™' and E=0.704-0.04 cm™
from his observation of paramagnetic resonance of Fet+
as a substitutional impurity in ZnF,, combined with a
measurement of the temperature-dependent anisotropic
susceptibility of his dilute crystal.

The spin Hamiltonian for the whole crystal, involving
the sum of the anisotropy contributions from each atom
and the sum of all the exchange contributions, may be
considerably simplified into a sum of the effective
Hamiltonians of the individual ions by means of the
molecular-field approximation. The exchange interac-
tion is partitioned by replacing its effect on an individual
ion by the interaction of the spin of that ion with the
average spin on the rest of the lattice. The spin Hamil-
tonian may then be written, for an ion on site & of
sublattice 1, as

ch= [2]121(S2>+2 (J222+]323) <Sl>] . Sk+DSkz27 (6)

where (S;) and (S;) are the statistical averages of the
spins of the individual ions on the two sublattices, and
21, 22, and 23 are the coordination numbers of the various
types of neighbors, namely 8, 2, and 4 in the FeF, lattice.
In the absence of a magnetic field and below the transi-
tion temperature, we may let (S;)=—(S:) as a suffi-
ciently good approximation so that the above Hamil-
tonian may be written, dropping the & subscript, as

Je=—J(S:)-S+DS 2, ©)
where J=2J121—2J930— 2J333>0 and D<O0.

Sublattice Magnetization

The sublattice magnetization® is found from the
condition

(Sz)="TrS, exp(—3C/kT)[Tr exp(—3/kT) T (8)

In the approximation used here, (S,) is directed in the
positive z direction so that {(Si)=(S,). One obtains,
using (7) and (8), the equation

(S:)=2 m exp(—En/kT)/Z exp(—En/kT), (9)

3 A similar calculation of the sublattice magnetization has been
performed by A. Honma [J. Phys. Soc. Japan 15, 456 (1960)].
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where

L= —J(Sym~+Dm? (10)

are the eigenvalues of the Hamiltonian and m covers the
range of —2 to 2 for S=2. These equations determine
(S.) for a given J and D.

The transition temperature, T, is the highest tem-
perature for which there is nonzero solution for (S,).
Setting the derivative with respect to (S,) of each side
of Eq. (9) equal at Ty, and letting (S,)=0, one obtains

kTN/T=3_ m? exp(—Dm?*/kTx)/
> exp(—Dm*/kTy) (11)

~24+2.8(—D/kTx)
+0.6(—D/kTN)*+---.

The effect of correlation, as calculated by Brown and
Luttinger® and Smart* for S=2 and eight nearest
neighbors, is to reduce the value of kTy/J by about
159, and this correction has been included in the
numerical determination of J.

(12)

Anisotropy Energy

The magnetic anisotropy energy is that part of the
free energy which depends upon the direction which the
sublattice magnetization, or (S), makes with the crystal
axes. Let (S) be directed along an axis {, taken for con-
venience to lie in the xz plane and having direction
cosines «a, 3, and v with the %, y, and z axes. Then, for
small values of @, the eigenvalues of the Hamiltonian
(7) may be written

En=E,+3E, o (13)

Expanding the free energy per ion

f=—kT In[3 exp(—En/kT)]

in a Taylor’s series in e, i.e., fo+3ka? gives the ani-
sotropy energy per ion k as

k=K/(N/2)

=2 E," exp(—E.'/kT)/Z exp(—En"/kT).
The eigenvalues of the Hamiltonian are easily obtained
by rotating to a new set of orthogonal axes £, #, and ¢

and considering the term depending on angle as a
perturbation. We obtain, including all terms to o?,

(14)

En0=—J{(S¢ym~+Dm?, (15)
E.'=—D[3m—S(S+1)]
(m+1)2[S(S+1)—m(m+1)]
2D
J(Ss)—D(2m+1)
= YLSEH -]y

J(S:)—D(2m—1)

3 H. A. Brown and J. M. Luttinger, Phys. Rev. 100, 685 (1955).
# 7. S. Smart, J. Phys. Chem. Solids 11, 97 (1959).
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The anisotropy energy may be calculated as a func-
tion of temperature from Egs. (14)-(16). We assume
that (S¢)=(S.), which is calculated by Eqs. (9) and
(10). At T=0, with (S;)=S=2, we have

k(0)=E," | nes=—6D(1—3D/J), (17)

where the subscript on « denotes that it is that part of
the total anisotropy energy which is due to crystalline
field-spin-orbit-coupling interaction. This method of
obtaining the anisotropy energy is similar to that used
by Yosida* for |D|<«<J, and has been treated for the
case of large anisotropy and S=1 by Cooper.*®

An estimate of D and J may be obtained from Egs.
(11) and (17), using Tw=784°K and the value of
k(0)=40.4£2 cm™! calculated using the antiferromag-
netic resonance frequency. If we subtract 1.8 cm of the
anisotropy energy as being of dipolar origin, we obtain
k.(0) ~38.6 cm~L. This gives D= —10.5 cm™, when J is
increased by 159, to account for correlation. For com-
parison, Tinkham’s value of D=—7.3 cm™ would give
k.(0)=31.2 cm™. This discrepancy suggests a larger
anisotropy from other causes than was estimated. How-
ever, this low value of x.(0) might also arise from the
small difference in the lattice parameters of FeF, and
ZnF, (the host lattice used by Tinkham), which affects
both the crystal-field strength and the degree of overlap
of the d electrons onto the fluorine ions. As a com-
promise, we have used D= —9 cm™ in the calculation
of the temperature dependence of the magnetization
and anisotropy. For this value of D, we have J.$?=101.2
cm™ and k.(0)=35.4 cm™. The exchange interaction
between ions on different sublattices equals 27,252
=gupHg(0)S=116.8 cm™. Since J=2J121—2J22
— 2J 323, the exchange interaction with ions on the same
sublattice is approximately 15.6 cm™.

The temperature dependence of the sublattice mag-
netization, M (T)/M (0)=2%(S.), was calculated from
Egs. (9) and (10) and is shown in Fig. 7. Cooper?® points
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= ——D/KTy20.0! \
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T/

. F1c. 7. Temperature dependences of the sublattice magnetiza-
tion and the anisotropy energy constant. The curve for M /M, for
small D is the usual modified Brillouin function for .S=2.

3 B. R. Cooper, Phys. Rev. 120, 1171 (1960).

RESONANCE IN I'eF. 431
out that if correlation is included, the shift to the right
from the Brillouin-function curve for | D|<</J is approxi-
mately twice as great as that shown in the figure, as-
suming his results for S=1 may be carried over to this
case. The temperature dependence of the anisotropy
energy was calculated using Eqs. (14)-(16) and is also
shown in Fig. 7 both for |D|<J and for |D|/kTx
=0.165, which should approximate the situation
in FCFz.

The change of the antiferromagnetic resonance fre-
quency with temperature has been determined using
K (T) and the experimental values of X, in Eq. (1b), and
it is shown in Fig. 5. The experimentally observed reso-
nance frequency decreases with temperature even more
slowly than the molecular-field theory predicts, although
the experimental uncertainty is considerable. The dis-
crepancy may be qualitatively attributed to the neglect
of correlation. In addition, there is also an effect due to
the large linewidths observed at high temperatures. The
theoretical calculation of the line shape, described in the
following section, has shown us that, for the wide lines
at T>355°K, the frequency at maximum absorption
(plotted in Fig. 5) is up to several percent higher than
that given by wo="~y(2HgH 1+ H 42)}. Unfortunately, the
correction of the data for this effect could not be made
reliably because of the limited accuracy of the line-
width data.

VI. LINEWIDTH AND SHAPE

The usual definition of the linewidth of a magnetic
resonance line is the interval between the frequencies at
which the absorption coefficient (or the imaginary part
of the susceptibility) is half its maximum value. How-
ever, this quantity could not be directly obtained from
the transmission measurements since the low transmis-
sion at the line center was not able to be measured ac-
curately due to false energy and noise. In addition, in
most cases the width of the line, as calculated in the
following was less than the resolution limit of the spec-
trometer. Therefore, the observed transmission line
shapes were fitted to theoretically calculated shapes,
and the width of the theoretical line which best fit each
observed line was considered to be its intrinsic linewidth.

As Dayhoff® has pointed out, regardless of the mecha-
nism for the relaxation of the sublattice magnetizations,
they must be expected to relax toward the instantaneous
field acting upon them. Therefore, a damping term of
the Landau-Lifshitz form was added to the equations
of motion of M; and M, which then may be written, in
the absence of a static magnetic field, as

oM, ,o/01= "/[M1,2>< H,.— (C/M)M1'2
X My,2XHi,0)],

where C is a dimensionless constant, and M=M,,
= —M,,. The components of the effective field acting

(18)

36 E. S. Dayhofi, J. Appl. Phys. 29, 344 (1958).
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on each sublattice are

H1,2= ["_)\sz,r}-Ha:; ‘_‘)\Mﬂz,x‘*‘Hy;
+(Hg+Hy)], (19)

where H, and H, are the components of the radiation
field and Hg=MAM. Following the standard method,?
the complex susceptibility was found. Since no static
field has been included, the off-diagonal elements of
the susceptibility tensor vanish. Letting X,,=X,,=X
=x'—1x", we find that

X=X, (w*+14wd)/ (we*— w?+iwd), (20)

where
w02=’)/2(2HEHA+HAZ)(1+C2), (21)
Xo=M/(Hg+1H,), (22)
6=2Cy(Hg+H2), (23)
A= (Hg+3H4)/(Hg+H a). (24)

In the usual case C<K1 so that wy given by Eq. (21) is
negligibly different from that given by Eq. (1). The
dissipative component x " assumes a Lorentz form when
| w—wo| Kwo, namely,

X=Xy (eon/8) [ 14 (w—wo)2(2/8)2 T,

having a full width at half-maximum equal to é.
The transmission through the sample of thickness z,
including reflection losses at each surface, is given by

(25)

T= [ i ]2 exp[—2(w/c)kz], (26)
(n+1)2+E2
where
n—ik=[(144rx)el, 27

and where e is the complex dielectric constant. To isolate
the magnetic effects, the relative transmissivity, 7/7,
where 7 is the transmission when x=0, was calculated
as a function of frequency using the constants appropri-
ate to FeF, ie., 47X;=0.009/erg gauss? cm3,

o
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F16. 8. A comparison of the experimental and theoretical line
shapes. The experimental curve uses the normalized transmission
from the 36°K run shown in Fig. 4, and the theoretical curve was
calculated using 8/wo=0.1, where & is the linewidth in angular
frequency units. The agreement is within experimental error.
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I'16. 9. The temperature dependence of the linewidth. The
points are experimental. The solid curve was calculated from the
theoretically obtained second moment assuming exchange narrow-
ing. The dashed curve was calculated by relating the second and
fourth moments to those of a cutoff Lorentz line shape.

e=7—10.05, and 4=0.9. The value of e was estimated
from the transmissivity found when the sample tem-
perature was above the transition temperature. The
calculated line shapes agree well with experiment for the
observations above 25°K, as shown, for example, by
Fig. 8. The lack of fit for the narrow lines at low tem-
peratures is due to additional “spurious” absorption
lines on the sides of the principal resonance.

The linewidths which were obtained by fitting the
above theory to the observed transmission data, when
plotted vs temperature as in Fig. 9, empirically were
found to have a T* dependence. In the absence of a
detailed theory of the relaxation at high temperatures,
the linewidth was calculated by considering the fluctua-
tions in the effective molecular fields, as suggested by
Townes.® Since the resonant frequency wg is proportional
to «¥, a statistically determined quantity, the moments
of the line were obtained from the moments of . For
example, the second moment of « is

< (A")Z>av: < (Em” ’“")2>av: (ZK/“’)2< (Aw)2>av-

Although, in principle, all the moments could be ob-
tained and the line shape thus determined, two alterna-
tive approximate methods were used. One was to use
only the second moment and assume the line was ex-
change narrowed. The linewidth § is then given by

0= 2< (Aw)2>av/wex7

where the exchange frequency, wex, is YHg. The result
of this calculation is shown by the solid curve in Fig. 9.
In the other method of obtaining 8, the second and
fourth moments of the line were calculated and equated
to the second and fourth moments of a Lorentz line
shape having an arbitrary cutoff. This gave the dashed
curve in Fig. 9. The agreement of both methods with
experiment is better than expected, considering the

(28)

(29)
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fact that no adjustable parameters were used in either
approach.

The weak satellite absorption lines on the side of the
main resonance were barely observable with the resolu-
tion available. Therefore, a convolution of the trans-
mission data was performed which effectively doubled
the resolution. The instrumental resolution function was
approximated by the energy distribution around the
zero-order diffraction pattern. By successive approxi-
mations on a digital computer (IBM 650), the line
shape was determined which, when convoluted with the
resolution function, gave the observed line shape. To
reduce the possibility that the satellite lines were due
to “ghosts” in the background distribution, the line
shape was normalized using a background distribution
which also had been convoluted. The results of this
computation are shown in Fig. 10. Although the inte-
grated absorption of the strongest satellite was esti-
mated as only 0.1-1.09, of the principal absorption, the
sample was sufficiently thick to allow it to be seen.

VII. PARAMAGNETIC REGION

Above the transition temperature, the anisotropic
terms in the spin Hamiltonian describe a number of
low-lying energy states, between which magnetic-dipole
transitions may occur with the absorption or emission
of far-infrared radiation. The significance of the failure
of our search for the absorption lines due to these transi-
tions is discussed below.

If the exchange interaction in the paramagnetic region
is neglected, a questionable assumption for FeFs,, the
energy levels are given by the eigenvalues of the spin
Hamiltonian, DS 2+ E(S,2—S,?), in an S=2 manifold.
The result of this is a ground state doublet split by
—3F?/D=0.2 cm™, and three higher states of energies
approximately —3(D+E), —3(D—E), and —4D, re-
spectively, above the ground state.?* The transitions
between the lowest two states and states 3 and 4 may
be excited by x- or y-polarized radiation of frequencies
24.846 and 29.44-6 cm™, respectively, where we have
set D=—9-+2 cm™.

A search for these lines, covering a frequency range
of 13 to 70 cm™, both at 100° and 300°K, was conducted
without success. We estimate that the lower limits on
our ability to detect weak absorption lines was such
that a relatively narrow line absorbing 15%, or a broad
line absorbing 409, would have been detected easily
over the noise and background fluctuation. The absorp-
tion coefficient calculated from the transition proba-
bilities of these transitions, assuming a Lorentz line
shape, indicated that the lines would be unobservable
if the relaxation time was less than 1072 sec. This re-
laxation time is consistent with the observations of
microwave Faraday rotation in FeF, by Teaney.?” Such
a rapid relaxation casts doubt on the simple paramag-

37 D. Teaney, thesis, University of California, Berkeley, Cali-
fornia, 1960 (unpublished).
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netic theory. In I'el,, the exchange energy is of the
same order of magnitude as the energy level separations
calculated above. Thus, rather than causing an exchange
narrowing in the paramagnetic region, the exchange
interaction may be expected to broaden the energy
levels. If these broadened levels appreciably overlap, the
eigenfunctions of the spin Hamiltonian neglecting ex-
change are poor approximations to the stationary states
of the complete Hamiltonian.

VIII. SUMMARY

Observations of antiferromagnetic resonance in FeFy
have been made using far-infrared radiation at tem-
peratures from 1.4° to 66°K (=0.8Tx). The anisotropy
and exchange energies have been calculated from the
resonance frequencies and the static susceptibility, the
anisotropy energy being an appreciable fraction of the
exchange energy (Ha/Hp=0.36 at 7'=0). The large
value of the anisotropy energy (1.1X10% ergs/cm?® at
T=0) is attributed primarily to the anisotropy of the
crystalline electric field, which is coupled to the spin
system via the spin-orbit interaction. The theoretical
interpretation of the results was based on the molecular-
field approximation, using an effective spin Hamiltonian
which included the anisotropy. In this way, the macro-
scopic anisotropy energy was related to the anisotropy
term in the Hamiltonian, DS.?, and we have estimated
D=—9+42 cm™. .

The temperature dependences of the sublattice mag-
netization, the anisotropy energy, and the resonance
frequency have been calculated and reasonably good
agreement has been found with the experimental fre-
quency vs temperature data. The line shapes were
satisfactorily described by including a Landau-Lifshitz-
type relaxation term in the resonance equations. Using
this type of relaxation, we have calculated the intrinsic
linewidths from the observed resonance linewidths. The
observed T* dependence of these linewidths has been
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F16. 10. Line struc-
ture at low tempera-
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convoluting the reso-
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fitted over a range of three decades by a theory based
on the statistical fluctuations in the macroscopic ani-
sotropy energy.

The success of the molecular-field approach in de-
scribing our results may be somewhat fortuitous. The
separation of the complete Hamiltonian into relatively
independent individual-ion Hamiltonians is a rough
approximation, known to neglect the correlation of the
spin directions of near ions. However, we have made
full use of this approach in calculating the anisotropy,
its temperature dependence, and the line widths. It is
possible that the inclusion of the strong anisotropy, with

R. C. OHLMANN AND M. TINKHAM

its effect of aligning the spins along the preferred axis,
partially compensates for the neglect of correlation.
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The gyromagnetic ratio of the ferrite NiOFe;O; was determined by measurements of the Einstein-de
Haas effect. The g’ value of 1.8494-0.002 indicates that the magnetization is largely due to the Nit* ions
as in the Néel model. Comparison with values of g determined by ferromagnetic resonance investigations
furnishes evidence as to the validity of the Kittel-Van Vleck relation for ferrites.

INTRODUCTION

AGNETOMECHANICAL determination of g
factors for ferrites should furnish very direct
evidence as to the source of the net magnetization in
these materials. It was therefore thought that Einstein-
de Haas experiments on a nickel ferrite would be of
considerable interest. .

The facility for making these measurements which has
previously been reported! can be readily adapted for
working with ferrites. In fact, for rods having length-to-
diameter ratios of 15 to 1, many ferrites can be magne-
tized to the same order of intensity as the ferromagnetic
metals with which we have previously been concerned.
In addition, the high homogeneity which can be at-
tained with ferrites reduces the random errors due to
coupling with very small external fields.

The rod used .in these experiments was made in
the General Motors Research Laboratories. Consid-
erable care was used to assure the stoichiometry of
NiOFe;0s.

1 G. G. Scott, Phys. Rev. 119, 84 (1960).

RESULTS

These experiments on NiOFe,0; were conducted on
six different days. The values obtained on these days for
g’ were 1.849, 1.847, 1.845, 1.853, 1.850, and 1.848.
Thus the magnetomechanical factor for this ferrite is
1.849-40.002. The corresponding factors for Ni and Fe
are 1.835 and 1.919, respectively. Hence it appears
that the net magnetization in this material is largely
due to the Ni*™* ions as in the Néel model.

The g’ value of 1.849 corresponds to a g value of
2.178. Resonance experiments by Yager, Galt, and Mer-
ritt? give a g value of 2.196 for (NiO)g.95(Fe0).05F€:0s.
Also Yager ef al.? obtain for NiOFe,0; a g factor of 2.19.
Hence these experiments also furnish evidence as to
the validity of the Kittel-Van Vleck relation for ferrites.

The author wishes to thank the Charles F. Kettering
Foundation for making available the specialized labora-
tory facilities required for conducting these experiments.

2W. A. Yager, J. K. Galt, and F. R. Merritt, Phys. Rev. 99,
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