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where A, 8, C, D are operators S;+, I;+. Further, we
write

S,'=S—S, S,+,

I;*= ', (I,+I;———I;-I,+).
(c2)

(C3)

Equations (C1)—(C3) correspond to treating the S
spins by the Callen factorization with et=0 (appro-
priate for low temperatures) and the I spins by the
Callen factorization with cr=1 (appropriate for high
temperatures) . We then have

(S'S+I )(S—*)(S+I )-
(S'I I+)=-&S') (I I+)-
&S'+I* I")=&S'+I' ) (I"),

(S,+S,-I,*&= (S,+S,—) (I,'),
(S,+I, S,')= (S;-) (S,+I; ),

-

&S. S,+I,-)= (S,*& (S,+I,-&,

&S.+,-S,')= &S.+;
& (S,'&,

&S'I.-I")=&S'& &I.-I ),
(S+I* I ')=(S+I' )(I *),

(Sr+S I *)~(S+S—
) (I')

(S,+I- '&=& '&( + -)
Further, assuming that

&S")= (S'),

(I")= (I')=0,
(S,+Ss ) 0,

(C4)

(I,+Is )2I(I+—1)3,s, (C5)

and Fourier-transforming gives the factorizations (14) .
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Resonance measurements at 70 Gc/sec have been made on single crystals of Gar~Fe, Os (x 1.1) in the
temperature range from 1.2 to 360'K.. The resonance spectra of this complex and highly anisotropic ferri-
Inagnet can be fitted using three parameters. In the range above 200'K the g value was found to be 1.94&
0.0$, with an asymptotic value of 1.96 at high temperatures. At 4.2'K the anisotropy fields are 31 and 58 kG
along the intermediate and hard magnetic axes, respectively. The same parameters fit the low-Geld. resonance
modes g here M and H are not paranel, and thus confirm the above values. The observed linevndths are
large and anisotropic, varying from approximately 400 to 2400 G.

IN'TRODUCTION

r iHKRE has been much recent interest in the prop-..erties of gallium iron oxide (Gas,Fe,Os with

0.7&x(1.4). This highly unusual material was orig-

inally synthesized by Remeika, who found it to be
ferromagnetic and piezoelectric. Macroscopic magnetic
measurements" showed it to be highly anisotropic,
having three magnetically inequivalent axes, with a
net moment of ip~ per Fe ion. Moreover, it was

observed to have a magnetoelectric effect that is
nondiagonal and an order of magnitude larger than
in any other material. 4 Crystallographic investigations5

showed that there are four cation sites: two octahedral

*NAS-NRC Postdoctoral Research Associate.
)Present address: Department of Physics, University of Cal-

ifornia, Berkeley, Calif.
& J. P. Remeika, J. Appl. Phys. 31, 263S (1960).
r C. Nowljn and R. V. Jones, J. Appl. Phys. 34, 1262 (1962).
' A. Pinto, J. Appl. Phys. 37, 43'72 (1966).
4 G. T. Rado, Phys. Rev. Letters 13, 335 (1964);in I'roceedings

o the Internattonat Conference on Magnetesrn, Eottjngham, 1964
Institute of Physics and the Physical Society, London, 1965),

p. 361.; J. Appl. Phys. 37, 1403 (1966).' S. C. Abrahams and J. M. Reddy, Phys. Rev. Letters 13, 688
(1964); S. C. Abrahams, J. M. Reddy, and J. L. Bernstein, J.
Chem. Phys. 42, 3957 (1965).

sites (Fet and Fee) occupied by Fe'+, one octahedral
site (Gar) which may be occupied by either Fe'+ or
Ga'+, and one tetrahedral site (Gas) occupied by Ga'+.
Mossbauer measurements' firmly established the sug-
gested~ ferrimagnetic structure of the material. This
ferrimagnetism is due to spins of presumably equal
magnitude unequally distributed on the sublattices. '
Extensive measurements' on samples with x= j..is have
found the proportion of iron on the four sites to be
Fer (0.90), Fee (0.87), Gat &0.54), and Gas ( 0).

Previous resonance work' yielded complex line shapes
and multiple resonances. Because of the low magnetic
fields used, the interpretation of these data was neces-
sarily inconclusive. In the present work, the use of
high magnetic fields (high microwave frequency)
ensured that the magnetization was saturated in all
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directions at all temperatures. Consequently, ferro-
magnetic resonance theory could be applied in a
straightforward manner, and meaningful values of the
anisotropy 6elds, g value, and linewidths obtained.

THEORY

The ferromagnetic resonance mode of a ferrimagnet
may be found from the familiar equation of motion
for the magnetization M ':

(1/y) (BM/Bt) =MX[H —(1/M) VsrEg), (1)
where V~Ez is the gradient of the anisotropy energy
E~ with respect to the direction of M and H is the
externally applied field. Static and dynamic demag-

netizing 6elds have been neglected since the samples
used were spherical in shape and small compared to
the rf wavelength inside the material. The gyromag-
netic ratio y is assumed isotropic. For orthorhombic
symmetry the anisotropy energy may be expressed in
the form

EA =narra +7rbrrb +~c&c

= (k —k )n '+ (kb —k.)nbs+k„(2)
where the 0.'s are the direction cosines of M with

respect to the easy (c), intermediate (a), and hard (b)
axes of magnetization. Omitting the constant term
and relabeling we have

El+ —Kgcrg +KbQ'b ) (3)

with E„E»0,since c is the easy axis. Thus we have

VsiEI+ =12Kgcr~+J2Ebcrb) (4)

where the x, y, and 2' coordinates are chosen along

the u, b, and c axes, respectively.
Consider 6rst the external 6eld applied along the

easy direction, i.e., H=Hk. From Eqs. (1) and (4)
we have

(1/~) (aM/at)

=MXE—1(2E./M') M j(2Eb/M )M +"H] (5)

For H greater than the coercive force, M Mp, and

taking M and M„each proportional to exp(mt), we

can solve Eq. (5) for the resonance frequencies. Using

the equivalent anisotropy fields

H, =2E,/M, Hb 2Eb/M, —— (6)

we 6nd

a)'/y'= (H+H, ) (H+Hb) (7)

or, alternatively,

H =-,' {—(H,+Hb) +$(H, —Hb) '+4a~'/y'g'"},

H along the c axis. (8)

Now consider the case for H along the intermediate

(a) direction, H=Hi. The situation is more complex

'b See, for example, G. T. Redo, J.Appl. Phys. 32, 129S (1961);
or C. %. Haas and H. B. Callen, in Magnetism, edited by G. T.
Rado and H. Suhl (Academic Press Inc. , Neer York, 1963),Vol. 1,
p. 452.

here since for H&H„M will not be along H (but will
lie in the xs plane). The resonance frequencies are
found to be

oP/y'= $H (2E—./M') Mg$fH —(2/M') (E Eb)—M )
+(4K.Kb/M') M,'. (9)

Using the fact that M will lie along the vector sum of
the anisotropy and external fields, two resonance
conditions" "are obtained,

o)'/y'=H~Hb —(Hb/H. )H', for H&H~

and

~'/y'= (H H.) (H+—Hb —H,), for H) H, . (11)

For H along the b axis the analogous equations are

oi'/p'=H, H, —(H./Hb) H' for H&H, (12)
and

aP/y'= (H—Hp) (H+H, Hb), for—H) Hb. (13)

By measuring the resonance field in each of the three
principal directions at a given temperature, Eqs. (7),
(11), and (13) may be solved for the three quantities
H„Hb and the g value (g=tb&/p) . The validity of the
assumptions made in the above derivations may then
be confirmed by observing the low-field resonance
modes in the u and b directions, whose resonance fields
are given by Eq. (10) and (12) in terms of these
quantities.

EXPERIMENTAL TECHNIQUE AND RESULTS

In order for resonance to occur at the high magnetic
6elds required by the high anisotropy, a spectrometer
operating at 70.1 Gc/sec was utilized. The high fields
were obtained with one of the Naval Research Labora-
tory's Bitter-type solenoids, and the 6eld measure-
ments have an uncertainty of about 1%%u~. Field modula-
tion and lock-in detection were employed. The single-
crystal samples of Ga~,Fe,03 used had nominal values
of x 1.1, and were ground into small spheres, polished,
and x-ray oriented. It is known that the value of z
may vary between crystals in the same batch, "and
that their Curie temperatures will therefore be diGer-
ent. Thus, while measurements at temperatures of
77'I and below gave results which were virtually
sample-independent, the scale of the high-temperature
behavior is determined by the Curie temperatures of
the individual samples. For @~1.1, the Curie tempera-
ture is approximately 350'K.'

The measured resonance 6eMs for a typical sample
having a diameter of 0.010 in. are shown in Fig. 1
as a function of temperature. At 4.2'K and with H
along b, resonance occurs at 72 kG, while with H along c
the resonance has already gone through zero 6eld at
210'K. This latter behavior may be understood from

~ H. Suhl, Phys. Rev. W, 555 (&955).
~' M. T. gneiss and P. W. Anderson, Phys. Rev. 98, 925 (1955).
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FIG. 1. Resonance Geld versus temperature. The full curves are
the usual resonance modes for which M l~ H, and the dashed
curves are the low-field modes for which M and H are not parallel.
The horizontal line at 25 kG represents the resonance field at 70
Gc/sec for a free electron.

The variation of linewidth with temperature for the
three principal directions is shown in Fig. 3. Both the
linewidths and their anisotropy are seen to be large.
The linewidths are small and independent of tempera-
ture in the range from 77 to 230'K. There is a peaking
of DH at about 270'K in the b and c directions. In the
a and c directions, room-temperature measurements on
one sample at 24 Gc/sec did not show any significant
frequency dependence of AH. The linewidths of the
low-6eld modes at 77'K are essentially the same as
those of the high-field modes, but the former increase
more rapidly with increasing temperature than the
latter.

DISCUSSION
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FIG. 2. Anisotropy field versus temperature. The anisotropy
fields H; =2E~/M are calculated from the resonance data of Fig. 1,
as explained in the text.

300

Eq. (8), since II will become negative if FI, and Eb
are very large. From the curves of the calculated
anisotropy Gelds versus temperature presented in Fig. 2,
it is seen that at 4.2'K the anisotropy is indeed quite
large (H, =31 kG and Hb 58 kG) .——Using these values
the resonance field at 4.2'K for H II c is calculated to
be —16 ko. Thus the spread of resonance 6elds due
to anisotropy in the bc plane is almost 90 kG. To
observe the low-temperature resonance with H along c
would necessitate measurements at nearly twice the
frequency employed.

In the region above 210'K in which all three prin-
cipal axis resonances were observed, a computer solu-
tion of Eqs. (7), (11),and (13) yielded the anisotropy
6elds shown in Fig. 2, and the g value. The g value
was found to be constant with temperature, having a
value of 1.94~0.04, with an asymptotic value of 1.96
at high temperatures. For temperatures below 210'K
the g value was assumed to remain constant at 1.94,
and Eqs. (11) and (13) were then solved for the
anisotropy fields.
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FIG. 3. Resonance linewidth versus temperature. hH is the
Geld difference between peaks of the derivative of the absorption
curve.
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On the other hand, the low-field modes (dashed curves)
occur at Gelds lower than the anisotropy Gelds at the
same temperature. Equations (10) and (12) are then
applicable to these modes and, using the data shown
in Fig. 2, agreement between the measured and calcu-
lated resonance 6elds is found within the combined
experimental uncertainties (~5%). This agreement is
an independent check on the validity of the assump-
tions made in the calculations. The results are con-
sistent with the assumption of a temperature-independ-
ent, isotropic g tensor. The assumed isotropy of the
g tensor is also consistent with the approach of the
resonance fields for H along both the u and c directions
to the same asymptotic limit at high temperatures.
Since the spins are thought to have equal Inagnitudes, '
the effective g value determined by resonance is also
that of the individual ions.

The anisotropy 6elds as determined by resonance
measurements are in fair agreement with the somewhat
less accurate static magnetization' and torque" meas-
urements. Preliminary calculations" show that the
dipolar fields give a large contribution to the anisot-

is J. Schelleng (private communication).

A comparison of Figs. 1 and 2 show that the res-
onance fields (solid curves) in the intermediate and
hard directions are always at least 25% greater than
the respective anisotropy fields. Thus M will be essen-
tially along H as was assumed in Eqs. (11) and (13).

2500



F ERROMAGNETIC RESONANCE 605

ropy. The single-ion anisotropy due to the low sym-
metry of the crystal1ine fields at the Fe'+ sites is also
probably large.

In regard to the linewidth, the large anisotropy is
not readily understood. The observed behavior is
similar to that expected from a "polycrystalline"
sample in which all the crystallographic axes of the
individual crystallites are nearly parallel. In this case,
the narrowest linewidths would be observed for an
external field direction in which the internal fields
contributed least to the resonance field, i.e., the a
direction for gallium iron oxide. The linewidth maxima
in the b and c directions at 270'K are perhaps associated
with spin Quctuations due to the nearness in tempera-
ture of the broad ferrimagnetic-paramagnetic transi-
tion. Here again, one would expect the smallest eGect
for the a direction.

As to the various mechanisms which contribute to
the magnitude of a ferrimagnetic resonance linewidth,
many may be ruled out as being too small to explain

the large observed linewidths. These include surface
pit scattering and scattering due to random atomic
disorder. The magnitude of dP is, however, not
inconsistent with two-magnon scattering if there are
long-wavelength fluctuations of the internal fields. '4

This is a result of the fact that Quctuations which
correspond to the wavelengths of magnons degenerate
with the k=o magnons give rise to a greatly enhanced
scattering. Such 6elds may arise from strains in the
vicinity of dislocation lines and impurity atom clusters
via magnetostriction. For Ga2,Fe,03 in particular, it
is conceivable that the value of x itself varies over
distances of the order of several hundred lattice spac-
ings.
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The rate of change of Curie temperature with pressure is calculated for Ni and ¹i-Cu alloys by con-
sidering the pressure-induced shift of the pole in the uniform static spin susceptibility. The short;range
Hamiltonian of Hubbard, Kanamori, and Gutzwiller is employed to describe the interactions among
4 electrons and, following Kanamori, these interactions are treated in the t approximation. The spin sus-
ceptibility is calculated using the Green s-function technique of Martin and Schwinger; the density-of
states curve for paramagnetic Ni computed by Hodges et al. is employed in making numerical evaluations.
Account is taken of inter-d-band interactions, and of the effect on the number of d holes of changes in the
conduction band due to compression. Good agreement with experiment is obtained for Ni. For Ni-Cu alloys,
calculations based on the rigid-band model yield poor results; but the use of an almost equally simple
model in which a fg hole is assumed never to enter a Cu site leads to substantial improvement,

I. PERSPECTIVE COMMENTS

t lHE eGects of pressure on magnetic properties in
the 3d tlansition metals have been studied experi-

mentally for some years. ' ~ However, theoretical e6orts
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directed at explaining these results using quantum-
statistical rather than thermodynamic~" approaches
have lagged considerably behind. The basic physical
ingredients necessary to a more fundamental theory
have not in fact been available until recently, and are,
even at the present time, reasonably well established
only for metals such as Ni, which have nearly filled 3d
bands. ' The most important of these are a Hamiltonian
which gives correctly the quasiparticle energy levels of
the paramagnetic state and a procedure for describing
approximately the interactions among the particles via
the Coulomb forces in a way which is both tractable
and justifiable, and which, because of the strength of
these forces, transcends perturbation theory.

8 M. Kornetzki, Z. Physik 98, 289 (1935).
v R. Smoluchowski, Phys. Rev. 59, 309 (1941);60, 249 (1941);

93, 392 (1954).
"A. Michels and S. R. de Groot, Physica 16, 249 (1950)."J. S. Kouvel and R. H. Wilson, J. Appl. Phys. 32, 435 (1961)."R.Gersdorf, J. Phys. Radium 23, 726 (1962)."T. Nakajima, J. Phys. Soc. Japan 19, 520 (1964).
'4 C. Herring, in Megnetism, edited by G. Rado and H. Suhl

(Academic Press Inc., New York, 1966), Vol. 4.


