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The microwave spectrum of amorphous sputtered films of Gdp 37Alp 6p exhibits a reso-
nance which moves rapidly to lower fields as temperature is decreased below the para-
magnetic Curie temperature at 30 K and which exhibits no anomaly at the spin-glass or-
dering temperature of 16 K. The shift of the resonance field is interpreted as an effec-
tive anisotropy field arising from local demagnetizing fields of the inhomogeneous mag-
netic system. The theory is also compared to earlier resonance results on CuMn.

In this Letter we report on the microwave res-
onance spectrum of amorphous GdAl and describe
a semiguantitative model for the resonance line
positions. The conclusions are of wider interest
for the study of spin-glasses or other inhomoge-
neous magnetic systems because our theory indi-
cates that the resonance line positions act as a
sensitive probe of the spatial inhomogeneity of
the system while standard magnetic measure-
ments yield information primari1, y about the spa-
tially averaged properties.

Magnetic measurements' ' on an amorphous
sputtered film of Gdp 37Alp ~ have revealed a para-
magnetic Curie temperature of 30 K, indicating a
predominance of ferromagnetic exchange inter-
actions. However at 16 K there appeared a sharp
maximum in the dc low-field magnetic susceptibil-
ity, indicating a spin-glass ordering which pre-
sumably arose from the presence of random anti-
ferromagnetic interactions along with the ferro-
magnetic interactions. Evidence of spatial mag-
netic inhomogeneity has come from specific-heat
measurements, ~ which indicate partially ferro-

0
magnetic clusters with dimensions of order 35 A,
while small-ang1e x-ray scattering measurements'
indicate structural inhomogeneities of undeter-
mined nature but of comparable dimensions.

Here we describe the magnetic resonance spec-

trum of the same GdAl material, ' obtained with
a standard Varian electron spin resonance spec-
trometer at 9.13 GHz. %e observed a broad res-
onance (hH- l kOe) and measured the resonance
fields H

~~
and &, as a function of temperature with

dc fields applied parallel and perpendicular, re-
spectively, to the film plane. At high tempera-
ture the resonance corresponds toy =2, as ex-
pected for the Gd" ion. At lower temperatures
the parallel and perpendicular resonances move
apart because of a well-known demagnetizing-
field effect, and below the paramagnetic Curie
temperature both resonances plunge steeply to
lower fields, as shown in Fig. 1. In this region
the resonance line broadens rapidly and can no
longer be measured accurately below about 12.5
K. Also shown in Fig. 1 are M, and M ~~, the aver-
age static magnetizations at the fields H and H~~,

as interpolated from previously reported magnet-
ic measurements. '

Qualitatively similar resonance results have
been obtained in earlier studies of CuMn alloys
by Owen and co-workers" and by Griffiths, ' who
observed resonance fields shifting downward with
decreasing temperature near the magnetic order-
ing. To interpret the shift, Omen and co-work-
ers" assumed that CuMn was a simple antiferro-
magnet giving an antiferromagnetic resonance at
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where ~ is the angular microwave frequency, y
the gyromagnetic ratio, and H, the antiferromag-
netic critical field. In their theory, H, is given
by (2Hz H')"' where H~ is an antiferromagnetic
exchange field arising from direct exchange be-
tween Mn ions and IJ' is a "conduction-electron
field" which arises from the sd exchange inter-
action and which is assumed to act like an aniso-
tropy field. We consider such a theory quite im-
plausible for our amorphous GdAl system. The
predominance of ferromagnetic interactions in
GdAl, as indicated by the paramagnetic Curie
tempera. ture, makes its treatment as a simple
antiferromagnet highly ar tificial. Furthermore,
direct exchange between the well-shielded f elec-
trons of the Gd" ions is negligible. The theory
is also implausible for CuMn, since CuMn is
now also known to be an inhomogeneous magnetic
system with a combination of ferromagnetic and
antiferromagnetic intera, ctions. "'"

Here we propose an alternative theory for the
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FIG. I. Magnetic resonance fields Hi or Hll at 9.18
GHz magnetizations Mi and N

l~
at Bi and B~l, respec-

tively, and H)ppi and B)pal~ from Eqs. (9) and (10) for
an amorphous sputtered Gdp 37Alp 63 filmas a function of
temperature. ~ and

~ ( refer to the dc applied field per-
pendicular and parallel to the film plane, respectively.
Ts G is the spin-glass ordering temperature and T& is
the paramagnetic Curie temperature.

FIG. 2. Schematic inhomogeneous magnetic medium
in applied field H.

downward shift of the resonance fields. Our the-
ory is based on the effect of inhomogeneities,
which are likely to be present in any (spin-glass)
system with mixed ferromagnetic and antiferro-
magnetic interactions. "" For example, let us
imagine, as shown schematically in Fig. 2, re-
gions enriched in gadolinium or regions where
the nearest-neighbor configurations are such as
to give a. particularly high percentage of ferro-
magnetic interactions. These regions are sur-
rounded by a matrix in which there are more
competing (antiferromagnetic) exchange interac-
tions. We presume a statistical distribution of
shapes for the ferromagnetic regions: some
spherical, others prolate, others oblate. If the
overall distribution is isotropic, there are as
many prolate or oblate shapes pointing in one di-
rection as in another. The scale of the structure
in Fig. 2 is presumed to be several tens of ang-
stroms, as suggested by the specific-heat and
small-angle x-ray scattering measurements.
This assumption allows us to use micromagnetic
theory to treat the problem, which gives a consid-
erable simplification. However we emphasize
that in principle the problem could also be treat-
ed on an atomistic scale, in which case we would
expect qualitatively similar conclusions.

Consider now the effect of an applied magnetic
field on such a magnetic system near the para-
magnetic Curie temperature, so that there is in-
cipient magnetic order in the ferromagnetic re-
gions. Because of the low local demagnetizing
fields, the needlelike regions pointing along the
applied-field direction will magnetize most
strongly. " Spheres or orthogonally oriented nee-
dles magnetize less strongly because of their
larger demagnetizing fields. For example if the
incipient "ferromagnetic" regions are described
by a volume susceptibility X, the parallel nee-
dles have magnetization X while the perpendicular
ones have magnetization X(1+2mx) 'H As X di-.
verges nea, r the paramagnetic Curie temperature,

1294



VOLUME 39, NUMBER 20 PHYSICAL REVIEW LETTERS 14 NOVEMBER 1977

For example, in the idealized case where the co-
lumnar ferromagnetic regions have magnetization
M, and occupy a volume fraction V, of the sam-
ple, while the remainder of the sample has mag-
netization M„one finds

Hioc = 2mV, (1 —Vi)(M, -M2) /(M), (3)

where

(M) = (M, -M, )V, +M, . (4)

These results are valid so long as the interco-
lumnar distance is less than the range over which

the ratio of the magnetizations in the two regions
diverges as 2mx. Therefore we crudely approxi-
mate the induced static micromagnetic magnetiza-
tion distributions as M, (x,y), homogeneous in the
z direction along the applied field but spatially
varying along the orthogonal x and y axes. That
is, we assume that the induced magnetization
forms a columnar pattern. As indicated in Fig.
2, the columnar axis follows the applied dc field
H.

In analogy with the columnar anisotropy mecha-
nism of Cargill and Mizoguchi, "this field-in-
duced columnar magnetization inhomogeneity can
give rise to an effective anisotropy field IJ&„
which is responsible for the resonance field shift
in the following way. Let us suppose the exchange
coupling between spins is sufficiently strong that
in spite of the inhomogeneity of the system, the
spin precession angle 0 during resonance is es-
sentially constant over the characteristic distance
separating the columns. If this condition is not
fulfilled, then the different regions will precess
independently and the response can no longer be
considered as a single resonance mode. Let us
further suppose that during the precession, the
local induced magnetization M(x, y) retains its
static magnitude, which requires that its relaxa-
tion rate be small compared to the precession
frequency.

Since the precessing magnetization has a com-
ponent M(x, y) sin0 which is perpendicular to the
dc-field direction and which is spatially varying,
there must exist a local magnetostatic energy
density" &II„4M sin'0. Here AM is the deviation
M(x, y) —(M) of the magnetization from its spa-
tial average (M) and H„ is the demagnetizing field
2nhM of a column. Spatially averaging this ener-
gy density and equating it to K„sin 0, where K„ is
the effective anisotropy constant, one finds the ef-
fective average anisotropy field H„, =2K„/(M),"

H&„= 2m(~M( yx) —(M(x, y))~')/(M (x,y)). (2)

exchange holds the spins strongly coupled against
demagnetizing forces. A measure of this range'
is the parameter 2mA„where A, = (A/2mM')"' is
a conventional length parameter in micromagnetic
theory and A is the exchange stiffness. To esti-
mate the parameter we use expressions for the
average exchange stiffness'

(5)

the average magnetization

M =gSPXN,

and the Curie temperature in the molecular-field
model

ETC = -zXS J.
Here N is the number of atoms per unit volume,
J is the average Gd-Gd exchange constant (de-
fined as 8;&=—2J'5; S,), S is the average temper-
ature- and field-dependent Gd spin value, S, is
the zero-temperature value of S (= —,'), X is the
atom fraction of Gd, z is the average number of
nearest neighbors, x is the Gd-Gd interatomic
distance, g is the g factor, P is the Bohr magne-
ton, and k is Boltzmann's constant.

Considering the local anisotropy field H&„ to
act along the columns and hence along the applied-
field direction, one can easily generalize the con-
ventional resonance equations" to

v/y =H ~ —4' ~+H „,~,

(u/y =[( Hii+ Hi bi)( H( +Hi oici
+4m Mii)]'i ,2

where & and ll refer to the applied-field configura-
tions perpendicular or parallel to the film plane,
respectively. As before, M ~ and M ~ and M

~~
are

the static average induced magnetizations at H ~
and B~~, respectively. We have included & and II

subscripts on H&„ to allow for the possibility of
some structural anisotropy.

Applying these equations to our GdAl sample,
we first estimate 2', using Egs. (5)-(i) and the
parameters N = 4.5 & 10"cm', Tc = 30 K, x = 3.5 A,
X=0.37, @=2, and S,=-', . We find 2', =35 A,
which is comparable to the inhomogeneity scale
observed in other experiments. 4' This justifies
our use of the strongly coupled limit. Next we
determine Hq„~~ and H&„~ from Eqs. (8) and (9),
with the results shown in Fig. 1. There is a no-
ticeable difference between the two values, which
could be explained if more of the needles of Fig.
2 were oriented normal to rather than lying in the
film plane. Such an anisotropy is a common fea-
ture of materials prepared by thin film deposition
techniques. But above and beyond this structural
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anisotropy effect, II&„increases strongly for
both parallel and perpendicular configuration be-
low the paramagnetic Curie temperature. This
is physically plausible since below this tempera-
ture one expects ferromagnetic clusters to be
forming and the magnetization inhomogeneity to
be increasing. The magnitude of H&„ is also plau-
sible. For example, the maximum observed val-
ue of H„, is 1900 Oe at 12.5 K where 4m(M) - 880
G. Gd, „Al, „would have AM =12600 G if it
were fully ferromagnetically aligned and there-
fore we can expect magnetization deviations
4w(M, -M, ) of this order. If we first assume M,
= 0 and take 4m(M) =880 G as observed, we can
determine V, =0.07 from Eq. (4) and H„, =6000
Oe from Eq. (3). With these assumptions, H&„
is even larger than observed. Working backwards
from the observed H&«, we find V, = 0.02 and

4', = 630 G, which are reasonable values. A

more quantitative test of the theory must await
more detailed structural or magnetic information
on the distribution or strength or the local mag-
netization inhomogeneities.

A similar model can be applied to CuMn. For
example, using data of Owen et al. ' and Kouvel"
on 5.5% Mn in Cu, one has an observed line shift
of 1300 Oe at 1.3 K and 4m(M) - 50 G. The CuMn

sample would have 4aM-2500 G if it were fully
ferromagnetic with a spin of 2 on each Mn. As-
suming a magnetization deviation 4it (M, -M, ) of
this order and taking M, =O, one predicts Vy

=0.02 and II&„=1200Oe, in agreement with the
observed value. From the observed paramagnet-
ic Curie temperature of 50 K, the range of the
exchange coupling can be estimated to be of order
85 A. While these estimates are at best semi-
quantitative and while we cannot rule out the ear-
lier interpretation of Owen et a/. , we believe our
inhomogeneity model offers a more natural inter-
pretation of the CuMn resonance shifts.

In conclusion, we have described a semiquan-
titative model for the resonance line shifts in con-
centrated spin-glasses. The effect arises from
local demagnetizating fields in the inhomogeneous
system. These fields are related to the aniso-
tropic dipolar fields of clusters in the model of
Holtzberg, Thol. ence, and Tournier" but we have
introduced an additional element, namely the
field-induced columnar magnetic structure, with-

out which the line shift is hard to explain. Our
results offer a new additional means for charac-
terizing messy magnetic systems. For example,
as the concentration of Gd increases, the magnet-
ic properties of amorphous GdAl films appear to
approach more conventional ferromagnetic behav-
ior. ' In the crossover region it is hard to say
whether the material is a spin-glass or a ferro-
magnet. We have shown here how the resonance
line shifts can measure the degree of inhomogen-
eity in such a system and thus characterize quan-
titatively the transition from spin-glass to ferro-
magnet as a function of composition. A more
complete resonance study of such a transition
will be presented later. '
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