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Spin canting, surface magnetization, and finite-size efFects in y-Fe203 particles

F. T. Parker, M. W. Foster, D. T. Margulies, and A. E. Berkowitz
Center for Magnetic Recording Research, 040I, University of California, San Diego, La Jolla, California 92093-0401

(Received 16 December 1991)
0

~
0

Small y-Fe203 acicular particles (250-A diam by 2000 A) with and without surface coating of ' Fe
were examined by Mossbauer spectroscopy in large (to 60 kOe) longitudinal applied fields. As has been
previously seen, the Fe moments are not aligned in large fields. However, unlike previous results, the
canting is found to be a finite-size effect rather than a surface property. Magnetization versus field
curves for the uncoated small y-Fe&03 particles and, as a comparison, large y-Fe203 particles were ana-
lyzed with log-normal anisotropy field distributions within the Stoner-Wohlfarth model. The small par-
ticles show a large paramagnetic susceptibility that increases with decreasing temperature. Using a
Langevin-function analysis, one finds that the susceptibility is not due to superparamagnetism, and the
susceptibility correlates well with the Mossbauer canting. Hyperfine-field tailing increases with tempera-
ture for the small particles, especially for the coated samples, indicating weaker surface exchange in-
teractions.

INTRODUCTION

It has been generally accepted' that the surface spins of
fine particles of some ferrimagnetic oxides are canted to a
much greater degree than those of the core, i.e., the net
moment does not align with large fields. Coey reached
this conclusion from his studies of extremely small y-
Fe203 particles. Using Mossbauer spectroscopy, he
showed that small y-Fe203 particles do not saturate at
4.2 K even in a 50-kOe field. To determine whether the
canting occurred primarily on the surface or in the core
of the particles, Morrish et al. examined a y-Fe203
powder sample that had been coated with isotopically en-
riched Fe, the Mossbauer isotope. Since natural Fe
contains only 2.2% Fe, the resultant Mossbauer spectra
were surface weighted. In longitudinal (along the y-ray
propagation direction) applied fields, the second and fifth
lines were enhanced relative to the other four lines com-
pared to the untreated powder, indicating larger canting
for the coated powder. Although there was some experi-
mental difFiculty with the treatment, resulting in some
very small particles yielding unsplit superparamagnetic
lines, the authors concluded that the canting occurs pri-
marily on the surface. In agreement with this model,
small particles with high ratios of surface area to volume
show enhanced canting relative to larger particles when
measured with the same values of applied field and tem-
perature. Other investigators using similar techniques
have also attributed the observed canting to a surface
phenomenon in y-Fe2O3 (Refs. 5 and 6) and the same
conclusion was reached about NiFe204 and CoFe204 par-
ticles. ' However, we have recently demonstrated that
there is no preferential surface canting on Co-adsorbed
y-Fe203 in small applied fields. This was shown to be
consistent with a theoretical model which included the
high surface magnetocrystalline anisotropy energy associ-
ated with Co.

Since the coated materials of Ref. 3 show states other
than those associated with magnetically stable y-Fe203,

we have reexamined the matter. In this work, we report
data demonstrating that the observed canting in y-Fe203
particles is not a surface effect, but a finite-size volume
effect. The surface spins do, however, exhibit a weaker
exchange than is found in the core states.

Mossbauer spectra of small y-Pe&03 particles with and
without Fe coating were obtained in longitudinal ap-
plied magnetic fields. The relative areas of the
Mossbauer lines are in the ratio 3:2p:1:1:2p:3,' where the
polarization (p) is related to the canting angle (8) between
the moment and the y-ray propagation direction for a
single spin direction by p =2 sin 9/(I+cos 0). The spec-
tra were fit with distributions in magnetic hyperfine field
allowing the determination of the Fe fraction with
hyperfine fields (or moments) less than core values. The
temperature and field dependence of these fractions pro-
vide data on weakened surface exchange and super-
paramagnetism. The canting observed in Mossbauer
spectroscopy should be rejected in the magnetization vs
field behavior of the particles. Experimental magnetiza-
tion data are compared to a model based on coherently
rotating particle moments. These calculations also yield
data on possible superparamagnetic components, and on
anisotropy field distributions needed for determination of
theoretical Mossbauer polarization.

EXPERIMENTAL PROCEDURES

y-Fez03 acicular particles (250 A diam by 2000 A)
were coated with isotopically enriched iron (95% Fe,
obtained by acid dissolution of metal powder) in basic
solution at 100'C for two hours. All wet procedures
were done under Ar. Several preparations were made, re-
sulting in similar room temperature Mossbauer spectra.
Unless otherwise stated, the term "treated" refers to a
sample with 2% metal Fe coated. Mossbauer spectra
were obtained on samples usually dispersed in benzo-
phenone, using a superconducting magnet, with the field
along the y-ray propagation direction. The isomer shift
reference is Fe metal at room temperature. Magnetiza-
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tion measurements were obtained with a vibrating sample
magnetometer on samples tightly wrapped in Ag foil.

MOSSBAUER DATA FITTING PROCEDURES

The fit distributions in magnetic hyperfine field H are
described with relative probability P(H). All subspectra
had a common polarization, and all lines had pseudo-
Lorentzian shapes with common exponent. ' To account
for preferential broadening of the outer subspectral lines
due to unresolved hyperfine interactions and the discrete
distribution spacing, a variable term proportional to the
distance of a line from the center of its subspectrum was
added to the common half width at half maximum
(HWHM) parameter for all lines. The typical fit increase
in the outer line HWHM relative to that of the inner line
was about 10%%uo. By renormalizing the height parameters,
the relative areas under each line were left unchanged by
this procedure. To partially eliminate the problem of line
saturation in spectra obtained in applied fields, the two
most intense subspectra were treated difterently. These
subspectra, denoted by "main, " are primarily due to
Fe + in the 2 and 8 sites of the particle cores. Their 1—6
line intensities were scaled by a separate free fit variable,
typically about 0.95. These lines thus did not enter
directly into the determination of p. For calculations
with applied field (H, ) of 60 kOe, the hyperfine fields and
isomer shifts (IS) of the two main subspectra were free
variables. The other subspectra in the fits (denoted by
"tail" ) were on two fixed distributions beginning 26 kOe
above and below the H for each main subspectrum. The
IS of the tail subspectra were set equal to those of the
corresponding main subspectra. For the 60-kOe applied
field, 296-K spectra, the IS of the tail subspectra for H
below about 300 kOe were set equal to the weighted IS
average for the main subspectra. For fits with data ob-
tained at 40- and 20-kOe applied fields, the tail heights
were fixed by the ratios relative to the main heights ob-
tained with 60-kOe data, with the corresponding values
of H adjusted for the change in external field.

For the spectra obtained with H, =10 kOe the two
main spectra strongly overlap and unique fit parameters
cannot be obtained by using the previous technique.
Thus, two constraints were employed. The ratio of the
two main subspectra intensities was fixed at about 1.5, as
seen in the spectra obtained with H, =60 kOe at 4.2 and
296 K. The isomer shift separation of the two main sub-
spectra was fixed at about 0.13 mm/sec, as found in the
high-field measurements. The tailing subspectra were
placed on a single fixed distribution 26 kOe above and
below the highest H and lowest H main subspectra, re-
spectively. The IS of these tailing subspectra were fixed
at the weighted average obtained for the Inain subspectra.

Spectra obtained with H, =0 kOe were fit with a distri-
bution similar to that used with data obtained in H, = 10
kOe. Quadrupole splitting was allowed for the main sub-
spectra and the three most intense tailing subspectra.
Correlated main subspectra isomer shifts were used above
in the fits of data obtained in 10-kOe applied field. With
applied fields, the quadrupole shift essentially averages to

zero, although some fit line shift may occur. " Thus, in
the fits for the H, =0 spectra, the main isomer shifts were
both used as free parameters. Additionally, no attenua-
tion factor was used on the main 1—6 lines.

100.0-

95.0-

treated 10 kOe
296 K

100.0—

94.0-
' untreated 10 kOe,

296 K

100.0-

~~
CO
C:
0)

89.0-
~~
Cg

0)
EC

100.0-

treated 10 kOe
4.2 K

II

91.5-

100.0-

untreated 10 kOe '

4.2 K

95.5-

-16 -8

treated
t

0 kOe
296 K

16

Velocity (mm/sec)

FIG. 1. Representative Mossbauer data obtained for treated
(coated with 2%%uo metal Fe) and untreated y-Pe&03 in 10- and
0-kOe applied fields. The solid lines denote fits.

RESULTS AND DISCUSSION

Representative Mossbauer data and fits are shown in
Figs. 1 and 2, and P(H) curves in Figs. 3 and 4. The
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FIG. 5. Mossbauer polarization (p) and tailing fraction in a
10-kOe applied field vs temperature. Lines are visual guides.

perature, the smaller particles became magnetically stable
and exhibited the split hyperfine pattern in zero applied
field. Since they were smaller, they exhibited larger cant-
ing angles in applied field. The composite effective cant-
ing angle at a given applied field and temperature was
thus larger than that for the uncoated particles. The
present treated sample shows no evidence of nonmagnetic
peaks at 296 K, even in zero applied field (Fig. 1), and
even though the Mossbauer spectra are weighted towards
the smaller particles due to the 1/d (d= diameter) depen-
dence of the surface-to-volume ratio.

The largest difference in the Mossbauer data between
the treated and untreated samples is the substantially
greater tailing in the treated y-Fe203 sample, as can be
seen in Fig. 5. The tailing fraction is defined as the ratio
of the Mossbauer area contained in the subspectra other
than the two main subspectra to the total area. For both
samples, the tailing increases with temperature, indicat-
ing a weaker exchange for the atoms comprising the tail-
ing, possibly due to lower coordination in surface sites.
The exchange interaction was estimated from the temper-
ature response of the magnetic hyperfine field in a 10-kOe

applied field, assuming proportionality between atomic
spin and hyperfine field. Boltzmann distribution mean-
Geld sums were employed, with g=2, S =

—,'. The core
moments at the two main sites at 296 K averaged about
95%%uo of their value at 4.2 K. This yields a mean core
molecular field at room temperature of about 5000 kOe.
For calculation of a typical surface value of molecular
field, the diffuse peak in H at about 400 kOe for the treat-
ed sample at 296 K is =0.8 times the value at 4.2 K, and
yields a room-temperature molecular field of 2400 kOe.
The approximately 50% reduction in molecular field at
the surface relative to the core of the y-Fe203 particles is
comparable to that found from a study' of Fe obtained
from the Co parent coated on the surface of y-Fe203.
For both current samples, neither tailing fraction ap-
proaches zero at 4.2 K, so part of the tailing probably
arises from weaker core polarization or surface dipolar
fields which are not strongly thermally activated. A and
B sites show similar fractional tailing, although subspec-
tral overlap reduces quantitative accuracy. The fraction-
al tailing seems independent of applied field. For exam-
ple, the treated sample shows 40, 36, and 41% tailing at
60, 10, and 0 kOe and 296 K. This rules against super-
paramagnetism as a tailing mechanism. For comparison
and as a check on the fitting procedure, much larger y-
Fe203 particles (0.2 by 1 pm) were found to exhibit less
than 2% tailing (the statistical limit) in zero applied field
at 296 K.

Another sample of the same small particle y-Fe203
precursor was coated with 10% metal Fe. More than
80% of the Mossbauer signal thus came from the surface
of the particles. There were no evident paramagnetic
peaks in zero applied field at 296 K. Spectra obtained in
60 and 10 kOe fields at 4.2 K showed statistically the
same values ofp as the other samples.

Temperature-dependent magnetostriction of materials
based on y-Fe203 is known' to occur when these materi-
als are embedded in organic binders. To test the possibil-
ity of this mechanism inducing the larger canting ob-
served at low temperature, a sample of small-particle y-
Fe203 was ultrasonically dispersed in boron nitride
powder. The observed values of p in 60 and 10 kOe fields
at 4.2 K were the same as for the samples embedded in
benzophenone.

MAGNETIZATION CONIPARISGN

For the untreated sample, moment vs field data in the
first quadrant were fitted to a distribution in anisotropy

TABLE I. Comparison of some polarization values for y-Fe&03 and treated y-Fe, 03 particles.

H. (koe)
10 20 40 60

T=4.2 K
y-Fe20
Treated y-Fe2O3

T =296 K
y-Fe&03
Treated y-Fe203

0.115(5)
0.116(3)

0.052( 10)
0.062( 10)

0.081(3) 0.065(4) 0.056(4)
0.058(4)

0.028( 12)
0.011(8)
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fields (HK) using the Stoner-Wohlfarth model. ' This
model assumes randomly oriented single-domain particles
with coherently rotating moments. As a comparison,
data for the large-particle y-Fe203 (0.2 pm diam by 1 pm
length) were similarly fit. The calculations were similar
to those previously reported, ' except the saturation
magnetization Mz was treated as a fit variable and a
paramagnetic term was added. If the latter term was

sufficiently large, then the Langevin formalism was used,
with two paramagnetic variables. Thus, the calculated
moment at given applied field (H, ) and temperature (T) is

ks +P (H~ )m (h)
H»

QP(Hx ) ™'

where m is the moment ratio to that observed at the max-
imum applied field (20 kOe), ks the ratio of Ms to the
moment observed at 20 kOe, h =H& /Hz, and
H~=H, A,m, (H—, ) with m, the experimental moment
ratio to that observed at 20 kOe applied field. The term
A,m, is a small correction term to account for deviations
of m, (0)/ks from the expected Stoner-Wohlfarth value
0.5. The paramagnetic term is given by m =yH, for a
linear differential susceptibility, or m~ =ksLL (az), with

ksz the saturation of the paramagnetic fraction, L(az)
the Langevin function, and al =pH, /kT. P (Hx ) was as-
sumed to follow a log-normal distribution with geometric
mean anisotropy field (Hx )G and geometric standard de-
viation o.. About 700 values of Hz were employed in the
sum.

Moment-vs-field data and fits at 4.2 K are shown in
Fig. 6. The temperature dependence of the fit parameters
is shown in Fig. 7. At room temperature, the mean an-
isotropy fields and standard deviations are similar for the
large and small particle y-Fe203. At lower temperature,
(Hx )G for the large y-Fez03 tends to saturate, as would
be expected with the dominate shape anisotropy depen-
dent only on moment. For small y-Fe203, (Hx)G is
anomalously linearly dependent on temperature. The
large y-Fe203 exhibits a small, temperature independent
paramagnetism, which is about 0.7% of the moment ob-
served at 20 kOe. Small y-Fe203 shows a large
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temperature-dependent paramagnetic term, which in-
creases with decreasing temperature to yield about 6% of
the moment in 20 kOe at 4.2 K. However, aI /H, shows
no temperature dependence. Thus, this magnetization
component is not due to superparamagnetism.

The high-field paramagnetism is related to the
Mossbauer canting. This can be seen by computing the
equivalent change in angle for the average spin from the
Mossbauer polarization, p =2 sin 8/(1+cos 8), ignoring
the effects of the Hz distributions on the different angular
dependences of moment and polarization. From 10 to 20
kOe applied field at 4.2 K, the magnetization fit yields
b, m =0.019, while the Mossbauer results yield (using
m=cos8) b, m =0.017, in excellent agreement. Note that
this calculation is essentially independent of the model of
moment vs field, since the fit follows the experimental
data well. For the temperature dependence of magnetiza-
tion, an effective angle at 10 kOe is calculated from
Am =1—cos0, where the Langevin function is assumed
to hold to saturation. The results (Table II) are quite
similar for the two techniques. In contrast, large particle
y-Fe203 shows neither enhanced paramagnetism nor
Mossbauer moment canting.

Since the high-field paramagnetic moment is not due to
superparamagnetism but is caused by the canting in the
smaller particles, a correct theoretical interpretation will
not have two independent terms in the model moment-
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FIG. 6. Relative magnetization vs field at 4.2 K for small-
and large-particle y-Fe203. Lines denote the least-squares fits
based on Stoner-Wohlfarth model.

FIG. 7. Parameters from fits based on Stoner-Wohlfarth
model vs temperature for small- and large-particle y-Fe203.
Lines are visual guides.
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vs-field curve. Assuming that the low-field behavior is
mainly dominated by Stoner-Wohlfarth characteristics,
one can extend the magnetization curves into the second
quadrant to determine model coercivities (Hc) The.se are
compared to experimental values in Table III. The model
coercivities are about 30% higher than experimental,
possibly indicating some incoherent rotation. However,
they are in substantially better agreement than the previ-
ous calculations, ' due to the broader distributions found
through the use of higher applied fields, and are far lower
than theoretical predictions. The much more rapid in-
crease of Hc with decreasing T found in the small y-
Fez03 arises from the more rapid increase in (Hz)G. .

Room-temperature H& for the treated sample was about
4% higher than for the untreated material.

Since the magnetization data show broad anisotropy
field distributions, one must consider the possibility that
the small polarization seen at high fields is due to the
high-Hz tail in the distributions. Thus, calculations of
the expected polarization have been performed for ran-
domly oriented Stoner-Wohlfarth model particles exhibit-
ing anisotropy field distributions. These begin with the
geometrically-averaged line areas A (H, /Hz) for a sin-
gle anisotropy field

gP(H~) AJ(H, /H~)
H~

a (H, )=
QP(Hs )

where a is the area of the jth line (j =1 to 6) with given
probability distribution. The composite model polariza-
tion is then found as

ap ap
p =15 =05

a& a3

Calculations of p were performed with anisotropy field
distributions determined by the magnetization data, ig-
noring the high-field susceptibility terms. Due to the
quadratic dependence of p on 0 for low values of 0, the

TABLE III. Model determination of H& compared to experi-
mental values (units of Oe).

Sample

Large y-Fe&03

Small y-Fep03

T (K)

4.2
296

4.2
296

Model

441
390
549
416

Experiment

334
288
440
306

TABLE II. Effective average angle (in degrees) of spins rela-
tive to applied field direction in small y-Fe&03 in 10-kOe field as
calculated by the fit to moments or Mossbauer polarization data
(p).

r (K)

polarization converges more slowly to its final value than
does the magnetization as terms are added to the high-
Hz tail in P(Hz). Thus for the distribution spacing
6 Hz =0.01(Hz )G, a few thousand terms were included.
The result for small y-Fez03 at 10-kOe applied field and
296 K is p =0.0052, one order of magnitude below the
experimental value. At 4.2 K and 10 kOe, p =0.0066,
or about 6%%uo of the observed value. At 60 kOe,
p =0.00017, or 300 times less than the experimental
value. Thus, the observed polarization is not due to the
high-Hz tail in the Stoner-Wohlfarth anisotropy field dis-
tributions obtained from relatively low-field magnetiza-
tion data.

The cause of the slow approach to alignment of the y-
Fez03 spins is still uncertain. One possibility is magneto-
crystalline anisotropy. Analyses of high-field Mossbauer
polarization data for Co-doped ' and Co-adsorbed y-
Fez03 yield H~ values reasonably consistent with the
large magnetocrystalline anisotropy energies determined
from low-field magnetization measurements. However, if
one applies the same type of analysis to y-Fez03, the de-
duced anisotropy fields are far greater than can be found
for S-state Fe + ions. For example, the polarization ob-
tained in the present work at 60 kOe and 4.2 K yields'
an equivalent uniaxial anisotropy field of 36 kOe. Smaller
y-Fez03 particles (possibly containing some Fe +) with

0
diameters less than 30 A have been obtained by slow oxi-
dation of iron-metal particles and films. At low tem-
peratures, the Mossbauer spectra show essentially no de-
viation from random orientation in fields of 25 and 45
kOe, respectively. The corresponding anisotropy fields
are in the range of hundreds of kOe.

The more likely source for the canting lies in the much
larger exchange fields. The A -B, B -B, and A -A interac-
tions are all competing antiferromagnetic. The weaken-
ing of the dominant 3 -B interaction by Fe vacancies on
the A site, for example would lead to a local B-site spin
canting. Canting occurs readily in ferrites with partial
diamagnetic substitutions, and the surface of the y-Fez03
particles was seen as analogous. However, the current
Mossbauer data show that there is no preferential surface
canting.

CONCLUSION

Although there exists moment canting in the
Mossbauer spectra of small y-Fez03 particles in large ap-
plied magnetic fields, no difference is seen in the canting
as a function of field and temperature between the origi-
nal particles and those with 2 or 10% metal Fe on the
surface. The canting is therefore due to a finite-size
effect, and is apparently uniform throughout the volume
of the particles. Moment-vs-field data for the untreated
sample and a large particle y-Fez03 were fit with anisot-
ropy field distributions within the Stoner-Wohlfarth mod-
el. The large y-FezO3 particles show little additive
paramagnetic susceptibility. The small y-Pe&03 exhibits
a large, temperature-dependent susceptibility, which in-
creases with decreasing temperature. Employing the for-
malism of a Langevin function, one finds a lack of tern-
perature dependence in the argument, so that the suscep-
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tibility does not arise from superparamagnetism. The
temperature and field dependence of the high-field
Mossbauer canting and the magnetic susceptibility can be
described fairly well by common canting angles. There is
substantial tailing in the Mossbauer hyperfine field distri-
bution for both untreated and treated small y-Fe203 par-
ticles, increasing with increasing temperature. Thus, part
of the reduction in these hyperfine fields arises from
weakened exchange interactions, presumably due to
lower-coordinated near-surface atoms, as can be seen in

the enhanced tailing for the treated sample. The
remainder of the reduction in hyperfine fields is also a
finite-size eFect. There is no evident superparamagnetic
phase in the Mossbauer spectra in zero field, or from the
tailing fractions, in field.
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