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Localized spin canting in partially inverted ZnFe2O4 fine powders
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Stoichiometric zinc ferrite fine powders showing long-range magnetic order to temperatures above 30 K
have been prepared by the supercritical sol-gel method. The low-temperature magnetic behavior of the as-
produced powder, and portions calcined at 500 and 800 °C, were determined by Mo¨ssbauer-effect measure-
ments in an applied field of 7 T. The inversion parameter of the as-produced powder was 0.21, with those of
the calcined powders being,0.05. A localized canted spin structure was found at 4.2 K, where spin canting
was measured for both the Fe31 moments aligned parallel and antiparallel to the applied field. The canting for
antiparallel aligned spins vanished above the Ne´el temperature, where the fractional areas of the absorption
peaks approached those expected from the inversion parameters. Spin canting persisted for the parallel mo-
ments to temperatures of 20–30 K, where the broadened sextets then showed collinear magnetic alignment.
Slow relaxation processes were observed in Mo¨ssbauer spectra at 4.2 K, while the spectra was affected by the
onset of fast relaxation processes at higher temperatures. The ability to adjust the inversion parameters in these
powders make them excellent candidates for the study of long-range magnetic ordering in nearly antiferro-
magnetic spinel ferrites.@S0163-1829~99!10229-7#
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INTRODUCTION

The spin structure in spinel ferrites is intricately co
nected to the cation occupancy of interstitial sites hav
either tetrahedral or octahedral symmetry within a clo
packed oxygen lattice. Ferrimagnetic ordering occurs
cause the negative exchange interactionJAB between mag-
netic cations occupying the tetrahedral~or A! sites and the
octahedral~or B! sites dominates the negative intrasublatt
exchange interactionsJAA andJBB , causing each of the two
magnetic sublattices onA sites andB sites to be aligned and
frustrated. Early experiments on nonmagnetic cation sub
tution for iron in magnetite-based spinels showed that
two-sublattice model held only for cases where both
A-site andB-site magnetic sublattices were predominat
occupied by magnetic cations.1 A significant replacement o
magnetic cations was seen to cause a reduction in sa
magnetization, which was described as a spin canting me
nism by Yafet and Kittel.2 Further dilution of magnetic ions
provides a wonderful richness of magnetic behaviors, incl
ing antiferromagnetic, spin-glass, canted ferrimagnet,
more complex magnetic orderings, yielding results that h
been used to construct magnetic phase diagrams as a
tion of magnetic cation occupancy ofA and B sites.3,4 In
particular, noncollinear spin structures, such as a locali
canted spin structure, can occur on either sublattice dep
ing on the distribution of magnetic cations.

Diamagnetic zinc cations have often been used in sub
tutional studies of spinel spin structures, where a zinc ca
replaces a magnetic cation on a tetrahedral site.5 Stoichio-
metric zinc ferrite (ZnFe2O4) is a simple spinel where zin
cations occupy almost all of the tetrahedral sites due to t
affinity for strong, nearly covalent,sp3 bonding with oxygen
anions. This leaves all the ferric iron ions on the octahed
PRB 600163-1829/99/60~5!/3400~6!/$15.00
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sites. Zinc ferrite is thus typically considered as a prototy
normal spinel, where normal refers to the case where the
occupancy of Zn21 on B sites, or inversion parameter of th
material, is zero. Magnetic ordering then arises from
weakJBB exchange interaction, which yields a complex a
tiferromagnetic ordering near 10 K.6 In practice, stoichio-
metric zinc ferrite in equilibrium approaches the prototyp
normal spinel with only a very small inversion paramete7

Thus zinc ferrite provides an ideal system for the explorat
of spin structures in a sparsely populated magnetic sublat
except for the difficulty in obtaining significant inversio
parameters in bulk materials. However, fine powders of z
ferrite can show much larger inversion parameters than b
zinc ferrite materials.8 Such powders show a spontaneo
magnetization to 30 K, with Mo¨ssbauer measurements sho
ing a noncollinear spin structure to this temperature.9

Recently, fine powders of stoichiometric zinc ferrite pr
duced by the supercritical sol-gel, or aerogel, process
method were shown to have magnetic properties at mark
higher temperatures than bulk zinc ferrite.10 X-ray diffraction
~XRD! measurements showed a substantial inversion par
eter of 0.21.11 Magnetization, Mo¨ssbauer-effect, and hea
capacity measurements all gave results indicative of lo
range magnetic ordering to 30 K. The inversion parame
of portions of this starting powder were then modifie
through one of two methods. A greatly increased invers
parameter near 0.55 was obtained by ball-milling the start
powder, which resulted in a sample having a spontane
magnetization at room temperature.10 Meanwhile, calcining
the powders at 500 and 800 °C reduced the inversion par
eter below the resolution of Rietveld refinement metho
and improved the crystal structure. These powders were
pected to have antiferromagnetic behavior, but inste
showed substantial magnetization at elevated temperatu
3400 ©1999 The American Physical Society
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PRB 60 3401LOCALIZED SPIN CANTING IN PARTIALLY . . .
One question regarding these nonequilibrium zinc fer
powders is the nature of the spin structure, or magn
ground state. Given the sparse population of iron atomsA
sites in the near-normal calcined samples, the magn
phase diagrams for spinels predict a spin-glass behavio3,4

However, neither the magnetization nor Mo¨ssbauer results
showed indications for a spin-glass transition, although h
capacity data were compatible with that of a spin glas12

Instead, the magnetic properties were masked by fast re
ation processes, such as superparamagnetism, where
Mössbauer spectra collapsed to an electric quadrupole
blet at temperatures where a substantial magnetization
still observed by magnetometry measurements. Even at
peratures of 25 K the existence of fast relaxation proces
arising either from superparamagnetic effects or collec
magnetic excitations processes was noted in the Mo¨ssbauer
spectra through the presence of both line broadening an
interior doublet. These processes were presumed to a
from thermal activation of small, weakly coupled clusters
magnetic moments.13–15

In order to explore the nature of the magnetic spin str
tures in these partially inverted zinc ferrite powders, t
work reports on results from Mo¨ssbauer-effect measuremen
that were taken in a 7-T magnetic field. This field is suf
ciently strong to suppress fast relaxation processes in t
powders at low temperatures, allowing determination of
underlying spin structures. Here, we show that local s
canting is clearly apparent at 4.2 K for Fe31 cations occupy-
ing the octahedral sites, for both spins aligned parallel
antiparallel to the applied field. Above the Ne´el temperature
the absorption from the antiparallel octahedral site mome
collapses, leaving only antiparallel absorbers correspond
to Fe31 cations occupying tetrahedral sites. One unexpec
result is the retention of local spin canting for the structura
refined powders that have very low inversion paramet
which might be expected to have antiferromagnetic behav

EXPERIMENTAL

Fine zinc ferrite powders were produced by the critic
sol-gel processing, or aerogel, method.11 Zinc acetate and
ferric acetylacetonate precursors were mixed at a Zn:Fe
ratio of 1:2, and then dissolved in methanol hydrolyzed w
1.2 times the stoichiometric amount of water. This mixtu
was then transferred to a glass vessel and placed in an
clave. Additional methanol was added such that the mixt
attained the critical point of methanol~512.6 K, 82.5 bars!
upon heating the closed system to a temperature of 524
a rate of 15 K/min. Then the pressure was slowly relieved
constant temperature, with the autoclave finally being coo
while venting with flowing nitrogen gas to remove any r
maining methanol vapor. The fine aerogel powder was t
removed from the chamber. Portions of this powder w
calcined at 500 and 800 °C for 2 h, yielding the materi
examined in this work.

The sample crystallographic properties were determi
by powder x-ray-diffraction~XRD! measurements,11 with
the spinel structure being confirmed by extended x-r
absorption fine-structure~EXAFS! measurements. Al
samples were found to be single phase ZnFe2O4, with the
exception of the as-produced powder that had an amorph
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component. The as-produced powder had a lattice cons
of 0.844 11 nm, approximately 0.1% larger than that of t
reference pattern. A distinct sharpening of the diffracti
pattern lines occurred for calcined samples, as expected
onset of grain growth, improvements in crystallographic
dering, and the reduction in microstrains. Rietveld refin
ment provided an inversion parameter of 0.21 for the
produced powder sample, and indicated near-zero inver
parameter values for the calcined samples.

Powder particle sizes were determined from the x-r
diffraction patterns using Scherrer’s method, and yield
values of 8.1, 13.9, and 39 nm for the as-produced sam
and samples calcined at 500 and 800 °C, respectively.11 The
particle size distribution was measured from bright field m
crographs for the as-produced powder, and yielded an a
age diameter of 1464 nm. This result implies that the crys
tallites deduced from Scherrer’s method may reside in
amorphous matrix, at least for the as-produced sample.

Mössbauer-effect measurements were taken in trans
sion mode, with the57Co source mounted in a standard co
stant acceleration drive unit. Powder samples were prep
between layers of tape, and were mounted on the finger
liquid 4He flow cryostat which provided for temperature co
trol from 4.2 K to room temperature. The sample tempe
ture was monitored using a Cernox thermoresistor moun
on the sample block. The sample assembly was then pla
in the bore of a 7-T superconducting solenoid magnet, s
that the direction of gamma ray propagation coincided w
the magnetic-field axis. All measurements were calibra
with respect toa-Fe.

RESULTS AND DISCUSSION

The presence of magnetic behavior for all three samp
at temperatures above the 10-K Ne´el temperature of equilib-
rium zinc ferrite is demonstrated by the Mo¨ssbauer spectra
taken at 25 K shown in Fig. 1. Here the spectra for both
as-produced sample and the sample calcined at 500 °C s
the sextet typical for the hyperfine splitting of iron, althoug
the absorption lines for both spectra show considera
broadening. Even the sample calcined at 800 °C sho
broadened shoulders of the electric quadrupole doub
meaning the hyperfine magnetic splitting has not yet fu

FIG. 1. Mössbauer-effect data at 25 K with no applied field f
all samples.
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collapsed. However, as noted above, interpretation of
Mössbauer data is hindered by absorption line broaden
caused by thermal effects, such as superparamagnetism
collective magnetic excitations. With increasing measu
ment temperature, the onset of superparamagnetic ef
will act to collapse the sextet structure since the fixed Mo¨ss-
bauer interaction time becomes greater than the relaxa
times of the local magnetization. Meanwhile, collective ma
netic excitations arising from moment fluctuations about
local easy axis will not collapse the sextet, but will act i
stead to reduce the measured hyperfine magnetic
~HMF!. Here again, the severity of this effect depends up
the local fluctuation relaxation time relative to the Mo¨ss-
bauer interaction time.

Thermal fluctuation effects can be suppressed by the
plication of a strong magnetic field, especially for low
temperature measurements. Thus Mo¨ssbauer measuremen
were taken on all three samples as a function of tempera
while at a fixed 7-T magnetic field. Results from such me
surements are shown in Figs. 2–4, which show Mo¨ssbauer
effect spectra for the as-produced sample, and samples
cined at 500 and 800 °C, respectively. These figures
show the fitting results, which will be explained later. All o
the spectra now show distinct hyperfine sextets. The sig
cance of thermal fluctuations for these samples is dem
strated by comparing the 25-K spectra of the sample calc
at 500 °C in Fig. 3 with the corresponding spectra in Fig.
where distinct hyperfine splitting is now observed upon
plication of the magnetic field.

Qualitatively, spectra taken on the three samples at
same temperature are similar, with the major distinctions
ing the higher intensities of theDm50 ~second and fifth!
lines for the two calcined samples relative to the as-produ
sample, while the as-produced sample shows a much m
distinct splitting of the outermost~first and sixth! lines rela-
tive to the calcined samples. All of the spectra taken at 4.

FIG. 2. Mössbauer-effect data on the as-produced sample
7-T applied field at the temperatures listed. Solid lines are fits to
spectra.
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have split outermost peaks, as expected from Zeeman s
ting of the majority and minority spin sublattices, where t
majority spin sublattice is aligned parallel to the appli
magnetic field~H!, while the minority spin sublattice lies
antiparallel toH. Slight asymmetries are also apparent f
the outermost lines, indicative of chemical ordering. T
resolution of these asymmetries further indicate that ther
broadening has been suppressed. The changes between
tra taken on the same sample at increasing temperatures
lows the same trend for each powder, as the widths of
outermost absorption lines are seen to increase, while
innermost lines become sharper and more distinct. Moreo

a
e

FIG. 3. Mössbauer-effect data on the sample calcined at 500
in a 7-T applied field at the temperatures listed. Solid lines are
to the spectra.

FIG. 4. Mössbauer-effect data on the sample calcined at 800
in a 7-T applied field at the temperatures listed. Solid lines are
to the spectra.



PRB 60 3403LOCALIZED SPIN CANTING IN PARTIALLY . . .
TABLE I. Sextet fitting results for 4.2-K Mo¨ssbauer spectra.

Powder Sextet
HMF
~kG!

IS
~mm/s!

As

60.01 z

A 557 0.2860.04 0.24 0.1160.05
As-produced B1 48761 0.3560.03 0.76 0.2060.03

B2 46362 0.3260.06 0.3760.04

A 54762 0.3060.06 0.20 0.2860.07
Calcined @ 500 °C B1 49461 0.3660.04 0.80 0.3460.04

B2 47062 0.3260.06 0.6160.06

A 54262 0.3060.06 0.16 0.1260.10
Calcined @ 800 °C B1 49362 0.3560.06 0.84 0.3360.07

B2 47262 0.3260.06 0.6860.10
ea
f t
e
.
tie
a
co
tie
te
e

s
-
m
o
th
os
ite
r

s

ub
t

el
-
x
l

io
o
et

us
h
th

he
ea

n-

d
s
te

ong

tly

xtet.
to

st
ab-
etic
nic

bu-
e

he
for

e

rge
the
are
pied
of

nd
on

al-

-

is
s.
.2
tic
ld.

el
nt

on
the second and fifth lines almost disappear with rising m
surement temperatures. Most important, the existence o
second and fifth lines in the presence of the 7-T applied fi
is a definitive indicator for spin canting in these powders

A quantitative analysis of the sample magnetic proper
was done by least-squares fitting the Mo¨ssbauer spectra to
summation of three or four hyperfine sextets. The sextet
responding to the peaks that are split to higher veloci
upon application of the external magnetic field are deno
as A, following the nomenclature used previously for th
minority spin sublattice in spinels.5 Thus all of the absorber
contributing toA consist of57Fe ions that have spin compo
nents antiparallel to the applied field. Depending on the te
perature, the contributors to this spectra can include b
57Fe ions occupying tetrahedral lattice sites and ions on
octahedral sites having reversed moments. Indeed, the p
bility for contributions from absorbers occupying either s
makes the evolution of theA-sextet spectra a good indicato
for the behavior of the magnetic system.

While the peaks split to higher velocities withH were
assigned to sextetA, those peaks split to lower velocitie
with H are denoted spectraB. Here, all contributors to the
absorption in theB sextets are presumed to be57Fe ions
occupying octahedral sites as part of the majority spin s
lattice. In practice, it was found that these peaks were bes
by a pair of sextets having different hyperfine magnetic-fi
values and isomer shifts~IS!, analogous to the fitting proce
dures used previously by researchers who divided the se
into contributions from57Fe cations having different loca
environments.5,16 These sextets are labeledB1 and B2,
where the labelB2 was assigned to the broader absorpt
peak having lower HMF values. Both of these sextets inc
porate cations having a broad range of local magn
environments.5,16

The least-squares-fitting procedure was done using
defined functions within the Jandel PeakFit program. T
free parameters for each sextet in the fit consisted of
position, height and width of the first peak, the HMF, t
quadrupole electric field, and the ratio of the relative ar
under the second and fifth (A2,5) and first and sixth (A1,6)
peaksz5A2,5/A1,6. One fitting constraint held the area u
der each pair of Lorentzian peaks~A1,6, A3,4! in a sextet in
the theoretical ratio 1:13. The fitting parameters were allowe
to vary within the constraint above to obtain the best lea
squares fit of the data. Fit results for each of the three sex
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are plotted as solid lines for each spectra in Fig. 2–4, al
with their sum.

Thermally induced relaxation processes were sufficien
suppressed at 4.2 K and 7 T toallow good fits to Lorentzian
absorptions to be made to the outermost peaks of each se
However, the inner lines were not fitted as accurately due
their shifting to lower velocities. This shift in the innermo
peaks was suggestive of the presence of an additional
sorption mechanism in the spectra, such as a slow magn
relaxation process between magnetic-field-split electro
states that have differing occupation levels.17

Parameters extracted from fits to the 4.2-K data are ta
lated in Table I, which lists results for the HMF, IS, relativ
areal fraction (As) for the A and B (B5B11B2) sextets,
and the parameterz. The measured isomer shift values on t
A site are comparable to those previously determined
Fe31 on tetrahedral sites,18,19while the values listed in Table
I for Fe31 occupying B sites also compare well with th
value of 0.35 mm/sec found previously.5,19 When combined,
the isomer shift values of Table I indicate that good cha
compensation, and hence stoichiometry, is maintained in
powders, since isomer shift values near 0.65 mm/sec
commonly measured when the octahedral sites are occu
both by ferric and ferrous iron cations, as in the case
mixed-valence magnetite (Fe3O4). Similarly, the HMF val-
ues agree well with results found by Dickof, Schurer, a
Morrish for high-field Mössbauer-effect measurements
ZnxFe32xO4 powders wherex50.8.5 In particular, they ob-
tained a HMF value of 566 kOe for57Fe moments that were
aligned opposite to the 50-kOe applied field, and HMF v
ues near 470 kOe for moments aligned withH.5 In addition,
Ligenzaet al. obtained a HMF value of 559 kOe from high
field ~60 kOe! measurements of57Fe ions occupyingA sites
in partially inverted polycrystalline ZnFe2O4 samples, while
neighbors of these sites had lower HMF values.16

A direct measure of the spin canting in these powders
given by the nonzeroA2,5 peak intensities apparent in Fig
2–4, and as listed asz in Table I for samples measured at 4
K. Here,z provides the degree of collinearity of the magne
moments in that sextet relative to the applied magnetic fie
For reference,z50 when all spins are parallel or antiparall
to H, and will be nonzero if any spins have a compone
transverse toH up to the maximum value ofz5 4

3 obtained
for the pure transversely oriented case. Measurements
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3404 PRB 60S. A. OLIVER, H. H. HAMDEH, AND J. C. HO
ideal normal ferrimagnetic materials will not have either t
second or fifth peaks present, and thus havez50. As seen
from Table I, these powders show large values ofz for all
three of the fitted sextets, where the broader fit sextetB2
shows a much largerz parameter than either theA or B1
sextets. This particular relationship between thez parameters
of the three sextets was found to hold for data fits at
temperatures.

Least-squares fitting of the data taken at higher temp
tures was complicated by the broadening and collapsing
the peaks in the spectra. Thus it was necessary to ad
additional spectra to fit the data taken on the as-produ
powder at 20 K and above, and for data collected for b
calcined powders at 12 K and above. The same fit parame
were used for this additional sextet as for theA andB sextets,
except that the relaxation time was chosen to be compar
to the Mössbauer interaction time such that the sextet had
shape of a collapsing spectra.17 This sextet physically repre
sents the significant fraction of57Fe ions in the powder tha
are affected by thermally induced fluctuations, and indica
that the 7-T external field can no longer suppress these
laxation effects at these slightly higher temperatures. T
effect of these fluctuations is to shift considerable intens
from the outermost peaks to the inner peaks, and in partic
to the region about the second and fifth peaks, as can be
in the high-temperature spectra in Figs. 2–4. This will le
to an increase in the standard error deduced from the fit
procedure forz. However, the spectral weight of this co
lapsed spectra does not obscure the resolution of the o
most peaks intoA and B sextets, although they also hav
larger standard errors compared to the 4.2-K measurem
For simplicity of analysis, the area under this collapsed
spectrum was added to theB sextet while determiningAs ,
such that theA-sextet fractional area will be slightly unde
counted.

Estimates for the mean spin canting angle for moment
theA sextet andB sextets can be obtained from the relatio
ship

F5arcsinF 3

2
z

11
3

4
z
G 1/2

, ~1!

whereF50 corresponds to the spins being parallel withH.
From Table I, the deduced spin canting angles for theA
sextets of all three powders lie in the range from 140°–16
where these canting angles are assumed to be nearly an
allel to H because the HMF split to higher fields withH for
this sextet. The mean canting angle for theB1 sextet lies
between 30° and 40° for all three samples, with that ofB2
always showing a higher canting angle ranging from 40
55°. With increasing temperature the area ofA2,5 for the A
sextet drops to zero at 12 K and thus the spin canting a
converges to 180°, indicating the collapse of canting for
antiparallel spins. In contrast, theA2,5 peaks for theB sextets
do not disappear at 12 K, but instead slowly decrease w
temperature so that the mean spin canting angle for thB
sextet slowly approaches alignment withH.

This pattern of rapid change in theA2,5 peak height with
increasing temperature is indicative for the existence o
ll
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localized canted spin system.3,5 The source of this behavio
has been attributed to the onset of rapid fluctuations of tra
verse component of the canted magnetic moments while
component longitudinal along the applied magnetic field
mains frozen.3 At the lowest temperatures the relaxation tim
of fluctuations for the transverse spin component is sl
compared to the Mo¨ssbauer measurement time, permitti
measurement of this spin component. Upon heating
transverse component of the local spin moment thaws, s
that the transverse spin relaxation time becomes faster
the Mössbauer measurement time, effectively time averag
this component to zero.

One notable feature of these zinc ferrite powders is
observation of spin canting on both theA andB sextets. This
result is in contrast to those from ZnFe2O4 and other Fe31

spinel systems studied previously where spin canting w
measured only on theB sites.3,16 However, most of the Fe31

spinel systems had large inversion parameters, such tha
development of the localized spin canting behavior could
considered to be a perturbation of the spinel ferrimagn
ordering. In contrast, the development of spin canting beh
ior for the low inversion parameter calcined powders, in p
ticular, could be considered to be a perturbation of spi
antiferromagnetic ordering. A large majority of the Fe31 ions
then occupy octahedral sites and do not have magnetic
ions on neighboring tetrahedral sites. These moments
order antiferromagnetically with respect to the net mom
of the neighboring cations. In turn, the orientation of the
neighboring moments will depend upon the orientation
other spins in their local environments, which may be can
or reversed because of the effects of neighboring Fe31 ions
on tetrahedral sites, defects, or their presence on the par
surface. Indeed, it has been previously estimated that for
version parameters belowx50.05 the orientation of each
weakly exchange-coupledB-site spin is dependent on th
orientation of neighbor spins out to at least 10 to 20 nea
neighbors because of multiple spin reversals.5 In this sce-
nario, the distribution of spins at the particle surface m
greatly affect the magnetic structure of a considerable v
ume fraction of the particle, introducing a particle size effe
Thus the orientation of a weakly coupledB site will be
canted with respect to the applied field, and thus contrib
to the absorption of theA2,5 peaks of either theA and B
sextets. In contrast, the few Fe31 ions on tetrahedral site
will be antiferromagnetically exchange coupled to a full sh
of neighboring Fe31 ions onB sites through the strongerJAB
interaction, and will thus have small or zero canting angl
Thus the observed spin canting in theA sextet can be fully
attributed to the reversedB-site moments. It is then not un
expected that the spin canting observed for theA sextet van-
ishes above the Ne´el temperature.

The major contribution to the outer peaks of theA andB
sextets above 10 K will arise from57Fe ions coupled by the
JAB exchange interaction. This is demonstrated by the te
perature dependence of the relative areal fractions (AS) of
the A and B sextets. For high-field Mo¨ssbauer-effect mea
surements on ferrimagnetic spinel ferrites, the value of (AS)
for the A sextet equals half the inversion parameter. Hen
inversion parameter values ofx50.48, 0.40 and 0.32 could
be obtained from Table I, which greatly exceeds the res
extracted from structural measurements since theA sextet
contains a significant contribution from reversedB-site mo-
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ments below 10 K. However, values for the areal fract
extracted from fits to higher temperature measurements s
a sharp reduction in theA-sextet areal fraction. This proces
is not measured as a discrete transition, nor does it sho
distinct Néel temperature, because of the distribution of lo
magnetic environments around the cations. Indeed, su
transition has been directly measured by the calorime
measurements of Ref. 12, which shows the magnetic
capacity to have broad peaks centered at temperatures b
10 K for all three samples. As may be expected, the pow
calcined at 800 °C showed the narrowest, most defined p
in magnetic heat capacity, although the tails of the magn
heat capacity data extended to 30 K for all three sample12

The A-sextetAS value has previously been found to be
good measure of the inversion parameter upon the disapp
ance of spin canting on theB sites.3 Using this method in-
version parameters can be deduced from the h
temperature Mo¨ssbauer fit results, yieldingx50.14, 0.05,
and 0.03 for the as-produced, 500 and 800 °C samples
spectively. However, these values underestimate the in
sion parameter since the fits of the Mo¨ssbauer spectra a
higher temperatures are affected by the fast relaxation
cesses, although they are in reasonable agreement with
ues found from the x-ray-diffraction measurements. It sho
be noted that the Mo¨ssbauer deduced inversion parameter
the as-produced sample matches the XRD value ofx50.21
for 12-K measurements, where fast relaxation processes
not significant while theA-sextet canting has vanished.

CONCLUSION

Low-temperature Mo¨ssbauer-effect measurements tak
at high magnetic fields have identified the magnetic s
structure of a series of fine zinc ferrite powders as co
sponding with a localized canted spin structure. Second
fifth peaks were distinctly observed for the Mo¨ssbauer ab-
d
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sorption sextets split both to higher and lower velocit
upon application of the applied field, directly indicating th
presence of canted spins in those sextets. These canted
were identified as arising from Fe31 moments on the octahe
dral sites~B sites! that were aligned either parallel or re
versed to the applied field. The reversedB-site contribution
vanished near the Ne´el temperature. The parallelB-site
canted spin structure collapsed at temperatures near 20
and 30 K for the samples calcined at 800 and 500 °C, and
as-produced powder sample respectively. The inversion
rameters found from the areal fractions of the Zeeman s
sextets upon collapse of the reversedB-site canting approxi-
mated those found from x-ray-diffraction results. Well d
fined sextets showing collinear magnetic ordering w
present at the higher temperatures, although the outerm
peaks were broadened by fast relaxation processes. Give
small inversion parameters and particle sizes of the calci
powders the spin structure at the particle surface may
important in determining the particle magnetic structure.

The zinc ferrite aerogel fine powders measured here
pear to be excellent candidates for future experimentation
both the properties of spin structures in low inversion para
eter materials, and also the effects of surface spin struct
on net particle properties. In contrast to most divalent-cat
substitutional studies, these materials are being pertur
from an antiferromagnetic spin state. In addition, the abi
to readily adjust the inversion parameter and particle size
a simple spinel powder containing only ferric iron and d
magnetic zinc cations will greatly simplify analyses of th
complex spin structures observed in spinel ferrites.
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