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Localized spin canting in partially inverted ZnFe,O, 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 determineddspaver-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 being0.05. A localized canted spin structure was found at 4.2 K, where spin canting
was measured for both the Femoments aligned parallel and antiparallel to the applied field. The canting for
antiparallel aligned spins vanished above thelNemperature, 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 irsdb@auer 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 ferrite§S0163-182@9)10229-7

INTRODUCTION sites. Zinc ferrite is thus typically considered as a prototypic
normal spinel, where normal refers to the case where the site
The spin structure in spinel ferrites is intricately con- occupancy of ZA" on B sites, or inversion parameter of the
nected to the cation occupancy of interstitial sites havingnaterial, is zero. Magnetic ordering then arises from the
either tetrahedral or octahedral symmetry within a closeweakJgg exchange interaction, which yields a complex an-
packed oxygen lattice. Ferrimagnetic ordering occurs betiferromagnetic ordering near 10 Kin practice, stoichio-
cause the negative exchange interactigg between mag- metric zinc ferrite in equilibrium approaches the prototypic
netic cations occupying the tetrahedtat A) sites and the normal spinel with only a very small inversion paraméter.
octahedralor B) sites dominates the negative intrasublatticeThus zinc ferrite provides an ideal system for the exploration
exchange interaction, o andJgg, causing each of the two of spin structures in a sparsely populated magnetic sublattice,
magnetic sublattices of sites andB sites to be aligned and except for the difficulty in obtaining significant inversion
frustrated. Early experiments on nonmagnetic cation substparameters in bulk materials. However, fine powders of zinc
tution for iron in magnetite-based spinels showed that thiderrite can show much larger inversion parameters than bulk
two-sublattice model held only for cases where both thezinc ferrite material§. Such powders show a spontaneous
A-site andB-site magnetic sublattices were predominatelymagnetization to 30 K, with Mesbauer measurements show-
occupied by magnetic catiodsA significant replacement of ing a noncollinear spin structure to this temperature.
magnetic cations was seen to cause a reduction in sample Recently, fine powders of stoichiometric zinc ferrite pro-
magnetization, which was described as a spin canting mechduced by the supercritical sol-gel, or aerogel, processing
nism by Yafet and Kittef. Further dilution of magnetic ions method were shown to have magnetic properties at markedly
provides a wonderful richness of magnetic behaviors, includhigher temperatures than bulk zinc ferrifex-ray diffraction
ing antiferromagnetic, spin-glass, canted ferrimagnet, ofXRD) measurements showed a substantial inversion param-
more complex magnetic orderings, yielding results that haveter of 0.21}' Magnetization, Mesbauer-effect, and heat-
been used to construct magnetic phase diagrams as a funmapacity measurements all gave results indicative of long-
tion of magnetic cation occupancy @ and B sites®* In range magnetic ordering to 30 K. The inversion parameters
particular, noncollinear spin structures, such as a localizedf portions of this starting powder were then modified
canted spin structure, can occur on either sublattice depenthrough one of two methods. A greatly increased inversion
ing on the distribution of magnetic cations. parameter near 0.55 was obtained by ball-milling the starting
Diamagnetic zinc cations have often been used in substpowder, which resulted in a sample having a spontaneous
tutional studies of spinel spin structures, where a zinc catiomagnetization at room temperatifeMeanwhile, calcining
replaces a magnetic cation on a tetrahedral®sBoichio-  the powders at 500 and 800 °C reduced the inversion param-
metric zinc ferrite (ZnFg0,) is a simple spinel where zinc eter below the resolution of Rietveld refinement methods,
cations occupy almost all of the tetrahedral sites due to theiand improved the crystal structure. These powders were ex-
affinity for strong, nearly covalensp® bonding with oxygen pected to have antiferromagnetic behavior, but instead
anions. This leaves all the ferric iron ions on the octahedrathowed substantial magnetization at elevated temperatures.
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One question regarding these nonequilibrium zinc ferrite As-Produced
powders is the nature of the spin structure, or magnetic W '\/'
ground state. Given the sparse population of iron aton#s in /\fﬁ.\/
sites in the near-normal calcined samples, the magnetic ' 500’ C
phase diagrams for spinels predict a spin-glass behfior. w

However, neither the magnetization nor &ébauer results
showed indications for a spin-glass transition, although heat-
capacity data were compatible with that of a spin gidss.
Instead, the magnetic properties were masked by fast relax-
ation processes, such as superparamagnetism, where the
Mossbauer spectra collapsed to an electric quadrupole dou-

Intensity (arb. units)

blet at temperatures where a substantial magnetization was ) * .
still observed by magnetometry measurements. Even at tem- 10 5 6 5 10
peratures of 25 K the existence of fast relaxation processes

Velocity (mm/sec)

arising either from superparamagnetic effects or collective
magnetic excitations processes was noted in theddauer
spectra through the presence of both line broadening and a)
interior doublet. These processes were presumed to arise

from thermal activation of small, weakly coupled clusters Ofcomponent. The as-produced powder had a lattice constant

H -15
mﬁ%ngfacemgginfre the nature of the magnetic spin struc-Of 0.84411 nm, approximately 0.1% larger than that of the
. pior . . 'g P ._reference pattern. A distinct sharpening of the diffraction
tures in these partially inverted zinc ferrite powders, this

work reports on results from Misbauer-effect measurements pattern Iines_ occurred f_or calcined sarr_lples, as expecte_:d with
that were taken in a 7-T magnetic field. This field is suﬂi—onset of grain growth, improvements in crystallographic or-

. dering, and the reduction in microstrains. Rietveld refine-

THent provided an inversion parameter of 0.21 for the as-

Eﬁ\évgr?r?natslo}';’] t;rpu%?{]?éireaeigov\\:\'lzgsiit\;rTp}'gﬂ'gga?fsﬂ} roduced powder sample, and indicated near-zero inversion
ying sp : ’ P"harameter values for the calcined samples.

canting is clearly apparent at 4.2 K for ¥ecations occupy- Powder particle sizes were determined from the x-ray-
ing the octahedral sites, for both spins aligned parallel ang¢ o tion patterns using Scherrer's method, and yielded
antiparallel to the applied field. Above the &ldemperature values of 8.1 13.9 and 39 nm for the as—proauced sample
the absorption from the antiparallel octahedral site momentgmd samplés ,calc'in,ed at 500 and 800 °C, respectielie '

;:olllzae?’pfes,t'leavmg only antlp;arillzl albsS[)rber(g correspondtlngarticle size distribution was measured from bright field mi-
0 cations occupying tetrahedral Sites. ©Une unexpecte rographs for the as-produced powder, and yielded an aver-

result is the retention of local spin canting for the structurallyage diameter of 144 nm. This result implies that the crys-

\rfsglir(]:ﬁdm?ogriir?axth:étgg\tls hV:Vrg iﬂmépr\éiiogeg??g;gﬁﬁfalIites deduced from Scherrer's method may reside in an
9 P 9 amorphous matrix, at least for the as-produced sample.

Mossbauer-effect measurements were taken in transmis-
EXPERIMENTAL sion mode, with thé’Co source mounted in a standard con-
stant acceleration drive unit. Powder samples were prepared
Fine zinc ferrite powders were produced by the criticalbetween layers of tape, and were mounted on the finger of a
sol-gel processing, or aerogel, metHodzinc acetate and liquid “He flow cryostat which provided for temperature con-
ferric acetylacetonate precursors were mixed at a Zn:Fe iotrol from 4.2 K to room temperature. The sample tempera-
ratio of 1:2, and then dissolved in methanol hydrolyzed withture was monitored using a Cernox thermoresistor mounted
1.2 times the stoichiometric amount of water. This mixtureon the sample block. The sample assembly was then placed
was then transferred to a glass vessel and placed in an aut-the bore of a 7-T superconducting solenoid magnet, such
clave. Additional methanol was added such that the mixturehat the direction of gamma ray propagation coincided with
attained the critical point of methan12.6 K, 82.5 bass  the magnetic-field axis. All measurements were calibrated
upon heating the closed system to a temperature of 524 K atith respect ton-Fe.
a rate of 15 K/min. Then the pressure was slowly relieved at
corjstant tgmper_ature, Wlth the autoclave finally being cooled RESULTS AND DISCUSSION
while venting with flowing nitrogen gas to remove any re-
maining methanol vapor. The fine aerogel powder was then The presence of magnetic behavior for all three samples
removed from the chamber. Portions of this powder wereat temperatures above the 10-Keéliégemperature of equilib-
calcined at 500 and 800 °C for 2 h, yielding the materialsrium zinc ferrite is demonstrated by the Skbauer spectra
examined in this work. taken at 25 K shown in Fig. 1. Here the spectra for both the
The sample crystallographic properties were determineds-produced sample and the sample calcined at 500 °C show
by powder x-ray-diffraction(XRD) measurements, with  the sextet typical for the hyperfine splitting of iron, although
the spinel structure being confirmed by extended x-raythe absorption lines for both spectra show considerable
absorption fine-structure(EXAFS) measurements. All broadening. Even the sample calcined at 800°C shows
samples were found to be single phase Zfige with the  broadened shoulders of the electric quadrupole doublet,
exception of the as-produced powder that had an amorphouseaning the hyperfine magnetic splitting has not yet fully

FIG. 1. Mcssbauer-effect data at 25 K with no applied field for
samples.
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FIG. 2. Mdssbauer-effect data on the as-produced sample in a F!G: 3. Massbauer-effect data on the sample calcined at 500 °C

7-T applied field at the temperatures listed. Solid lines are fits to thd? @ 7-T applied field at the temperatures listed. Solid lines are fits
spectra. to the spectra.

, ) have split outermost peaks, as expected from Zeeman split-
collapsed. However, as noted above, interpretation of thgng of the majority and minority spin sublattices, where the
Mossbauer data is hindered by absorption line broagien|ng1ajority spin sublattice is aligned parallel to the applied
caused by thermal effects, such as superparamagnetism affhgnetic field(H), while the minority spin sublattice lies
collective magnetic excitations. With increasing measureantiparallel toH. Slight asymmetries are also apparent for
ment temperature, the onset of superparamagnetic effeci§e outermost lines, indicative of chemical ordering. The
will act to collapse the sextet structure since the fixeds#0 yagojution of these asymmetries further indicate that thermal
bauer interaction time becomes greater than the relaxat'oﬁroadening has been suppressed. The changes between spec-
times of the local magnetization. Meanwhile, collective mag-a taken on the same sample at increasing temperatures fol-
netic excitations arising from moment fluctuations about thggys the same trend for each powder, as the widths of the
local easy axis will not collapse the sextet, but will act in- oytermost absorption lines are seen to increase, while the

stead to reduce the measured hyperfine magnetic fielghnermost lines become sharper and more distinct. Moreover,
(HMF). Here again, the severity of this effect depends upon

the local fluctuation relaxation time relative to the $se
bauer interaction time.

Thermal fluctuation effects can be suppressed by the ap-
plication of a strong magnetic field, especially for low-
temperature measurements. Thussslmauer measurements
were taken on all three samples as a function of temperature
while at a fixed 7-T magnetic field. Results from such mea-
surements are shown in Figs. 2—4, which showsbtmuer
effect spectra for the as-produced sample, and samples cal-
cined at 500 and 800 °C, respectively. These figures also
show the fitting results, which will be explained later. All of
the spectra now show distinct hyperfine sextets. The signifi-
cance of thermal fluctuations for these samples is demon-
strated by comparing the 25-K spectra of the sample calcined
at 500 °C in Fig. 3 with the corresponding spectra in Fig. 1,
where distinct hyperfine splitting is now observed upon ap-
plication of the magnetic field.

Qualitatively, spectra taken on the three samples at the . * .
same temperature are similar, with the major distinctions be- -10 -5 0 5 10
ing the higher intensities of thAm=0 (second and fifth Velocity (mm/s)

lines for the two calcined samples relative to the as-produced

sample, while the as-produced sample shows a much more FIG. 4. Massbauer-effect data on the sample calcined at 800 °C
distinct splitting of the outermosfirst and sixth lines rela-  in a 7-T applied field at the temperatures listed. Solid lines are fits
tive to the calcined samples. All of the spectra taken at 4.2 Ko the spectra.
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TABLE I. Sextet fitting results for 4.2-K Mssbauer spectra.

HMF IS A

S
Powder Sextet (kG) (mm/9 +0.01 z
A 557 0.28:0.04 0.24 0.1+ 0.05
As-produced Bl 487+ 1 0.35£0.03 0.76 0.26:0.03
B2 463+2 0.32+0.06 0.37-0.04
A 547+2 0.30+0.06 0.20 0.280.07
Calcined @ 500 °C B1 494+ 1 0.36+0.04 0.80 0.340.04
B2 4702 0.32-0.06 0.610.06
A 542+ 2 0.30+0.06 0.16 0.120.10
Calcined @ 800°C Bl 493+ 2 0.35:0.06 0.84 0.320.07
B2 472+ 2 0.32:£0.06 0.68-0.10

the second and fifth lines almost disappear with rising meaare plotted as solid lines for each spectra in Fig. 2—4, along
surement temperatures. Most important, the existence of thgith their sum.
second and fifth lines in the presence of the 7-T applied field Thermally induced relaxation processes were sufficiently
is a definitive indicator for spin canting in these powders. suppressed at 4.2 K di¥ T toallow good fits to Lorentzian

A quantitative analysis of the sample magnetic propertiesibsorptions to be made to the outermost peaks of each sextet.
was done by least-squares fitting the $dbauer spectra to a However, the inner lines were not fitted as accurately due to
summation of three or four hyperfine sextets. The sextet COfeir shifting to lower velocities. This shift in the innermost
responding to the peaks that are split to higher velocitiei,eakS was suggestive of the presence of an additional ab-
upon application of the external magnetic field are denotegorption mechanism in the spectra, such as a slow magnetic

?ns' Iﬁ)’r.zonswmg éfllett_nomenc!atUé(_arhusedllprfet\;:oustlly f%r the rejaxation process between magnetic-field-split electronic
Inority Spin Sublatlice in SpINers1nus all ot the absOrbers - giaiag that have differing occupation levls.

contributing toA consist of°’Fe ions that have spin compo- :
nents antiparallel to the applied field. Depending on the tem; Parameters extracted from fits to the 4.2-K data are tabu-

perature, the contributors to this spectra can include bot!watedl 'P T?_ble L W?lcht::stsAresgl'ltas fcI;r_tr:Bellil\éI;, IS, rflftmve
>’Fe ions occupying tetrahedral lattice sites and ions on th@rea! fraction £) for the A an (B= ) sextets,

octahedral sites having reversed moments. Indeed, the posgi'jd the parameter The measured isomer shift values on the

bility for contributions from absorbers occupying either site” s+ite are comparable tgg those previously determined for
makes the evolution of tha-sextet spectra a good indicator Fe’* on tetrahedral site€;'“while the values listed in Table

for the behavior of the magnetic system. | for F€*" occupyingB sites also compare well with the

While the peaks split to higher velocities with were  Value of 0.35 mm/sec found previousty? When combined,
assigned to sexted, those peaks split to lower velocities the isomer shift values of Table I indicate that good charge
with H are denoted spectfa. Here, all contributors to the compensation, and hence stoichiometry, is maintained in the
absorption in theB sextets are presumed to B&e ions powders, since isomer shift values near 0.65 mm/sec are
occupying octahedral sites as part of the majority spin subcommonly measured when the octahedral sites are occupied
lattice. In practice, it was found that these peaks were best floth by ferric and ferrous iron cations, as in the case of
by a pair of sextets having different hyperfine magnetic-fieldmixed-valence magnetite (k@,). Similarly, the HMF val-
values and isomer shifi$S), analogous to the fitting proce- ues agree well with results found by Dickof, Schurer, and
dures used previously by researchers who divided the sextdforrish for high-field Mssbauer-effect measurements on
into contributions from®’Fe cations having different local ZnFe;_,O, powders wherec=0.82 In particular, they ob-
environment$:*® These sextets are labelddll and B2, tained a HMF value of 566 kOe fo¥Fe moments that were
where the labeB2 was assigned to the broader absorptionaligned opposite to the 50-kOe applied field, and HMF val-
peak having lower HMF values. Both of these sextets incorues near 470 kOe for moments aligned whtf? In addition,
porate cations having a broad range of local magneti¢igenzaet al. obtained a HMF value of 559 kOe from high-
environments:*® field (60 kO8 measurements ofFe ions occupyind sites

The least-squares-fitting procedure was done using usén partially inverted polycrystalline ZnKF®, samples, while
defined functions within the Jandel PeakFit program. Theneighbors of these sites had lower HMF valdies.
free parameters for each sextet in the fit consisted of the A direct measure of the spin canting in these powders is
position, height and width of the first peak, the HMF, the given by the nonzerd\, 5 peak intensities apparent in Figs.
quadrupole electric field, and the ratio of the relative area®—4, and as listed asin Table | for samples measured at 4.2
under the second and fifttAg ) and first and sixth A& o) K. Here,z provides the degree of collinearity of the magnetic
peaksz=A,s/A; . One fitting constraint held the area un- moments in that sextet relative to the applied magnetic field.
der each pair of Lorentzian peak&; ¢, Az in a sextet in  For referencez=0 when all spins are parallel or antiparallel
the theoretical ratio & The fitting parameters were allowed to H, and will be nonzero if any spins have a component
to vary within the constraint above to obtain the best leasttransverse tdd up to the maximum value af=3 obtained
squares fit of the data. Fit results for each of the three sextefer the pure transversely oriented case. Measurements on
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ideal normal ferrimagnetic materials will not have either thelocalized canted spin systet.The source of this behavior
second or fifth peaks present, and thus hawe®. As seen has been attributed to the onset of rapid fluctuations of trans-
from Table |, these powders show large valueszdér all ~ verse component of the canted magnetic moments while the
three of the fitted sextets, where the broader fit seB@t component longitudinal along the applied magnetic field re-
shows a much largez parameter than either thé or B1 ~ mains frozgrf’.At the lowest temperatures the relaxation time
sextets. This particular relationship betweenziparameters ~ Of fluctuations for the transverse spin component is slow

of the three sextets was found to hold for data fits at alcompared to the Mesbauer measurement time, permitting
temperatures. measurement of this spin component. Upon heating the

Least-squares fitting of the data taken at higher temperdlansverse component of the local spin moment thaws, such
J at the transverse spin relaxation time becomes faster than

tures was complicated by the broadening and collapsing - ; ; ) X
; ; e Massbauer measurement time, effectively time averaging
the peaks in the spectra. Thus it was necessary to add éé:'is component to zero.

additional spectra to fit the data taken on the as-produced e notapie feature of these zinc ferrite powders is the
powder at 20 K and above, and for data collect.ed for bo”bbservation of spin canting on both tAeandB sextets. This
calcined powders at 12 K and above. The same fit parametefsq it is in contrast to those from Znf, and other F&"

were used for this additional sextet as for handB sextets,

e spinel systems studied previously where spin canting was
except that the relaxation time was chosen to be comparablgessyred only on thB sites®'® However, most of the Fé

to the Massbauer interaction time such that the sextet had thgpine| systems had large inversion parameters, such that the
shape of a collapsing specfraThis sextet physically repre- gevelopment of the localized spin canting behavior could be
sents the significant fraction 6fFe ions in the powder that considered to be a perturbation of the spinel ferrimagnetic
are affected by thermally induced fluctuations, and indicate@rdering_ In contrast, the development of spin canting behav-
that the 7-T external field can no longer suppress these rgor for the low inversion parameter calcined powders, in par-
laxation effects at these slightly higher temperatures. Thecylar, could be considered to be a perturbation of spinel
effect of these fluctuations is to shift considerable intenSiWantiferromagnetic ordering. A large majority of the’Féons

from the outermost peaks to the inner peaks, and in particulahen occupy octahedral sites and do not have magnetic cat-
to the region about the second and fifth peaks, as can be segjhs on neighboring tetrahedral sites. These moments will
in the high-temperature spectra in Figs. 2—4. This will leadyrger antiferromagnetically with respect to the net moment
to an increase in the standard error deduced from the fittingf the neighboring cations. In turn, the orientation of these
procedure forz. However, the spectral weight of this col- nejghboring moments will depend upon the orientation of
lapsed spectra does not obscure the resolution of the outegther spins in their local environments, which may be canted
most peaks intoA and B sextets, although they also have o reversed because of the effects of neighborind Fens
larger standard errors compared to the 4.2-K measuremenisy tetrahedral sites, defects, or their presence on the particle
For simplicity of analysis, the area under this collapsed fitsrface. Indeed, it has been previously estimated that for in-
spectrum was added to tisextet while determinind\s,  versjon parameters below=0.05 the orientation of each
such that theA-sextet fractional area will be slightly under- weakly exchange-coupleB-site spin is dependent on the
counted. orientation of neighbor spins out to at least 10 to 20 nearest

Estimates for the mean spin canting angle for moments ilejghbors because of multiple spin reversals. this sce-

ship greatly affect the magnetic structure of a considerable vol-
3 12 ume fraction of the particle, introducing a particle size effect.
) Thus the orientation of a weakly coupldsi site will be
. 2 canted with respect to the applied field, and thus contribute
©=arcsi 3 ' (1) to the absorption of thé\, s peaks of either theA and B
1+ 27 sextets. In contrast, the few Heions on tetrahedral sites

will be antiferromagnetically exchange coupled to a full shell

where® =0 corresponds to the spins being parallel with  of neighboring F&" ions onB sites through the strongépg
From Table I, the deduced spin canting angles for #he interaction, and will thus have small or zero canting angles.
sextets of all three powders lie in the range from 140°-160°Thus the observed spin canting in tAesextet can be fully
where these canting angles are assumed to be nearly antipaittributed to the reverse-site moments. It is then not un-
allel to H because the HMF split to higher fields withfor ~ expected that the spin canting observed forAhsextet van-
this sextet. The mean canting angle for & sextet lies ishes above the N&temperature.
between 30° and 40° for all three samples, with thaBaf The major contribution to the outer peaks of hendB
always showing a higher canting angle ranging from 40°-sextets above 10 K will arise froffFe ions coupled by the
55°. With increasing temperature the areafofs for the A J,g exchange interaction. This is demonstrated by the tem-
sextet drops to zero at 12 K and thus the spin canting anglperature dependence of the relative areal fractighg (©f
converges to 180°, indicating the collapse of canting for thehe A and B sextets. For high-field Mssbauer-effect mea-
antiparallel spins. In contrast, tifg, s peaks for theB sextets  surements on ferrimagnetic spinel ferrites, the valuefqj (
do not disappear at 12 K, but instead slowly decrease witlfior the A sextet equals half the inversion parameter. Hence,
temperature so that the mean spin canting angle forBthe inversion parameter values &f=0.48, 0.40 and 0.32 could
sextet slowly approaches alignment with be obtained from Table |, which greatly exceeds the results

This pattern of rapid change in th, 5 peak height with  extracted from structural measurements since Ahsextet
increasing temperature is indicative for the existence of aontains a significant contribution from reversBaite mo-
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ments below 10 K. However, values for the areal fractionsorption sextets split both to higher and lower velocities
extracted from fits to higher temperature measurements shoupon application of the applied field, directly indicating the
a sharp reduction in th&-sextet areal fraction. This process presence of canted spins in those sextets. These canted spins
is not measured as a discrete transition, nor does it show were identified as arising from Fe moments on the octahe-
distinct Neel temperature, because of the distribution of localdral sites(B siteg that were aligned either parallel or re-
magnetic environments around the cations. Indeed, such\&rsed to the applied field. The reversRdaite contribution
transition has been directly measured by the calorimetrizanished near the & temperature. The parallé®-site
measurements of Ref. 12, which shows the magnetic heatanted spin structure collapsed at temperatures near 20, 25,
capacity to have broad peaks centered at temperatures bel@amd 30 K for the samples calcined at 800 and 500 °C, and the
10 K for all three samples. As may be expected, the powdeas-produced powder sample respectively. The inversion pa-
calcined at 800 °C showed the narrowest, most defined pealameters found from the areal fractions of the Zeeman split
in magnetic heat capacity, although the tails of the magnetisextets upon collapse of the reverdggite canting approxi-
heat capacity data extended to 30 K for all three samigles. mated those found from x-ray-diffraction results. Well de-
The A-sextetAg value has previously been found to be afined sextets showing collinear magnetic ordering were
good measure of the inversion parameter upon the disappegrresent at the higher temperatures, although the outermost
ance of spin canting on thB sites® Using this method in- peaks were broadened by fast relaxation processes. Given the
version parameters can be deduced from the highsmall inversion parameters and particle sizes of the calcined
temperature Mssbauer fit results, yielding=0.14, 0.05, powders the spin structure at the particle surface may be
and 0.03 for the as-produced, 500 and 800 °C samples, rémportant in determining the particle magnetic structure.
spectively. However, these values underestimate the inver- The zinc ferrite aerogel fine powders measured here ap-
sion parameter since the fits of the S&bauer spectra at pear to be excellent candidates for future experimentation on
higher temperatures are affected by the fast relaxation prddoth the properties of spin structures in low inversion param-
cesses, although they are in reasonable agreement with vater materials, and also the effects of surface spin structures
ues found from the x-ray-diffraction measurements. It shouldn net particle properties. In contrast to most divalent-cation
be noted that the Mssbauer deduced inversion parameter forsubstitutional studies, these materials are being perturbed
the as-produced sample matches the XRD valug=00.21  from an antiferromagnetic spin state. In addition, the ability
for 12-K measurements, where fast relaxation processes ate readily adjust the inversion parameter and particle size of

not significant while théA-sextet canting has vanished. a simple spinel powder containing only ferric iron and dia-
magnetic zinc cations will greatly simplify analyses of the
CONCLUSION complex spin structures observed in spinel ferrites.
Low-temperature Mssbauer-effect measurements taken ACKNOWLEDGMENTS

at high magnetic fields have identified the magnetic spin
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