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Magnetic enhancement of Cg,Zn, gFe,0, spinel oxide by mechanical milling
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The mechanical milled GgZn, gFe,0, spinel oxide with average particle size20 nm shows an enhance-
ment in both magnetizatiofi.e., more ferromagneticand ordering temperature comparing the bulk sample.
The annealing of the as milled sample at different temperatures starts thegmaetinle growth process and
magnetically recovering the bulk properties after heat treatment. As for example, the as milled sample after
annealing at~1273 K far 6 h exhibits two coexisting magnetic states, i.e., cluster spin-glass state and ferri-
magnetic state, similar to the as prepared bulk sample. The room-temperaissbauer spectra of the as
milled sample, annealed at 573 K for different duratiap to 575 I, indicate that the ferromagnetic behavior
above room temperature is strongly related to site exchange of cations among tetréfedral octahedral
(O) sites in the spinel structure. The experimental data also suggest that the loweBisgeospin canting and
increase of strain induced unidirectional anisotropy by mechanical milling play an important role in controlling
the magnetic order of the as milled sample. Importantly, the grain boundary spins of the as milled sample do
not show to be magnetically inactive, rather they give rise to a preferential orientation due to strain induced

anisotropy.
DOI: 10.1103/PhysRevB.68.134433 PACS nunider75.50.Tt, 36.40.Cg, 75.75a
. INTRODUCTION Jgg (B-0O-B), andJaa(A-O-A).2 Certain amount of site ex-

. . ) o ~ change of cations is sufficient to chandjgs and Jgp inter-
Nanoparticle spinel oxides are attracting increasing interactions and has shown drastically different magnetic behav-
est in research because _of their potential applications iy in nanoparticle spinel in comparison with the bafk®
nanoscience and techn.oldgffa}nd also for fundamental un-\jost of the reports on nanoparticle spinels start with bulk
derstanding of the strikingly different properties of the same\iFe,0, (M = Mn, Zn, Ni, and Co, where magnetic order

mate‘rli_agl when the particle size approqches the _atomic scat‘Ferro/feer is of long range with collinear spin structure and
level”~® Some of the novel properties in magnetic nanopar-

. _ PaAly & are much more stronger tharg.®2° In these spinels,
t'CI?S’ such as superpe_\ramagpensm, guantum magnetic tu{ﬁe strong surface spin canting effect occurs when the par-
neling, and surface spin canting efféctl have generated

ticle size reduces to nanometer range. The competition be-

further interest in the study of nanoparticle spinels. Amon . )
the various kinds of preparation techniques of nanoparticlegstwfaen the d|s_ordere(d:anted sqrface spins and ordered core
pins determines the magnetic ground state and usually ex-

mechanical milling has been recognized as a powerful ané_b. he d f Lo d orderi
standard technique for the production of huge quantities of '°1tS the decrease of magnetization and ordering tempera-
ure in nanoparticle spinéf’

nanoparticle materials. After the discovery of spin-glass bel ) L .
havior in CaGe alloy by Zhou and Bakkét a rich variety However, the reduction of magnetization and ordering

of nonequilibrium magnetic states, such as superparama@emperature is not the fact for a few mechanical milled nano-
netic or superspin glass and so 8% in mechanical milled  Particle spinels such as Znf@,'® CdFe0, ™ and
nanoparticle is becoming very important to study the nonNiFe;O,.*" For example, the antiferromagnetic order of bulk
equilibrium spin dynamics. The enhancement of magnetizaZnFe0, (structure: (ZR*)A[F& " 150, ) below 10 K trans-
tion and unidirectional anisotropy in mechanical milled spi-forms into ferrimagnetic order even @t>10 K with large
nel oxidd*~® are further useful to understand the magnetic moment by mechanical milling. Such a magnetic
modification of superexchange interactions and grain boundenhancement in mechanical milled ZpBg nanoparticle has
ary effects. Besides the magnetic transformation, atomic disseen attributed to the exchange of cations¥Zand Fé™")
order introduced during mechanical milling has also showramong A and B sites!®*®~17 Though magnetic order and
its significant role in the electron scattering at the magnetianagnetization are enhanced in the above-mentioned three
and nonmagnetic interfaces and in resulted large giant magnechanical milled spinels, the experimental value of satura-
netorsistance in a granular heterogeneous alloy. tion magnetization is well below the expected value. In case
In spinel oxideAB,O,,® the magnetic order depends on of CdFgO,, the lower value of experimental finding
the competition between various kinds of superexchange in—-21.7 emu/lg &8 5 K lower than the expected value
teractions among and B site cations, i.e.,J,g (A-O-B), ~80 emu/g was attributed to the local spin canting in bdth
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andB sites, even after mechanical milling.

The important role of spin canting was realized by the
work on a series of bulk Ga,Zn,Fe,0, spinel oxides?
where the increase @ site spin canting has shown the de-
crease in magnetization and magnetic order %ox0.6
samples. The expression for magnetizatigh{ =M gcosé
—M,) (Ref. 3 suggest that the increase Afsite magnetic
momentM , should decrease the total magnetization of spi-
nel structure, whereas the associated intersublattice supere:
change interactiong,g are increased. In our opinion, the & |
increase of total magnetization in spinel oxides, irrespectives
of nanocrystallin®*” and bulk form, not only depends on €
the sublattice(site) magnetizationMz and M, or site ex-
change of cations, but also largely depends on the decreasa
of spin canting anglé between theB site spins, which can £
exhibit both the increase of total magnetization and the= A J\ A o, .
ferrimagnetic/ferromagnetic order in spinel oxide. To our | S
knowledge, there is no experimental report which has fo-
cussed on the “inverse of spin canting” effect, i.e., the re-
duction ofB site spin canting leading to the increase of mag-

311

ty (a
w

netization in nanoparticle spinel. :

In this light, we have investigated bulk g&nggF6,0, l L | h |
spinel oxide with cation distribution | pwsnnt Mo Vdiod i a5,
(Zn3 5Fe; 3) Al Caf 2Fe) £ 1504.2* Because of lowA site mag- A
netic moment 0.2) and weakl 55 interactions, theB site 10 20 30 40 50 60 70 80 90 100

spins are canted. Our hypothesis is that only if site exchange 26 (deg)

of cations are associated with the reductionBosite spin FIG. 1. XRD spectra for GoZn, 6,0, spinel oxide heated at
: P : - L HL o8 4
canting, enhancement both of magnetization and magnet'&ﬁerent temperatures,: bulk, S;: as milled,Sy3: 573 K-6 h heat

order are possible in nanoparticle spinel oxide. In this workyoaieq Sue: 873 K-6 h heat treated anfl;o: 1273 K-6 h heat
we test this hypothesis by mechanical milling of bulk treated’sample.

Coy »Zng gF6,0, and probing the system through magnetiza-

tion measurements and dsbauer spectroscopy. peak line, we find that particle size increases Wiy as 20
nm, 23 nm, 28 nm, and 62 nm for the samp#gs Sy3z, Ss:
Il. EXPERIMENT and Sy, respectively. Therefore, the increasing sharpness
of XRD lines(Fig. 1) indicates that thermal activation energy
Stoichiometric amounts of ZnO, F®;, and Cg0O,4 (pu-  is monitoring the recrystallization process via grain boundary

rity >99.9%) were mixed for Gp,ZnggFe,0, compound  atomic diffusion?? It is to be noted that the XRD spectrum of
and ground for 2 h. The mixture was pelletized and sinteredhe Sy;, sample may be very similar to that 8§ sample, but

at 1223 K for 12 h and slowly cooled to room temperature.its small particle size~62 nm suggests that complete resto-
The pellet was again ground, and pelletized and sintered ation of crystallinity close t&, sample is yet to be reached.
1273 K for 12 h. The heat treatment was carried out undemo study the temporal phase evolutid®, sample was also
atmospheric condition with heating and cooling rate of 2—3annealed at 573 K for timet{y) ranging fron 2 h to 575 h.
K/min. The x-ray diffraction(XRD) spectrum(Fig. 1) for as The low field dc magnetizationH=10-100 Oe) under
prepared bulk ) sample, recorded using Philips PW1710 zero-field cooledZFC) and field cooled FC) modes and ac
diffractometer with Cuk; radiation, represents standard susceptibility[ h,,s~1 Oe and frequencyf]=2337 Hz and
polycrystalline structure of cubic spinel phase. TBg 7 kHz] measurements were performed using home made
sample was milled for 24 h in a SPEX 8000 mixer/mill using magnetomete?® In ZFC (FC) mode, the sample was cooled
six balls, two of diameter 1/2 in. and four of diameter 1/4 in. from 320 K to 20 K in the absendgresencgof dc magnetic
with ball to powder weight ratio 5:1. The x-ray fluorescencefield, then the measurement field was applied at 20 K and
spectra of as milled&,) sample confirmed no significant magnetization data were recorded while increasing the tem-
contamination from the steel balls (€r;gNig). The XRD  perature. In FC mode, the cooling field and measurement
spectrum ofS,; sample(Fig. 1) shows that the XRD lines are fields are same in magnitude. High-figlgp to + 12 T) mag-
broad due to smaller particle size, but the spinel structure ifetization was measured using vibrating-sample magnetome-
retained. The5; sample which is annealed at different tem- ter. Massbauer spectra of the samples were recorded at 300
peratures Tay) for 6 h, in separate batches, are denoted ax without applying external magnetic field, using a constant
Snz (573 K), Sye (873 K), and Syyo (1273 K. The XRD  acceleration spectrometer in transmission geometry. The
spectra in Fig. 1 show that broad lines of ®f sample be- spectra were recorded using a 5-nfGCo source in Rh ma-
come narrow with increasin@,y and the samples continue trix. The hyperfine magnetic-fielt(HMF) distribution at the

to retain the spinel structure. Using the width(8fL1) XRD ’Fe nuclei was evaluated from the M&bauer spectra using
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The MZFC magnetization data & sample show mag-
netic irreversibility and decrease, unlike the increase of
MFC, below the temperature markedBs. The observation
of prominent irreversibility forS; sample is either due to
superparamagnetic blockiftgor due to anisotropyinclud-
ing strain inducefeffect in the ferromagnetic cluste?$The
other important features of th®;, sample such as the field
(H) dependencénot shown in figuresof Tg(H) ~320 K
(30 Oe, 280 K (100 Og, and 20 K(1 T) indicate the super-
paramagnetic blocking of magnetic clustétddence, T is
defined as blocking temperature at a particular field.

r r r In order to understand the coexistence of superparamag-
b) o wmar. ™ ls00  netism with ferromagnetism in the as milled sample, we have
4 analyzed the thermdll) dependence of MZFC at 1 T field.
We note for 1-T data that MFC values are nearly the same as
MZFC values(not shown in Fig. 2 down to 10 K, except
small magnetic irreversibility below 20 K. A polynomial fit
1200 of MZFC (T) data givesM (0)~55 emu/g at 0 K. The inset
- of Fig. 2(b) dipicts that My-MZFC) vs T at 1 T follows a
'if, magnon-type-Bloch lawM (T)=M(0)(1—-AT%). The best
fit value of «=1.55+0.01 is larger in comparison to typical
Bloch exponentr=1.5. We attribute the larger value afto
the (nang particle size effect of the sampi€.The applica-

0 < otog scale) tion of Bloch law also implies that our as milled samf3e

200 200 600 800 1000 1200 behaves as a ferromagnetlc/ferrlmagnetlc system. Therefore,

T, (K) the observation of superparamagnetic behavior as well as the
ferromagnetic/ferrimagnetic nature of tBg sample suggests

FIG. 2. (a) MZFC (solid) and MFC(open vs temperature at 100 that the particles of th&, sample are essentially ferromag-
Oe forSy, S, andSy;p samplesTg: cluster blocking temperature, netic clusters showing superparamagnetic blocking bélgw
Tmi: cluster spin freezing temperaturg,,: short-range ferrimag- due to its nanometer size.
netic ordering temperaturéb) Annealing temperature dependence  \\e have measureM (T) data for all the heat treated
of Tg, Ty, andTp, (right scal¢ and ZFC H/M)maxatTe, Tm,  milled samples, but the results &y;, sample only are
and T, (left scalg. Lines guide to eye. Inset shows MZREDlid)  shown in Fig. 2a). The basic features of the results of all
at 1 T along with fit dataline) to Bloch law. other heat treated milled samples are represented in @p. 2

. o4 . . The MZFC(T) and MFC(T) plots (not shown for other heat
the method of Le Caeand Dubois™ In this model a linear  reated samples are similar to that 8f sample, but with
relationship between HMEH) and isomer shif(lS) is as-  pjocking temperatur@s decreases to 270 K and 120 K for
sumed in the form ISaH+ b., wherea gndb are the_flttmg Sy and Sy samples, respectivelW(T) of Sy;o sample,
parameters to get the best fit. The IS is reported with respegipicn hasT 4y~1273 K, is more similar to that of th&,

M(emu/g)

Tyor Ty,

0.06} *-----.. /.

0.04+

(¢4

(M/H), .. (emu/g/Oe)
(=]

o

o

N

~

o
T
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to Fe metal. sample[Fig. 2(a)], but has a slightly different cluster spin-
glass freezing temperaturd {;) and short-range ferrimag-

IIl. RESULTS AND DISCUSSION netic ordering temperaturerf,,). At 100 Oe, T,;~70 K

o andT,,,~225 K for Sy Sample compared td,,,;~100 K
A. dc magnetization and T,,~230 K for S, sample. Interestingly, the MZFC

Figure Za) shows the zero-field cooled magnetization maximum M/H) ., at Tg for Syz sample shows further
(MZFC) and field cooled magnetizatiofMFC) at 100 Oe. enhancement with respect t®; sample. Thereafter
The immediate result from Fig.(@ is that magnetic behav- (M/H),.x decreases foByg sample and again increases for
ior of the as milled §;) sample is strikingly different from the Sy, sample. This kind of nonequilibrium magnetic be-
that of the bulk &) sample in the following ways. havior reflects the refinement of grain boundary spins and

(1) The MZFC maximum afl ,,;~100 K (defined as the reordering of cations by thermal activated process in me-
cluster spin-glass freezing temperaduaed a small shoulder chanical milled spinet’ However, the magnitudes of
at T,,~230 K (defined as the short-range ferrimagnetic or-(M/H)pnax at Ty (~70 K) and T, (~225 K) for Sy
dering temperatujeseen forS, samplé! disappear and a sample are larger and smaller than thaSgfsample aff
broad maximum of MZFC appears a~280 K for S;  (~100 K) andT,, (~230 K), respectively. Thus, the heat
sample. treatment of milled sample at 1273 K for 6 h is not sufficient

(2) An overall enhancement of magnetizatidZFC and  to restore the sample to the complete bulk properties.
MFC) in the temperature range 10—325 K is observed, when The field(H) dependence of MZF(Fig. 3,T=10 K, 290
the Sy sample is milled. K) of S; sample is similar to that of ferromagnetic
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( : FIG. 4. ac susceptibity’ (a) andx” (b) data forS; sample.Tx

FIG. 3. (a) Magnetization vs field at 10 K and 290 K f6 and  represents spin canting temperatug.right scale shows thg’ vs
S, samples.(b) Hysteresis loops at selected temperaturesSpor T data at 1 Oe, 337 Hz fd®, sample.T;; andT;, represent lower
sample. Temperature dependence of saturatibg,{, spontaneous and higher cluster spin freezing temperatures, respectivelysfor
(Mg) magnetizatior(inset ) and coercive field i) (inset 2 for sample.
Sy andS; samples.

(1) Both saturation magnetizatiotM(s 5~ 80 emu/g) and

isotherm?® but the MZFC lacks saturation even up to 12 T. It spontaneous magnetizatioMg~67 emu/g) at 10 K are
is also noted thaB, sample has a “better ferromagnetic” larger than for the other mechanical milled spinels
state with enhanced magnetization with respeSgteample.  [CdFe0O,~21 emu/g at 5 K8 NiFe,0,~55 emu/g at 5 K
However, the larger MZFQ{) of S, sample compared to (Ref. 1] and even larger than that fo the mechanical milled
that of S; sample at 10 K and high field>4 T) indicates ZnFe,0, (M~ 73 emu/g)(Ref. 10.
that strong spin canting effect for bulls{) samplé! has (2) The above three spinéfst®!’have ordering tempera-
been decreased by mechanical milling. On the other handure well below the room temperature, where as our as milled
the small increase of MZFC above 1 T®f sample is due to sample shows ordering even above room temperature and
the superparamagnetic contribution of nanopartiéld® this is very important for possible room-temperature applica-
give further evidence of magnetic enhancement &r tion of S; sample.
sample, we have calculated saturation magnetizatidg,{ The magnetic ordering above 300 K 8 sample is due
and spontaneous magnetizatiod ) using the law of ap- to small amount of Co" (~0.2) in our sample in compari-
proach to saturationM vs 1H) and Arrot plot M? vs  son with ZnFgO,. However, the observations of hysteresis
H/M), respectively. The comparative data in Figh)3(inset  loops[Fig. 3(b)] at 10 K and 150 K are typical of ferromag-
1) show thatM,; of Sy sample is larger tha8, sample, but netic, whereas the absence of hysteresis loop with zero coer-
spontaneous magnetizatioMg) of S; sample is enhanced cive field (Hc) [Fig. 3(b), inset 4 at T=290 K is further
with respect toS, sample. The larger value ®fl,; is also  consistent with the superparamagnetic behavior of the ferro-
consistent with the stronB site spin canting effect of bulk magnetic clusteré It is to be noted that coercive fieldH()
sample. The reduction @ site spin canting by mechanical of S; sample is larger than that & sample throughout the
milling is, further, proved by the observation of larger valuetemperature below 300 KFig. 5b),inset 4 and this defi-
of spontaneous magnetizatigwith better ferromagnetic or- nitely suggests the enhancement of unidirectional anisotropy
der of sping in the temperature range 10-300 K f8 in the as milled sampl&. We, further, suggest that the strain
sample. TheM(H) data of our as milled %;) sample are induced anisotropy gives a preferential orientation to the
also remarkable in the following ways: grain boundary spins in our as milled sample.
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FIG. 5. (a) Temperature dependence pf (left scalg and x”
(right scale for Sy, sample.(b) showsy’ vs T aboutT,, for f
=337 Hz to 7 kHz and corresponding fhfvs 1/T,; plot (insed.

-i0 8 6 4 -2 O 2 4 6 8 10
N Velocity (mm/sec)
B. ac susceptibility

. . FIG. 6. Room-temperature \ebauer spectra recorded in ab-
In order to better understand the spin dynamics, we have '
. . , . . ” Sence of field forSy; andS;, Sys, Syg and Syio Samples.
investigated the real((') and imaginary ") components of

ac susceptibility forS; sample and plotted in Fig. 4 along [Fig. 2(b)] below T« may indicate either the occurrence of
with " of Sy sample. In addition to the enhancement of aCiayimum belowT, or the disorder effects of surface or
susceptibility x’, the ac response o, sample Orms  grain boundary spins at low temperatdre.

~1 Oe, 337 Hz shows two very striking differences with = The 5¢ susceptibility data, with two distinct maxima, in
respect to thes, sample; viz.,(1) the cluster spin freezing Fig. 5@ for Syio sample are considerably different from
temperature aff¢;~110 K for S, sample is highly sup- hose ofS, samplef x' in Fig. 4@)]. They’ andy” maxima
pressed to a small should@lesignated ax ~100 K) inthe ¢ Snio sample atT,,~280 K exhibit a very small fre-

S, sample and?2) the higher cluster-spin freezing tempera- quency (range: from 337 Hz to 7 kHzdependencenot
ture at Tj,~210 K for S, sample shifts to considerably ghown in figure, which shows the appearance of short-range
higher temperatureTz~ 320 K) for as milled §;) sample. ferrimagnetic order of bulk aff,,~260 K2! The low-
The broad ac susceptibility maxima 8 sample suggest the temperaturey’ maximum atT,,;~70 K and the sudden on-
cluster size distribution and reflect the associated relaxatiogg¢ ofy” maximum at the inflection point63 K) of x’ vs
time distribution in the sampleThe frequency dependence T gata are essentially the cluster spin-glass freezing, but in a
of the x" andx” maxima shows superparamagnetic blockingyefined manner with respect to the bulk sanf3i&he occur-
below Tg(f). Thus, the broad maximum of’ at Tg  rence of cluster spin-glass freezing $;, sample at lower
~320 K corresponds to average blocking temperature of thgsmperature comparing the bulk sample is attributed to the
ferromagnetic clusters. Since the maximum is not well  gmgajier particle size effect. THE,, has a significant positive
defined up to 325 K, we ha\{e calculated shiftTgf le{h f frequency dependence for bojH [Fig. 5b)] and x” (not
from maximum ofy”. The shift of Tg per decade of [i.e.,  shown in figure, as has been observed earlier in other me-
ATg/TgAln(f)~0.06] is slightly less than the typical value chanical milled sample€:122° The frequency shift ofT

of 0.1 for noninteracting superparamagnetic clusters and ing|iows Vogel-Fulcher law[Fig. 5(b), insef:
dicates certain degree dferromagnetig interactions be-

tween the clusters However, the increasing tendency gf f=fye Ea/(Tm~To) (1)
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FIG. 7. Room-temperature Msbauer spectra for heat treated, &, 76,0, sample at 573 K for different annealing timg,() (a) and
corresponding hyperfine field distributigh).

with characteristic frequency~ 10" Hz, activation energy Lorentzian doublet arising from the ¥e ions at octahedral
Ea~379 eV, and constanT,~47 K. The corresponding (B) sites and a Lorentzian singlet arising from thé F@ns
frequency shift per decade of [i.e., ATy, /TAIn(f)  at tetrahedralA) sites. The intensity ratio of the paramag-
~0.05] is consistent with spin-glass behavior innpetic doublet and a singlet was nearly 9:1, which corre-
ZnCry ¢Gay 404 spinel oxidé® and is close to the cluster spin- sponded very well with the most probable cation distribution
glass value of bulk sample~(0.044) > The finite value of ¢ the form (Znh.F & ) A COo €1 als 0. 2° The presence of
To(~47 K), again, suggests interactions between clustergp)y 5 paramagnetic doublet in the B&bauer spectrum is
via grain boundary spins. consistent with the results of magnetization measurement of
S, sample[Fig. 2(a)] showing the irreversibility between
C. Mossbauer spectroscopy ZFC and FC magnetizations below 260 K. The IS and quad-

Besides the macroscopic probes such as dc magnetizatisiPole splitting (QS) of Fe&* ions at [B] site are ~
and ac Susceptibi”ty’ VEsbauer spectroscopy is an impor- +0.29 mm/sec and 0.35 mm/sec, respectively. The IS value
tant tool to probe for local information of magnetization suchof F€** ions at(A) site is~—0.056 mm/sec. These values
as hyperfine field distribution, cations ordering through grainare in very good agreement with the range of IS and QS
growth kinetics of mechanical milled sampfet’?’Figure 6  values reported in case of Zn and Ni ferrités! The Moss-
shows the room-temperature ‘S&bauer spectra of as pre- bauer spectrum, therefore, confirms that the as prepared bulk
pared bulk &), as milled &), and heat treate8y3, Sye. CoyZng F6,0, sample is in a perfect cation ordered state
and Sy samples. The spectrum &, sample consists of a where Zrt" occupiesA site, CG* prefersB site, and F&"
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shares bothA and B sites. The IS and QS values obtained
also confirm the presence of onlyFecharge state and not 0.030+ ]
F&" charge state in the system. 260} "
The Massbauer spectrulfrig. 6) of the S; sample clearly o n Non-magnetic
indicates the ferromagnetic hyperfine splitting at room tem-
perature in addition to a central paramagnetic doublet. We
explain the increased ferromagnetic interaction due to site
exchange of ZA" and F€* ions by mechanical milling. The 240}
site exchange brings about an increase in the number’sf Fe
ions atA site%'°This increases the intersublattice exchange
interactionsJ g (Fes -0~ -Fey"), which further decrease
the B site spin canting.Mechanical milling may also modify
the B sublattice exchange interactiodgg (F&"-0%-F&")
by deforming theB site bond angle different from 9Qtypi-
cal of the bulk sample®! Thus, the ordered cation distribu- , . . ‘
tion of S, sample is destroyed and a nonequilibrigdisor- 0 200 400 600
den cation distribution appears due to mechanical milling. o Time (h)
Consequently, ferromagnetic/ferrimagnetic order is enhanced 2001
above room temperature. The relaxation effects observed in
the room-temperature Nsbauer spectrum dob, sample,

©
(=)
o
N

[m]

0.978¢

Fraction of Fe* ions

220} 0.972t \"  Magnetic

o

Average HMF (KOe)

further, confirm the superparamagnetic blocking due to nano- o
size clusterggraing.’®'’ By increasing the annealing tem-
perature Tpy), the hyperfine magnetic field splitting de- 180 ——=205""500""300 400 500 500

creases and paramagnetic doublet increases, as seyfor
and Sy;o samples. Even though the ¥sbauer spectrum of
Snio @andS, samples seem to be similar, but the fitted param- FIG. 8. Annealing time t(,,) dependence of average hyperfine
eters (1SS +0.27 mm/sec and QS+0.43 mm/sec forB field value(main panel and fraction of magnetic and nonmagnetic
site Fé* ions and the IS +0.25 mm/sec ofA site Fé*  F&" ions(insey for the as milled Cg,Zn, 6,0, sample, anneal-
ions) of Sy10 sample differ from that of th&, sample. This ng was performed at 573 K.
suggests thab h heat treatment at 1273 K is not enough to
achieve 100% equilibrium cation ordering of the bulk
sample.

In order to describe qualitatively the cation reordering ki-

Time (h)

the equal number of Pé ions atB sites. This means that
cation reordering is taking place as a functiont g .
The small nonmagnetic fraction present, even, in the

. . . Mossbauer spectrum of as milled sample shows that com-
netics, we have showfFig. 7d)] the Mosshauer spectra of plete site disorder was not achieved and there was some re-

heat trgatmgrﬂat 573K of as milled sample as a funguop of sidual cation ordering after 24 h milling. Therefore, we used
annealing time ty). The corresponding HMF distribution yhe method of Le Caeand Duboié’ to evaluate the intensi-

[P(H)] is shown in Fig. T). The peaks in the distribution jes of the magnetic and nonmagnetic fractions by fitting the
[Fig. 7(b)] correspond to HMF seen by the Feions atB  \gssbauer spectra. We have introduced two fixed zero-field
sites with a nonuniform environment, consisting of diﬁerentcomponents with QS and IS characteristics of ‘Fimns atA
numbers of ZA" and Fé* ions at the nearest-neighb®  and B sites of as prepared bulk sample to fit the central
sites. The HMF experienced by Feions atA sites remains  doublet apart from the HMF distribution. Figure 8 shows the
unaffected by the nearest-neight®site configuratiorf? It temporal evolution of the average HMFain panel along

is observed that the shape @i(H) distribution is not with magnetic and nonmagnetic fractiofisig. 8, inse} at
changed significantly afte2 h of heat treatment, except the 573 K. The magnetic fraction refers to the total area of the
distinct peaks at higher field values are merging to give auperparamagnetically split spectrum and the nonmagnetic
broad peak. We, therefore, increase the annealing timyg (  fraction refers to the area of the paramagnetic doublet. The
up to 575 h. It is clear fot,y=16 h that thep(H) intensities  solid lines represent the fit data using an exponential func-
of lower field components are increasing at the expense dfon: F(t) =a=*b[1—exptan/ty)] Wwhere=+ refers to increas-
higher field components. On the other hand, thesdbmuer ing or decreasing functions araj b, t, are constantsF(t)
spectra[Fig. 7(a)] show that paramagnetic component, nearrepresents average HMF, and magnetic and nonmagnetic
zero velocity, increases and hyperfine field splitting at highefractions as a function of annealing timg, (). The continu-
velocity decreases withyy=16 h. The paramagnetic com- ous decrease of magnetic fraction along with average HMF
ponent in the heat treated samples could be attributed to thie associated with an increase in the nonmagnetic fractions,
superposition of a doublet due to*eions atB sites and of i.e., paramagnetic component in the sample at 300 K. The
a singlet due to F€ ions atA sites. Indirectly, the increase good quality of fit to the dat&Fig. 8) shows the linear re-

of paramagnetic component gives the information that moresponse of grain growth kinetics through the grain boundary
and more number of Zi ions are stabilizing aA sites with  atomic diffusion during heat treatmefftThe rapid decrease
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of magnetic fraction fot,y=100 h can be related to the fast effect, i.e., the lowering oB site spin canting by milling of
relaxation of mechanically induced microstrain in the latticesoulk sample causes the enhancement of magnetization. To
during slow grain growth proce€8The observation of clear our knowledge, this is the first report which highlights the
hyperfine splitting even after 575 h annealing suggests thafmportance of inverse of spin canting effect for mechanical
particle (grain) size slowly increases withyy at 573 K. The ~ milled nanoparticle spinel.

nonlinear grain growth occurs only when annealing tempera- (3) The enhancement of coercive field in mechanical
ture increases above 573 K, as seen from paramagnetic speilled sample comparing the bulk sample throughout the
trum of Sy and Sy samples. Therefore, the cation reorder-temperature below 300 K is attributed to tfr@echanical

ing kinetics is also related to the thermal activated grainstrain induced anisotropy, which further gives rise to prefer-
boundary mobility with annealing timet/y) and tempera- ential orientation of the grain boundary spins.

ture (Tap). (4) The coexistence of superparamagnetism with ferro-
magnetism in the as milled sample arises due to particle
IV. CONCLUSIONS (nang size effect.

(5) The milled sample requires long annealing time at

The present study conclusively shows the following re-higher temperature~ 1273 K) for the recovery of ordered
sults. cation distribution of the bulk sample.

(1) The enhancement in both magnetization and (6) Finally, the large magnetic moment and ordering tem-
ferromagnetic/ferrimagnetic order is intrinsic property of theperature near to room temperature of the mechanical milled
mechanical milled Cg,Zng gF6,0, nanoparticle. This sys- Co,Zn, 0, may be considered for the possible nanotech-
tem is one of the few spinels, which shows magnetic ennological application of this material.
hancement by mechanical milling.

(2) The enhancement in ferromagnetic/ferrimagnetic order
is attributed to the site exchange of cations{Zmand Fé*)
among theA andB sites by mechanical milling. Except the  One of the author§R.N.B) acknowledges Council of
site exchange of cations, we correlate the enhancement &ficientific and Industrial Resear¢8SIR, Indig for financial
magnetization of nanoparticle to the inverse of spin cantingupport{Grant No. F.N0.9/48@0)/98-EMR-I].
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