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Magnetic enhancement of Co0.2Zn0.8Fe2O4 spinel oxide by mechanical milling
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The mechanical milled Co0.2Zn0.8Fe2O4 spinel oxide with average particle size'20 nm shows an enhance-
ment in both magnetization~i.e., more ferromagnetic! and ordering temperature comparing the bulk sample.
The annealing of the as milled sample at different temperatures starts the grain~particle! growth process and
magnetically recovering the bulk properties after heat treatment. As for example, the as milled sample after
annealing at;1273 K for 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-temperature Mo¨ssbauer spectra of the as
milled sample, annealed at 573 K for different duration~up to 575 h!, indicate that the ferromagnetic behavior
above room temperature is strongly related to site exchange of cations among tetrahedral~A! and octahedral
~O! sites in the spinel structure. The experimental data also suggest that the lowering ofB site spin 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 number~s!: 75.50.Tt, 36.40.Cg, 75.75.1a
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I. INTRODUCTION

Nanoparticle spinel oxides are attracting increasing in
est in research because of their potential applications
nanoscience and technology1–3 and also for fundamental un
derstanding of the strikingly different properties of the sa
material when the particle size approaches the atomic s
level.4–8 Some of the novel properties in magnetic nanop
ticles, such as superparamagnetism, quantum magnetic
neling, and surface spin canting effect,1,9,10 have generated
further interest in the study of nanoparticle spinels. Amo
the various kinds of preparation techniques of nanopartic
mechanical milling has been recognized as a powerful
standard technique for the production of huge quantities
nanoparticle materials. After the discovery of spin-glass
havior in Co2Ge alloy by Zhou and Bakker,11 a rich variety
of nonequilibrium magnetic states, such as superparam
netic or superspin glass and so on,12,13 in mechanical milled
nanoparticle is becoming very important to study the n
equilibrium spin dynamics. The enhancement of magnet
tion and unidirectional anisotropy in mechanical milled s
nel oxide14–16 are further useful to understand th
modification of superexchange interactions and grain bou
ary effects. Besides the magnetic transformation, atomic
order introduced during mechanical milling has also sho
its significant role in the electron scattering at the magn
and nonmagnetic interfaces and in resulted large giant m
netorsistance in a granular heterogeneous alloy.5

In spinel oxideAB2O4,3 the magnetic order depends o
the competition between various kinds of superexchange
teractions amongA and B site cations, i.e.,JAB (A-O-B),
0163-1829/2003/68~13!/134433~9!/$20.00 68 1344
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JBB (B-O-B), andJAA(A-O-A).3 Certain amount of site ex
change of cations is sufficient to changeJAB andJBB inter-
actions and has shown drastically different magnetic beh
ior in nanoparticle spinel in comparison with the bulk.17–19

Most of the reports on nanoparticle spinels start with b
MFe2O4 ~M 5 Mn, Zn, Ni, and Co!, where magnetic orde
~ferro/ferri! is of long range with collinear spin structure an
JAB are much more stronger thanJBB .6–10 In these spinels,
the strong surface spin canting effect occurs when the
ticle size reduces to nanometer range. The competition
tween the disordered~canted! surface spins and ordered co
spins determines the magnetic ground state and usually
hibits the decrease of magnetization and ordering temp
ture in nanoparticle spinel.7,9

However, the reduction of magnetization and orderi
temperature is not the fact for a few mechanical milled na
particle spinels such as ZnFe2O4,15 CdFe2O4,16 and
NiFe2O4.17 For example, the antiferromagnetic order of bu
ZnFe2O4 „structure: (Zn21)A@Fe2

31#BO4 … below 10 K trans-
forms into ferrimagnetic order even atT.10 K with large
magnetic moment by mechanical milling. Such a magne
enhancement in mechanical milled ZnFe2O4 nanoparticle has
been attributed to the exchange of cations (Zn21 and Fe31)
among A and B sites.10,15–17 Though magnetic order an
magnetization are enhanced in the above-mentioned t
mechanical milled spinels, the experimental value of satu
tion magnetization is well below the expected value. In ca
of CdFe2O4, the lower value of experimental findin
;21.7 emu/g at 5 K lower than the expected valu
;80 emu/g was attributed to the local spin canting in bothA
©2003 The American Physical Society33-1
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andB sites, even after mechanical milling.16

The important role of spin canting was realized by t
work on a series of bulk Co12xZnxFe2O4 spinel oxides,20

where the increase ofB site spin canting has shown the d
crease in magnetization and magnetic order forx>0.6
samples. The expression for magnetizationM (5MBcosu
2MA) ~Ref. 3! suggest that the increase ofA site magnetic
momentMA should decrease the total magnetization of s
nel structure, whereas the associated intersublattice sup
change interactionsJAB are increased. In our opinion, th
increase of total magnetization in spinel oxides, irrespec
of nanocrystalline10,17 and bulk form, not only depends o
the sublattice~site! magnetizationMB and MA or site ex-
change of cations, but also largely depends on the decr
of spin canting angleu between theB site spins, which can
exhibit both the increase of total magnetization and
ferrimagnetic/ferromagnetic order in spinel oxide. To o
knowledge, there is no experimental report which has
cussed on the ‘‘inverse of spin canting’’ effect, i.e., the
duction ofB site spin canting leading to the increase of ma
netization in nanoparticle spinel.

In this light, we have investigated bulk Co0.2Zn0.8Fe2O4
spinel oxide with cation distribution
(Zn0.8

21Fe0.2
13)A@Co0.2

12Fe1.8
31#BO4.21 Because of lowA site mag-

netic moment (;0.2) and weakJAB interactions, theB site
spins are canted. Our hypothesis is that only if site excha
of cations are associated with the reduction ofB site spin
canting, enhancement both of magnetization and magn
order are possible in nanoparticle spinel oxide. In this wo
we test this hypothesis by mechanical milling of bu
Co0.2Zn0.8Fe2O4 and probing the system through magnetiz
tion measurements and Mo¨ssbauer spectroscopy.

II. EXPERIMENT

Stoichiometric amounts of ZnO, Fe2O3, and Co3O4 ~pu-
rity .99.9%) were mixed for Co0.2Zn0.8Fe2O4 compound
and ground for 2 h. The mixture was pelletized and sinte
at 1223 K for 12 h and slowly cooled to room temperatu
The pellet was again ground, and pelletized and sintere
1273 K for 12 h. The heat treatment was carried out un
atmospheric condition with heating and cooling rate of 2
K/min. The x-ray diffraction~XRD! spectrum~Fig. 1! for as
prepared bulk (S0) sample, recorded using Philips PW171
diffractometer with CuKa radiation, represents standa
polycrystalline structure of cubic spinel phase. TheS0
sample was milled for 24 h in a SPEX 8000 mixer/mill usi
six balls, two of diameter 1/2 in. and four of diameter 1/4
with ball to powder weight ratio 5:1. The x-ray fluorescen
spectra of as milled (S1) sample confirmed no significan
contamination from the steel balls (Fe74Cr18Ni8). The XRD
spectrum ofS1 sample~Fig. 1! shows that the XRD lines ar
broad due to smaller particle size, but the spinel structur
retained. TheS1 sample which is annealed at different tem
peratures (TAN) for 6 h, in separate batches, are denoted
SN3 ~573 K!, SN6 ~873 K!, and SN10 ~1273 K!. The XRD
spectra in Fig. 1 show that broad lines of ofS1 sample be-
come narrow with increasingTAN and the samples continu
to retain the spinel structure. Using the width of^311& XRD
13443
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peak line, we find that particle size increases withTAN as 20
nm, 23 nm, 28 nm, and 62 nm for the samplesS1 , SN3 , SN6,
and SN10, respectively. Therefore, the increasing sharpn
of XRD lines~Fig. 1! indicates that thermal activation energ
is monitoring the recrystallization process via grain bound
atomic diffusion.22 It is to be noted that the XRD spectrum o
theSN10 sample may be very similar to that ofS0 sample, but
its small particle size'62 nm suggests that complete rest
ration of crystallinity close toS0 sample is yet to be reached
To study the temporal phase evolution,S1 sample was also
annealed at 573 K for time (tAN) ranging from 2 h to 575 h.

The low field dc magnetization (H510–100 Oe) under
zero-field cooled~ZFC! and field cooled~FC! modes and ac
susceptibility@hrms'1 Oe and frequency (f )5337 Hz and
7 kHz# measurements were performed using home m
magnetometer.23 In ZFC ~FC! mode, the sample was coole
from 320 K to 20 K in the absence~presence! of dc magnetic
field, then the measurement field was applied at 20 K a
magnetization data were recorded while increasing the t
perature. In FC mode, the cooling field and measurem
fields are same in magnitude. High-field~up to612 T) mag-
netization was measured using vibrating-sample magneto
ter. Mössbauer spectra of the samples were recorded at
K without applying external magnetic field, using a consta
acceleration spectrometer in transmission geometry.
spectra were recorded using a 5-mCi57Co source in Rh ma-
trix. The hyperfine magnetic-field~HMF! distribution at the
57Fe nuclei was evaluated from the Mo¨ssbauer spectra usin

FIG. 1. XRD spectra for Co0.2Zn0.8Fe2O4 spinel oxide heated a
different temperatures.S0: bulk, S1: as milled,SN3: 573 K-6 h heat
treated,SN6: 873 K-6 h heat treated andSN10: 1273 K-6 h heat
treated sample.
3-2
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MAGNETIC ENHANCEMENT OF Co0.2Zn0.8Fe2O4 . . . PHYSICAL REVIEW B68, 134433 ~2003!
the method of Le Cae¨r and Dubois.24 In this model a linear
relationship between HMF~H! and isomer shift~IS! is as-
sumed in the form IS5aH1b, wherea andb are the fitting
parameters to get the best fit. The IS is reported with res
to Fe metal.

III. RESULTS AND DISCUSSION

A. dc magnetization

Figure 2~a! shows the zero-field cooled magnetizati
~MZFC! and field cooled magnetization~MFC! at 100 Oe.
The immediate result from Fig. 2~a! is that magnetic behav
ior of the as milled (S1) sample is strikingly different from
that of the bulk (S0) sample in the following ways.

~1! The MZFC maximum atTm1'100 K ~defined as the
cluster spin-glass freezing temperature! and a small shoulde
at Tm2'230 K ~defined as the short-range ferrimagnetic
dering temperature! seen forS0 sample21 disappear and a
broad maximum of MZFC appears atTB'280 K for S1
sample.

~2! An overall enhancement of magnetization~MZFC and
MFC! in the temperature range 10–325 K is observed, w
the S0 sample is milled.

FIG. 2. ~a! MZFC ~solid! and MFC~open! vs temperature at 100
Oe forS0 , S1, andSN10 samples.TB : cluster blocking temperature
Tm1: cluster spin freezing temperature,Tm2: short-range ferrimag-
netic ordering temperature.~b! Annealing temperature dependen
of TB , Tm1, andTm2 ~right scale! and ZFC (H/M )max at TB , Tm1,
andTm2 ~left scale!. Lines guide to eye. Inset shows MZFC~solid!
at 1 T along with fit data~line! to Bloch law.
13443
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The MZFC magnetization data ofS1 sample show mag-
netic irreversibility and decrease, unlike the increase
MFC, below the temperature marked asTB . The observation
of prominent irreversibility forS1 sample is either due to
superparamagnetic blocking25 or due to anisotropy~includ-
ing strain induced! effect in the ferromagnetic clusters.26 The
other important features of theS1 sample such as the fiel
~H! dependence~not shown in figures! of TB(H) ;320 K
~30 Oe!, 280 K ~100 Oe!, and 20 K~1 T! indicate the super-
paramagnetic blocking of magnetic clusters.25 Hence,TB is
defined as blocking temperature at a particular field.

In order to understand the coexistence of superparam
netism with ferromagnetism in the as milled sample, we ha
analyzed the thermal~T! dependence of MZFC at 1 T field
We note for 1-T data that MFC values are nearly the sam
MZFC values~not shown in Fig. 2! down to 10 K, except
small magnetic irreversibility below 20 K. A polynomial fi
of MZFC ~T! data givesM (0)'55 emu/g at 0 K. The inse
of Fig. 2~b! dipicts that (M0-MZFC! vs T at 1 T follows a
magnon-type-Bloch law:M (T)5M (0)(12ATa). The best
fit value of a51.5560.01 is larger in comparison to typica
Bloch exponenta51.5. We attribute the larger value ofa to
the ~nano! particle size effect of the sample.5,7 The applica-
tion of Bloch law also implies that our as milled sampleS1
behaves as a ferromagnetic/ferrimagnetic system. There
the observation of superparamagnetic behavior as well as
ferromagnetic/ferrimagnetic nature of theS1 sample suggests
that the particles of theS1 sample are essentially ferromag
netic clusters showing superparamagnetic blocking belowTB
due to its nanometer size.

We have measuredM (T) data for all the heat treate
milled samples, but the results ofSN10 sample only are
shown in Fig. 2~a!. The basic features of the results of a
other heat treated milled samples are represented in Fig.~b!.
The MZFC(T) and MFC(T) plots ~not shown! for other heat
treated samples are similar to that ofS1 sample, but with
blocking temperatureTB decreases to 270 K and 120 K fo
SN3 and SN6 samples, respectively.M (T) of SN10 sample,
which hasTAN'1273 K, is more similar to that of theS0
sample@Fig. 2~a!#, but has a slightly different cluster spin
glass freezing temperature (Tm1) and short-range ferrimag
netic ordering temperature (Tm2). At 100 Oe,Tm1'70 K
andTm2'225 K for SN10 sample compared toTm1'100 K
and Tm2'230 K for S0 sample. Interestingly, the MZFC
maximum (M /H)max at TB for SN3 sample shows furthe
enhancement with respect toS1 sample. Thereafter
(M /H)max decreases forSN6 sample and again increases f
the SN10 sample. This kind of nonequilibrium magnetic b
havior reflects the refinement of grain boundary spins a
reordering of cations by thermal activated process in m
chanical milled spinel.27 However, the magnitudes o
(M /H)max at Tm1 (;70 K) and Tm2 (;225 K) for SN10
sample are larger and smaller than that ofS0 sample atTm1
(;100 K) andTm2 (;230 K), respectively. Thus, the hea
treatment of milled sample at 1273 K for 6 h is not sufficie
to restore the sample to the complete bulk properties.

The field~H! dependence of MZFC~Fig. 3,T510 K, 290
K! of S1 sample is similar to that of ferromagnet
3-3
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isotherm,28 but the MZFC lacks saturation even up to 12 T.
is also noted thatS1 sample has a ‘‘better ferromagnetic
state with enhanced magnetization with respect toS0 sample.
However, the larger MZFC(H) of S0 sample compared to
that of S1 sample at 10 K and high field (H.4 T) indicates
that strong spin canting effect for bulk (S0) sample21 has
been decreased by mechanical milling. On the other ha
the small increase of MZFC above 1 T ofS1 sample is due to
the superparamagnetic contribution of nanoparticles.8 To
give further evidence of magnetic enhancement forS1
sample, we have calculated saturation magnetization (Msat)
and spontaneous magnetization (MS) using the law of ap-
proach to saturation (M vs 1/H) and Arrot plot (M2 vs
H/M ), respectively. The comparative data in Fig. 3~b! ~inset
1! show thatMsat of S0 sample is larger thanS1 sample, but
spontaneous magnetization (MS) of S1 sample is enhance
with respect toS0 sample. The larger value ofMsat is also
consistent with the strongB site spin canting effect of bulk
sample. The reduction ofB site spin canting by mechanica
milling is, further, proved by the observation of larger val
of spontaneous magnetization~with better ferromagnetic or
der of spins! in the temperature range 10–300 K forS1
sample. TheM (H) data of our as milled (S1) sample are
also remarkable in the following ways:

FIG. 3. ~a! Magnetization vs field at 10 K and 290 K forS0 and
S1 samples.~b! Hysteresis loops at selected temperatures forS1

sample. Temperature dependence of saturation (Msat), spontaneous
(MS) magnetization~inset 1! and coercive field (HC) ~inset 2! for
S0 andS1 samples.
13443
d,

~1! Both saturation magnetization (Msat;80 emu/g) and
spontaneous magnetization (MS;67 emu/g) at 10 K are
larger than for the other mechanical milled spine
@CdFe2O4;21 emu/g at 5 K,16 NiFe2O4;55 emu/g at 5 K
~Ref. 17!# and even larger than that fo the mechanical mill
ZnFe2O4 (Msat;73 emu/g)~Ref. 10!.

~2! The above three spinels10,16,17have ordering tempera
ture well below the room temperature, where as our as mi
sample shows ordering even above room temperature
this is very important for possible room-temperature appli
tion of S1 sample.

The magnetic ordering above 300 K forS1 sample is due
to small amount of Co21 (;0.2) in our sample in compari
son with ZnFe2O4. However, the observations of hysteres
loops@Fig. 3~b!# at 10 K and 150 K are typical of ferromag
netic, whereas the absence of hysteresis loop with zero c
cive field (HC) @Fig. 3~b!, inset 2# at T>290 K is further
consistent with the superparamagnetic behavior of the fe
magnetic clusters.28 It is to be noted that coercive field (HC)
of S1 sample is larger than that ofS0 sample throughout the
temperature below 300 K@Fig. 5~b!,inset 2# and this defi-
nitely suggests the enhancement of unidirectional anisotr
in the as milled sample.14 We, further, suggest that the stra
induced anisotropy gives a preferential orientation to
grain boundary spins in our as milled sample.

FIG. 4. ac susceptibityx8 ~a! andx9 ~b! data forS1 sample.TK

represents spin canting temperature.~a! right scale shows thex8 vs
T data at 1 Oe, 337 Hz forS0 sample.Tf 1 andTf 2 represent lower
and higher cluster spin freezing temperatures, respectively, foS0

sample.
3-4
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MAGNETIC ENHANCEMENT OF Co0.2Zn0.8Fe2O4 . . . PHYSICAL REVIEW B68, 134433 ~2003!
B. ac susceptibility

In order to better understand the spin dynamics, we h
investigated the real (x8) and imaginary (x9) components of
ac susceptibility forS1 sample and plotted in Fig. 4 alon
with x8 of S0 sample. In addition to the enhancement of
susceptibility x8, the ac response ofS1 sample (hrms
;1 Oe, 337 Hz! shows two very striking differences wit
respect to theS0 sample; viz.,~1! the cluster spin freezing
temperature atTf 1'110 K for S0 sample is highly sup-
pressed to a small shoulder~designated asTK;100 K) in the
S1 sample and~2! the higher cluster-spin freezing temper
ture at Tf 2;210 K for S0 sample shifts to considerabl
higher temperature (TB;320 K) for as milled (S1) sample.
The broad ac susceptibility maxima inS1 sample suggest th
cluster size distribution and reflect the associated relaxa
time distribution in the sample.1 The frequencyf dependence
of thex8 andx9 maxima shows superparamagnetic blocki
below TB( f ). Thus, the broad maximum ofx8 at TB
'320 K corresponds to average blocking temperature of
ferromagnetic clusters. Since thex8 maximum is not well
defined up to 325 K, we have calculated shift ofTB with f
from maximum ofx9. The shift ofTB per decade off @i.e.,
DTB /TBD ln(f)'0.06] is slightly less than the typical valu
of 0.1 for noninteracting superparamagnetic clusters and
dicates certain degree of~ferromagnetic! interactions be-
tween the clusters.12 However, the increasing tendency ofx9

FIG. 5. ~a! Temperature dependence ofx8 ~left scale! and x9
~right scale! for SN10 sample.~b! showsx8 vs T aboutTm1 for f
5337 Hz to 7 kHz and corresponding ln(f) vs 1/Tm1 plot ~inset!.
13443
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@Fig. 2~b!# below TK may indicate either the occurrence
maximum belowTK or the disorder effects of surface o
grain boundary spins at low temperature.9

The ac susceptibility data, with two distinct maxima,
Fig. 5~a! for SN10 sample are considerably different from
those ofS0 sample@x8 in Fig. 4~a!#. Thex8 andx9 maxima
of SN10 sample atTm2'280 K exhibit a very small fre-
quency ~range: from 337 Hz to 7 kHz! dependence~not
shown in figure!, which shows the appearance of short-ran
ferrimagnetic order of bulk atTm2'260 K.21 The low-
temperaturex8 maximum atTm1'70 K and the sudden on
set ofx9 maximum at the inflection point (;63 K) of x8 vs
T data are essentially the cluster spin-glass freezing, but
refined manner with respect to the bulk sample.21 The occur-
rence of cluster spin-glass freezing ofSN10 sample at lower
temperature comparing the bulk sample is attributed to
smaller particle size effect. TheTm1 has a significant positive
frequency dependence for bothx8 @Fig. 5~b!# and x9 ~not
shown in figure!, as has been observed earlier in other m
chanical milled samples.11,12,29 The frequency shift ofTm1
follows Vogel-Fulcher law@Fig. 5~b!, inset#:

f 5 f 0e2Ea /(Tm12T0) ~1!

FIG. 6. Room-temperature Mo¨ssbauer spectra recorded in a
sence of field forS0 andS1 , SN3 , SN6 andSN10 samples.
3-5
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FIG. 7. Room-temperature Mo¨ssbauer spectra for heat treated Co0.2Zn0.8Fe2O4 sample at 573 K for different annealing time (tAN) ~a! and
corresponding hyperfine field distribution~b!.
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with characteristic frequencyf 0'1010 Hz, activation energy
Ea'379 eV, and constantT0'47 K. The corresponding
frequency shift per decade off @i.e., DTm1 /Tm1D ln(f)
'0.05] is consistent with spin-glass behavior
ZnCr1.6Ga0.4O4 spinel oxide30 and is close to the cluster spin
glass value of bulk sample ('0.044).21 The finite value of
T0('47 K), again, suggests interactions between clus
via grain boundary spins.

C. Mössbauer spectroscopy

Besides the macroscopic probes such as dc magnetiz
and ac susceptibility, Mo¨ssbauer spectroscopy is an impo
tant tool to probe for local information of magnetization su
as hyperfine field distribution, cations ordering through gr
growth kinetics of mechanical milled sample.10,17,22Figure 6
shows the room-temperature Mo¨ssbauer spectra of as pr
pared bulk (S0), as milled (S1), and heat treatedSN3 , SN6,
andSN10 samples. The spectrum ofS0 sample consists of a
13443
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Lorentzian doublet arising from the Fe31 ions at octahedra
~B! sites and a Lorentzian singlet arising from the Fe31 ions
at tetrahedral~A! sites. The intensity ratio of the parama
netic doublet and a singlet was nearly 9:1, which cor
sponded very well with the most probable cation distributi
of the form (Zn0.8Fe0.2)A@Co0.2Fe1.8#BO4.20 The presence of
only a paramagnetic doublet in the Mo¨ssbauer spectrum i
consistent with the results of magnetization measuremen
S0 sample @Fig. 2~a!# showing the irreversibility between
ZFC and FC magnetizations below 260 K. The IS and qu
rupole splitting ~QS! of Fe31 ions at @B# site are '
10.29 mm/sec and 0.35 mm/sec, respectively. The IS va
of Fe31 ions at~A! site is'20.056 mm/sec. These value
are in very good agreement with the range of IS and
values reported in case of Zn and Ni ferrites.15,17 The Möss-
bauer spectrum, therefore, confirms that the as prepared
Co0.2Zn0.8Fe2O4 sample is in a perfect cation ordered sta
where Zn21 occupiesA site, Co21 prefersB site, and Fe31
3-6
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MAGNETIC ENHANCEMENT OF Co0.2Zn0.8Fe2O4 . . . PHYSICAL REVIEW B68, 134433 ~2003!
shares bothA and B sites. The IS and QS values obtain
also confirm the presence of only Fe31 charge state and no
Fe21 charge state in the system.

The Mössbauer spectrum~Fig. 6! of theS1 sample clearly
indicates the ferromagnetic hyperfine splitting at room te
perature in addition to a central paramagnetic doublet.
explain the increased ferromagnetic interaction due to
exchange of Zn21 and Fe31 ions by mechanical milling. The
site exchange brings about an increase in the number of F31

ions atA site.10,15This increases the intersublattice exchan
interactionsJAB (FeA

31-O22-FeB
31), which further decrease

theB site spin canting.3 Mechanical milling may also modify
theB sublattice exchange interactionsJBB (FeB

31-O22-FeB
31)

by deforming theB site bond angle different from 90°~typi-
cal of the bulk sample!.31 Thus, the ordered cation distribu
tion of S0 sample is destroyed and a nonequilibrium~disor-
der! cation distribution appears due to mechanical millin
Consequently, ferromagnetic/ferrimagnetic order is enhan
above room temperature. The relaxation effects observe
the room-temperature Mo¨ssbauer spectrum ofS1 sample,
further, confirm the superparamagnetic blocking due to na
size clusters~grains!.10,17 By increasing the annealing tem
perature (TAN), the hyperfine magnetic field splitting de
creases and paramagnetic doublet increases, as seen foSN6

and SN10 samples. Even though the Mo¨ssbauer spectrum o
SN10 andS0 samples seem to be similar, but the fitted para
eters (IS510.27 mm/sec and QS510.43 mm/sec forB
site Fe31 ions and the IS510.25 mm/sec ofA site Fe31

ions! of SN10 sample differ from that of theS0 sample. This
suggests that 6 h heat treatment at 1273 K is not enough
achieve 100% equilibrium cation ordering of the bu
sample.

In order to describe qualitatively the cation reordering
netics, we have shown@Fig. 7~a!# the Mössbauer spectra o
heat treatment~at 573 K! of as milled sample as a function o
annealing time (tAN). The corresponding HMF distribution
@p(H)# is shown in Fig. 7~b!. The peaks in the distribution
@Fig. 7~b!# correspond to HMF seen by the Fe31 ions atB
sites with a nonuniform environment, consisting of differe
numbers of Zn21 and Fe31 ions at the nearest-neighborA
sites. The HMF experienced by Fe31 ions atA sites remains
unaffected by the nearest-neighborB site configuration.32 It
is observed that the shape ofp(H) distribution is not
changed significantly after 2 h of heat treatment, except th
distinct peaks at higher field values are merging to giv
broad peak. We, therefore, increase the annealing time (tAN)
up to 575 h. It is clear fortAN>16 h that thep(H) intensities
of lower field components are increasing at the expens
higher field components. On the other hand, the Mo¨ssbauer
spectra@Fig. 7~a!# show that paramagnetic component, ne
zero velocity, increases and hyperfine field splitting at hig
velocity decreases withtAN>16 h. The paramagnetic com
ponent in the heat treated samples could be attributed to
superposition of a doublet due to Fe31 ions atB sites and of
a singlet due to Fe31 ions atA sites. Indirectly, the increas
of paramagnetic component gives the information that m
and more number of Zn21 ions are stabilizing atA sites with
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the equal number of Fe31 ions atB sites. This means tha
cation reordering is taking place as a function oftAN .

The small nonmagnetic fraction present, even, in
Mössbauer spectrum of as milled sample shows that c
plete site disorder was not achieved and there was som
sidual cation ordering after 24 h milling. Therefore, we us
the method of Le Cae¨r and Dubois24 to evaluate the intensi
ties of the magnetic and nonmagnetic fractions by fitting
Mössbauer spectra. We have introduced two fixed zero-fi
components with QS and IS characteristics of Fe31 ions atA
and B sites of as prepared bulk sample to fit the cent
doublet apart from the HMF distribution. Figure 8 shows t
temporal evolution of the average HMF~main panel! along
with magnetic and nonmagnetic fractions~Fig. 8, inset! at
573 K. The magnetic fraction refers to the total area of
superparamagnetically split spectrum and the nonmagn
fraction refers to the area of the paramagnetic doublet.
solid lines represent the fit data using an exponential fu
tion: F(t)5a6b@12exp(tAN/t0)# where6 refers to increas-
ing or decreasing functions anda, b, t0 are constants.F(t)
represents average HMF, and magnetic and nonmagn
fractions as a function of annealing time (tAN). The continu-
ous decrease of magnetic fraction along with average H
is associated with an increase in the nonmagnetic fractio
i.e., paramagnetic component in the sample at 300 K.
good quality of fit to the data~Fig. 8! shows the linear re-
sponse of grain growth kinetics through the grain bound
atomic diffusion during heat treatment.22 The rapid decrease

FIG. 8. Annealing time (tAN) dependence of average hyperfin
field value~main panel! and fraction of magnetic and nonmagnet
Fe31 ions ~inset! for the as milled Co0.2Zn0.8Fe2O4 sample, anneal-
ing was performed at 573 K.
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of magnetic fraction fortAN>100 h can be related to the fa
relaxation of mechanically induced microstrain in the lattic
during slow grain growth process.22 The observation of clea
hyperfine splitting even after 575 h annealing suggests
particle~grain! size slowly increases withtAN at 573 K. The
nonlinear grain growth occurs only when annealing tempe
ture increases above 573 K, as seen from paramagnetic s
trum of SN6 andSN10 samples. Therefore, the cation reorde
ing kinetics is also related to the thermal activated gr
boundary mobility with annealing time (tAN) and tempera-
ture (TAN).

IV. CONCLUSIONS

The present study conclusively shows the following
sults.

~1! The enhancement in both magnetization a
ferromagnetic/ferrimagnetic order is intrinsic property of t
mechanical milled Co0.2Zn0.8Fe2O4 nanoparticle. This sys
tem is one of the few spinels, which shows magnetic
hancement by mechanical milling.

~2! The enhancement in ferromagnetic/ferrimagnetic or
is attributed to the site exchange of cations (Zn21 and Fe31)
among theA andB sites by mechanical milling. Except th
site exchange of cations, we correlate the enhancemen
magnetization of nanoparticle to the inverse of spin cant
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