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Magnetic enhancement in antiferromagnetic nanoparticle of CoRbO,
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Our magnetic investigation of CoRB, nanoparticles show the signature of antiferromagnetic ordering at
Tn~27 K, same as that of the bulk sample, for all particle sizes dowss 16 nm. However, we observe a
systematic magnetic enhancement belyy being larger for a smaller particle size. We propose a core-shell
model for the magnetization of nanoparticles, with the core retaining its antiferromagnetic order and the
enhancement of magnetization beldyy attributed to the increasing number of frustrated stseltface spins.

The scaling analysis of low temperature magnetization shows that the system approaches the limit of super-
paramagnetism for the particle size8 nm. Our model also predicts an alternation of exchange interactions
along the inter-particle distance, very similar to RKKY type interactions in the metallic spin glass systems.
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[. INTRODUCTION 12:1 using Fritsch Planetary Mono Mill “Pulverisette 6.”
The milled samples are designated as mhX, where X denotes

Neel predicted the existence of superparamagnetism anthe number of milling hours. The x-ray diffraction spectra
weak ferromagnetism in an antiferromagnetic nanoparticléXRD) of milled samples, using Philips PW1710 diffracto-
(AFN). It has also been predicted that a change of the degemmeter with CuK , radiation, are matched to the spinel struc-
eracy and topology of the antiferromagnetic ground state of &ure of the bulk sample without any additional phase. The
geometrically frustrated system, due to the introduction ofsystematic broadening of XRD lines with milling time cor-
nonmagnetic dilutiod, due to a reduction of the particle responds to the decrease of particle size and is confirmed
size? or due to strain induced disordenay lead to a quan- from both of transmission electron micrographs (TEM) data
tum spin fluctuation effect with a superparamagnetic behavfTable 1) and analyzing XRD 311 line broadening using
ior persisting down to 0 K. These facts provide recent inter-Debye-Scherrer equation (the results are not shown in Table
est for the investigation of the AFR. I). However, we do not find the effect of recombination of

The spinel oxides with formula un&B,O, (Ref. § rep-  particles up to our 60-h milling to produce a 16-nm particle,
resent one of the most important and interesting families ofs observed in some mechanical alloyed spinels where the
magnetic materials, where the competition between variouparticle size has shown increasing trend after a critical mill-
type of superexchange interactionk,, Jgg, andJa,) and  ing hour™'? Since the particles size encounted are below
finite size effects of the nanoparticle exhibit superparamag100 nm, the nanopatrticles in the present study are essentially
netism® surface spin cantinf,and site disordéreffects. single grained particles. From Table |, we see that the lattice
Most of the reports™® of those nanoparticle spinels where parameter, determined by considering all XRD peaks, of the
magnetic moments are occupied either at theBibe at both  nanoparticle samples, even though showing very small de-
A and B sites. The search for nanoparticle of antiferromag-creasing trend with the particle size, are not significantly
netic spinel having magnetic moment only at A sites are alsehanged with respect to bulk sampi#e have found that the
interesting because of their geometrical frustration effé®t. XRD peaks of milled samples, as shown for the 311 line in
Recently, Satcet all® have shown a variety of magnetic Fig. 1, show a small shift to a higher scattering ang®s)
states in the nanoparticles of antiferromagnetic;@o  with respect to the bulk sample. In the case of a nanoparticle
where theB sites are occupied by nonmagnetic}CandA  spinel oxide, for example, in mechanical milled
sites are occupied only by magnetic Comoments. These
considerations motivated us to investigate the magnetic pro
erties of mechanical milled CoR®,. CoRhO, is derived
from Co;0,, where C38" is replaced by nonmagnetic Rh
(4d%) ions and the structure (€6),[Rh3* 150, for a bulk
CoRh,0, spinel has magnetic moment £ooccupying at
the A sites alone and the long range antiferromagnetic orde. _
below Ty=27 K is due to C&"-0?"-C®" (Jaa) SUperex- Sample Tou D (m_a(A) 26(deg uerlus) % )
change interactions alone. bulk Oh fewum 8.466  35.47 460 —44.2
mh12 12h 71 8.482 35.56 460 —428
mh24 24h 51 8.457 35.75 461 —42.0
mh36 36h 321 8.449 35.71 463 —41.8

Bulk CoRh,O,, prepared by the standard solid state sin-mh48s 48h 191 8.468 3567 465 —438
tering method, was mechanical milled in a 80-ml agate viainhso 60h 161 8.459 35.64 476 —51.0
with 10-mm agate balls with a ball to sample mass ratio of

_ TABLE I. Particle sizeD from TEM photographs, lattice param-
etera(=0.002 A) from XRD data, 311 peak position §2from the
XRD data, effective paramagnetic momepi.¢;) from theM vs T
data, paramagnetic Curie temperatusg)(from M vs T data, and
milling time (T, in hours.

II. EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 1. 311 peak of XRD spectra of bulk and milled samples.

The arrow indicates the position of the 311 peak. Bulk &-%-%4

ZnFe,0,,%the change of lattice parameter with particle 1 T(K) (log scale) 10 100
size has been reflected in the alternation of antiferromagnetic
ordering temperature(Ty) and attributed to the site ex-  FIG. 2. dc magnetization ati=100 Oe for bulk(inset, left
change of cations. Our magnetic measurements, describet$alé and milled samples with bulk sampienain panel, semilog
below, show that there is no change of(F27 K) with scalg. Lln_es are to guide to the eye. The linearity of the tikhem
decreasing particle size. Therefore, we suggest that the shiffs T Plot (insed above 50 K for bulk and mh60 samples suggest the
of peak position is due to a small mechanical strain induced-Ure-Weiss nature of magnetization data.
effect which includes the effect of some surface disolulélr  than the ZFC magnetization beloW, which suggests a
certainly not due to chemical disordee., site exchange of  fie|d induced metastable magnetic state during the field cool-
atoms in lattices as observed in mechanical ml”ed|ng process of the Samp|gs'.|'he magnetization data of
ZnFe0,.° milled samples also follow the Curie-Weiss law at
The dc magnetization under zero field cool@FC) and  ~50 K. As an example, the inset of Fig. @ight scal¢
field cooled(FC) condition of the samples, using a supercon-shows linearity irH/M vs T data for the mh60 sample above
ducting quantum interference devic®Quantum Design, 50 K. The fit results of Eq(1) for all samples are shown in
USA) magnetometer, are shown in Fig. 2. Th.e inset of Fig. 21aple I. The negative value of, for all the mhX samples
(left scalg shows the antiferromagnetic ordering temperaturgngicates that an antiferromagnetic exchange interaction is
at Ty~27.5 K=0.5 K for bulk sample. The magnetization gominant in the nanoparticles. Interestingly, the effective
data atT>50 K fits well to Curie-Weiss law(inset, right paramagnetic momentu(¢) Shows a systematic increase
scalg with a decreasing particle sizeiz, 4.6Qug/formula unit for
the bulk sample increases to about 4/g6formula unit for
) the sample of particle size 16 nm. This significant increase of
T-0, Mett With decreasing particle size in our samples may have
several possibilities, e.g(l) the existence of isolated Co
The Curie constant G=NuZ/3k, N is the number of nanoparticles with reduced coordination number in surface
CoRh,0O, formula unit per gram of the samplgives the spins!® (2) site exchange of catioffs, and (3) an electron
effective paramagnetic momeni{;;) = (4.60+0.10)ug per  spin polarization effect in the & Co)—4f(Rh) system®
formula unit for the bulk sample, which is consistent with the Since we have not used Co metals for the sample preparation
reported valueues;=4.55u5.1* The paramagnetic Curie and mechanical milling was carried out in atmospheric con-
temperature €,) ~ — (45+2) K is consistent with antiferro- dition, we did not expect an isolated Co nanoparticle. The
magnetic order. recent results of Pengt all’ suggest that the spin bilayer,
We now discuss some of the interesting magnetic aspectonsisting of a ferromagnetic Co core and an antiferromag-
of the nanoparticle samples. The antiferromagnetic order isetic CoO shell, has superparamagnetic blocking about 200
retained around the same temperatia€l =~ 27.5 K) even K which is much higher than oufy~27 K. So the change
for the sample with a particle size 16 nm (see Fig. 2 in wets IS NOt due to Co nanoparticles. Sintg~27 K re-
Further, it is observed that the FC magnetization is highemains unchanged, the enhancemeniin; in our nanopar-

H/M =
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ticle samples are not due to the site exchange of cations
(C" and RE™) which has shown its association with the
alternation ofTy in other nanoparticle spinefs. Therefore,

the enhancement q@f.¢¢ in our nanoparticle samples is most
probably due to the electronic spin polarization effect or
spin-orbital coupling, as found in the d8Co)-4d(Rh)
system'® The other uniqueness in Fig. 2 is that all of the
nanoparticles shovhelow Ty, anincreasein magnetization
with decreasingtemperature. This increase in the low tem-
perature magnetization systematically depends on the par-
ticle size, being larger for smaller particle size. This low
temperature increase of magnetization gives the character
which is similar to a spin bilayer system like
Nig;Fe;o/Co0,'® where the sharp increase of low tempera-
ture magnetization has been attributed to the number of un-
compensatedfrustrated interfacial spins. The increase of Hol .
the low temperature magnetization is also not consistent with
the core-shell model, proposed by Kodareaal’ for a

NiFe,O, nanoparticle system. In this model core remains giG. 3. A schematic diagrartiwo dimensionat arrows repre-
ferrimagnetic and the shelithin surface layer forms a  gentthe spinga) Perfect antiferromagnetic ordéAFM) of spins in
canted spin structure. The surface spin canting increases Wiipulk sample givesizx=— 1. (b) For nanoparticles, the cof@-
decreasing particle size and, hence, decreases over all magde small circlesspins are almost antiparallel with slight distortion
netization of the NiFgD, nanoparticle. In our case, we have near the shellin between two copeand the deviation of shell spins
seen an increase in the magnetization as the particle siZem the AFM arrangement make tli-y value to less negative in
decreases. This is because of different kind of nanoparticléhe shell regionsg;; is the angle between two adjacent shell spins.
systems. Kodamat al.” started with a long range order fer- (c) For a very small particle size, the shell deviates more from the
rimagnetic spinel NiFgD,, where bothA and B sites are AFM arrangement and even the core spins also show a less AFM
occupied by magnetic B& moments. In our case, as we configuration. Consequentlyigx becomes more modulated and
discussed that CoR®, is an antiferromagnetic spinel where It_ess negative and shows alternation of more negative and less nega-
magnetic C&" moments occupy onl sites. In system, as Uve-
we have, the antiparallel spins arrangement gives the lowest
magnetic contribution. If the surface spin canting increasesinto account the effect of the multisublattice spin configura-
an increasgnot the decreageof surface magnetism is ex- tion of the surface, as suggested to explain the magnetic
pected. Chert al'® explained the enhancement of the mag-enhancement in the AFN of Ni®The schematic diagram
netization in Co nanoparticles in terms of core-shell picture[Fig. 3(a)] shows that the long range antiferromagnetic inter-
but all core-shell pictures to our knowledge are based omctions for the bulk sample spans up to many particles with-
ferromagnet or ferrimagnetic nanoparticles. The above disgut any modulationHowever, we are describing our model
cussion and our experimental data clearly indicate the limifor a nanoparticle system where a large number of nanos
tation of core-shell model, proposed by Kodaetal.” foran  exist side by side to have interparticle interactions. Some of
antiferromagnetic nanopatrticle. the particles may be in close contact and some of them may
Therefore, we propose a core-shell model for AFNs wherehe slightly away from each other. In the limiting case, when
the core is essentially antiferromagnetic and the shell conswo nanoparticles are in contadfFig. 3(b)], the antiferro-
sists of frustrated spins. We also discuss below the combineghagnetic core is surrounded by a shell of frustrated spins and
aspect of the core-shell model of Kodaetaal.” and the spin  the antiferromagnetic interactions between two adjacent
bilayer concept of Takanet al® in our proposed core-shell cores are modulated by shell spins. Wheincreases, more
model. The Heisenberg exchange interactions between twand more numbers of shell spins break their antiferromag-

Interparticle distance

neighboring spins are expressed as netic (180°) configuration. Consequently, there is an alterna-
tion (modulation of antiferromagnetic and less antiferro-
Hex*Jexi; S Sjcosb;; , (2 magnetic regions. Finally, after a critical value af and

hence a critical value of the particle siz&; will show the
values of random distribution. This brings the net exchange
fields (Hgyx) near to zero valufFig. 3(c)]. The alternation of
M = aMgpeii;COS6;; + (1~ @)More, (3y  antiferromagnetic and less antiferromagnetic regions over
many particles is very similar to the RKKY picture of me-
wherea is the shell thickness, which increases with decreastallic spin glasse&’ This situation, where spins of the par-
ing particle size. From the above two equations, we attributéicle are highly frustrated, is consistent with Neel's predic-
¢;; as the important factor which controls the exchange intion of superparamagnetism in an antiferromagnetic
teractions and magnetization of nanoparticles. For core spinsanoparticlé. Our picture may be further consistent with
¢;; is 180° and any value of;; <180° shell spins also takes Neel's prediction of weak ferromagnetishif, the Jgy value

where 6;; is the angle between spinsandj and O°s|0ij|
=180°. Total magnetization of the particle will be
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FIG. 4. Log-log plot shows the fit dfi/M«T? below 10 K for for different particles.

nanoparticle samplegb) Magnetization of nanopatrticles over a

bulk_ Sample.AM”b) follows a SCa"’?g function up to 10 K .and we first estimate the value &M, at theT=0 limit, i.e.,

deviates at higher temperature. The insetpfshows that A 1), is (AM,..)o, by a linear extrapolation of &M, ] vs I{T] plot

inversely andAM ., linearly proportional to the particle size. Ex- nb)o, DY . P . nb P .
r{gr all the nanoparticle samples. We find that the magnetiza-

erimental data and fit data are represented by point symbols a . . .
ﬁnes respectively, P y P Y tion data below 10 K obey the following scaling ld\ig.
’ ' Ab)]:

crosses the zero value and this, we believe, can occur as a AM p=(AM )T~ (0:9370002) (4)
(high) magnetic field induced effect. We now use our pro-

posed core-shell model to explain the ZFC magnetizatiod he exponent £0.937) is still below 1, and indicates that
data below. The increase of magnetizatioTat Ty is very  the antiferromagnetic order of core still affects the superpara-
similar to a para/superparamagnetic or ferrimagneticmagnetic behavior of the shell. The deviation of the higher
contributior?"'° of frustrated spin® TheH/M,rc vs T data  temperature data from the scaling is due to the dominant
of milled samples show a downward curvature below 10 K antiferromagnetic contribution of cores. The inverse varia-
whereas the log-log plofFig. 4(a)] shows thatH/M,c  tion of (AMp), with particle sizefinset of Fig. 4b)] corre-
«T? below 10 K. The constant valug systematically in- Sponds to the increase of the frustrated shell spin deffsity.
creases from 0.28for the mh12 sampleto 0.49 (for the ~ The magnetization around 15 KFig. 2) also reveals the
mh60 sample The exponent {) for the mh60 sample is, competition between shell and core spins, where the antifer-
still, far below the typical paramagnetic/superparamagnetiéomagnetic order of core increases the magnetization above
value 1. We attribute this deviation to the coexistence ofLl5 K up toTy and the superparamagnetic type contribution
frustrated shell spins and antiferromagnetic core spins. Thef shell increases magnetization below 15 K. Consequently,
increase of they value with decreasing particle size indicatesthe difference between the peak magnetizatijf* at Ty

that the shell contribution is increasing with decreasing parand the minimum of magnetizatioMJ¢ below Ty esti-
ticle size. For the subtraction of the antiferromagnetic backmates the magnetic contribution of the shell. Indeed, the de-
ground of the core, we have subtracted the ZFC magnetizarease 0fAM ,,,= (M2E¥—MT7) x 100M 582 from 18%

tion of the bulk sample from the ZFC magnetization of (for the mh12 samp)eto 0.6% (for the mh60 samplecon-
nanoparticle samples, and this is quantified aM,, firms that, belowTy, the antiferromagnetic contribution
(=Mhane— Mmbulky “in order to test the closeness pfto 1,  from the core is decreasing with particle size. The linear
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variation of AM,, vs particle sizgFig. 4(b) insef suggests
that there will be no magnetization minimum beldvy; or
rather noTy for the particle size=<8 nm, and this may be

the critical size for this system below which the nanoparticle

will exhibit typical a superparamagnetic behavior.
The magnetizatiorfM) data 4 5 K with magnetic field
(H) up to 7 T(Fig. 5 confirms the long range antiferromag-

netic order of the bulk sample, and the mh12 sample doe
not show a significant change with respect to the bulk. How-

ever, the down curvature in thd vs H data of mh36 and

mh60 samples at higher magnetic fields suggests the incread
of an additional magnetic order as the particle size decrease¥!

The Arrot plot (M? vs H/M) analysis does not give any
spontaneous magnetization for any samples, which furth
confirms that the additional magnetic contribution is not du

€
to long range ferromagnetic/ferrimagnetic type. Rather, the'
nonlinear increase of the magnetization without a hysteresi
loop establishes that the superparamagnetic behavior b

PHYSICAL REVIEW B 69, 054430 (2004

IlIl. CONCLUSIONS

In conclusion, a magnetic enhancement in mechanical
milled nanoparticles of antiferromagnetic spinel Ce®his
reported. The antiferromagnetic ordering temperaturg, T
(~27 K), as seen for the bulk sample, is retained down to
our lowest particle size of 16 nm. This result is of fundamen-
tsal difference compared to the other nanoparticle spinels,
and confirms that there is no site exchange of cati@he®"
and REF™) in our nanoparticle spinelA small but system-
gc increase in the effective paramagnetic momeni;()
ith decreasing particle size is attributed to the spin-orbital
coupling effect. However, we interpret the considerable en-

erpancement of magnetization beloly in terms of a core-

shell model. From a theoretical point of view, ColRh
anoparticles may be considered as an ideal material for
tudying the spin frustration effect geometrically in an anti-

erromagnetic system with a magnetic i¢€o) confined

comes more dominant for the smaller nanopatrticles. The in@nly to anA site alone. The most important point is that the

ear extrapolation of the high fieldH=4 T) magnetization
to H=0 gives the measure of the induced magnetic mome
Mor. The increase oM values(Fig. 5, inset with de-

creasing particle size is consistent with the predicted induced
magnetic moment or weak ferromagnetism in the frustrated

antiferromagnetic nanoparticlé$! This is also consistent

surface magnetism with particle size is free from the com-

rT?Iexity of the site exchange of cations in this system, which

may find its applications in multilayers.
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