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We have used the Monte Carlo simulation technique to investigate the effect of an antiferromagnetic shell on
the exchange bias and the coercive fields of composite magnetic nanoparticles with core/shell morphology. We
find that the exchange bias field depends mainly on the structure of the interface and less on its size, while the
coercive field depends mainly on the interface size. A reduction of the core thickness for a given particle size
results in an increase of both exchange bias and coercive fields. An increase of the shell thickness for a given
core size enhances the exchange bias field and reduces the coercive field. An increase in the strength of the
interface and shell-exchange coupling constant results in an increase of the exchange bias field and a reduction
of the coercive field. In all cases the exchange bias field has a stronger temperature dependence than the
coercive field. Our results are in good agreement with experimental findings.
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I. INTRODUCTION covered by a shell with E®; and Fg0,.”~'° Moreover, in
Co nanoparticles covered by a CoO shell this temperature is
The requirement to increase the recording density in magbelow 200 K(Refs. 11 and 12and in Co/MnO(Ref. 13
netic recording media leads to the reduction of the grain siz¢hin films it is between 90 and 200 K, depending on the
of magnetic nanoparticles. A limitation of this reduction is oxygen content. The loops always become symmetric at tem-
the instability of the ferromagnetic behavior of the nanoparperatures above the Néel temperature of the oxide. The
ticles because of thermal fluctuations. The requirement tshifted hysteresis loop has been attributed to the exchange
keep the magnetic behavior of the nanoparticles stable anteraction between the ferromagnetic core and the oxide
room temperature can be achieved by enhancement of ttghell that induces an anisotropy known as exchange aniso-
magnetic anisotropy. In view of this, many experiments haveropy, and it is unidirectional*
been concentrated recently on the effect of the surface oxi- The discovery of the exchange anisotropy on Co/CoO
dation on the magnetic properties of ferromagnefd/) nanoparticle¥ was followed by extensive studies of its ef-
nanoparticles. In samples where the ferromagnetic core dfect on several systems and mainly on layered systewith
ameters were smaller than 10 im,enhanced coercivities a ferromagnetic/antiferromagnetiEM/AFM) interface. Up
were measured after the oxidation, whereas in samples witto now several models have been developed to explain the
core diameters of the order of 50 nm, the coercive fieldexchange anisotropy in layered structures. In the approach
measured before and after the oxidation were not veryntroduced by Malozemoff there is no exchange bias field
different? in the perfect FM/AFM interface of a spin valve; the exis-
In nanoparticles with an Fe corsurrounded by an Fe- tence of the exchange bias field is attributed to the interface’s
oxide shell, high coercivity values were observed at low tem+oughness. According to the model developed by Schulthess
peratures with drastic temperature dependé&ndee highest and Butlet’ the exchange bias field is attributed to additional
coercivity obtained in Ref. 5 at room temperature was 1050nechanisms such as uncompensated spins at the interface of
Oe for a particle with a 14 nm core diameter, and its value athe antiferromagnet. Nowak and his collaborat®demon-
10 K was 1425 Oe, whereas in a sample with a core diametestrated that the exchange bias field is due to magnetic do-
of 2.5 nm the coercivity decreased from a value of 3400 Oenains, which are created in a diluted antiferromagnet.
at 10 K to a negligible value at 150 K. Thus, in smaller Though these models try to explain the effect of the ex-
particles the temperature dependence of the coercivity ishange anisotropy in spin valves, we expect that the same
much stronger than in bigger particles. In smaller particlephysical arguments will be held for the nanoparticles. The
the Fe core feels much more the effect of the Fe-oxide shelfact that the spins of the AFM shell which are coupled to the
due to a higher Fe-oxide to Fe ratio. The strong decrease apins of the ferromagnetic core are not equally distributed on
coercivity with temperature was explained by the superparathe FM/AFM interface of the nanoparticle makes the inter-
magnetic behavior of the Fe-oxide shell and its low blockingface imperfect even in the absence of additional roughfess
temperature. It is estimated that the Fe-oxide shell becomesr lattice vacancie®
superparamagnetic dt~10-50 K2 In all experiments on In our previous study on composite FM/AFM
oxide-coated particles, shifted hysteresis loops have been ohanoparticle¥ we have demonstrated that the existence of
tained at low temperatures. In nanoparticles with an Fe corthe AFM shell itself induces the exchange anisotropy along
of radius 6—7 nm embedded in a,Og matrix the tempera- the interface that is in turn responsible for the fact that the
ture below which the loops are asymmetric is close to 30Gmaller nanoparticles have higher coercive fields than the
K,8 but it is much lower(close to 120 K when they are bigger ones at low temperatures. In this work using the
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Monte Carlo(MC) simulation technique we perform a sys- in size, in agreement with theoretical studies in layered
tematic study of the exchange bias effects of composite FMgystem&”:1822(J,-=Jr4/2), and the interaction is considered
AFM to reveal the factors that influence the size and theferromagnetic. If lies in the outer layer of the antiferromag-
temperature dependence of the shifted hysteresis loops. netic shell therK;,z=Kg andK;sr=Kgy inside the shell. We
In the experimental situation there are several cases itake the anisotropy along theaxis in the core, at the inter-
which the ferromagnetic core is surrounded by a ferrimagface, and in the shell. At the surface of the nanoparticles the
netic oxide’ In the present work only the case of an antifer- anisotropy is taken randofi.
romagnetic shell is considered. There is experimental evi- The Monte Carlo simulations are performed using the
dence that the effect of the exchange anisotropy is mor&letropolis algorithm. We use from 18 000 up to 40 000
pronounced in this cagé.520 Monte Carlo steps per spfi,depending on the system size.
The remainder of the paper is organized as follows. InOur results are checked by repeating the runs for a sequence
Sec. Il, we describe the model of the magnetic structure o0bf ten random numbers. The statistical error is negligible, so
the nanoparticles and the method of calculation of the exit does not appear in our plots.
change bias field. In Sec. Ill we present numerical results and The coercive fielH, is defined as the magnetic field that
discuss the dependence of the exchange bias and the coerciegerses the magnetization of the particle in the simulation
fields on the interface structure, the shell thickness, and théme, so that the component of the magnetization vanishes.
strength of the interface and the shell exchange couplinghe exchange bias field,,, induced by the exchange aniso-
constant. A discussion of our results is given in Sec. IV.  tropy, is defined as the mean difference of the fields that
vanish thez component of the magnetization in the two
II. THE MODEL branches of the hysteresis loopt.H, , andHg, are given in
. . . . units of Jgp/gug, T in units of Jgy/k, and the anisotropy
We consider spherical nanoparticles of ragiiexpressed coupling constants in units alsy. For the sc latticeT,
in lattice spacings, on a simple culiar) lattice. The spinsin = =2 9 andT,=1.525
the particles interact with Heisenberg exchange interaction, | the experiments, the observed coercive loops of these
and at each crystal site they experience a uniaxial anisotropyariicles after the field-cooling procedure are shiftethwe
At the surface of the particles, the crystal symmetry is résimylate the field-cooling procedure starting with an unmag-
duced and consequently the anisotropy is stronger than thestized nanoparticle at temperatire2.5 (which is between
bulk # The same argument holds obviously for the interfacehe T of the ferromagnetic core and the Neél temperature of
of the composite particles. The antiferromagnetic shell ishe antiferromagnetic shilland consequently we cool the

considered as a layer surrounding the core. nanoparticle in the presence of a magnetic figlchlong the
In the presence of an external magnetic field, the energy 5yis.

of the system is

H=-Jm > S-S- > Kem(S-8)? lll. RESULTS AND DISCUSSION
MEFMC _ = _ We present in this section our results on spherical mag-
“dae 2 S §- > Kiar(S -8)2 netic nanoparticles with core/shell morphology using the MC
(i.jeAF) icAF simulation technique, in which the microstructure and the
s s -~ temperature are explicitly included. The parameters used in
_JIF<ieFMEjeAF)S §-H EI: S- the model are the particle siZ® expressed in lattice spac-

ings, the three exchange coupling constahtand the four
Here§ is the atomic spin at siteandg is the unit vector in  anisotropy coupling constants, for different parts of the

the direction of the easy axis at siteThe angular brackets in particle. Our results are presented for a set of these param-
the sums denote a summation over the nearest neighboesers in order to discuss the physics emerging from some
only. The first term gives the exchange interaction betweemorphology characteristics of these systems. We start with a
the spins in the ferromagnetic co(éhe exchange coupling shell thickness equal to four lattice spacings; the surface
constantJgy,, which is taken as equal to oneThe second thickness is one lattice spacing. The values we use for the
term gives the anisotropy energy of the ferromagnetic coreanisotropy coupling constants ake:=0.05 Kz=0.5Kgy

If the sitei lies in the outer layer of the ferromagnetic core =0.5, andKs=1.0. The cooling field is taken &g =0.7 in
Kiem=Kg, andK;gu =K elsewhere. The third term gives the our units.

exchange interaction in the antiferromagnetic skile ex- If we assume that the exchange interaction along the in-
change coupling constadfg), and the fourth term gives the terface is ferromagnetic the bond energy for the spins across
anisotropy energy of the antiferromagnetic shell. The fifththe FM/AFM interface is minimum when they are aligned as
term gives the exchange interaction at the interface betwegparallel and maximum when they aligned as antiparallel. The
the core and the shefthe exchange coupling constak), opposite would happen in the case of an AFM interaction
and the last term is the energy in the presence of an externalong the interface. During the field-cooling procedure the
magnetic field. We sef,r=J:w/2, because the Neél tem- spins are aligned in such a way that the energy of the system
perature of the antiferromagnetic oxide is lower than the Cuis minimum. Along these lines, for an FM interface interac-
rie temperature of the corresponding ferromagnet. Theion the parallel spin alignment is favorable. This alignment
interface-exchange coupling constdpt is equal to thel,r  together with the strong interface anisotropy makes it hard
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~ FIG. 2. Hysteresis loops for particles with radii &=9.0
0084 . \o (squarel R=12.35(circles, andR=16.0 (star$ at T=0.05 and a
5 A\ \O shell thickness of 4 lattice spacings.
T 0.04-
002D \ coercive field as a function of temperature has no difference
= \g ol in behavior from the one observed previou$lithe smaller
0.00 _.\n particles have a higher coercive field at low temperatures
) 01: . 1' - 1' ‘;1 than the bigger ones, and this behavior is reversed at higher
. 05 0 5 0 temperatures.

T . )
o o In the exchange bias field curves, however, we observe
FIG. 1. Coercive field and exchange bias field versus temperagat the size dependence on the number of bonds and not so
ture for three sets of particles with similar sizes but very different,,ch on the actual size of the particle plays on important
proportions of up bonds at the interfa@ecl_o (closed circlesand role in the temperature dependence of the exchange bias
R=11.0 (open circles R=12.0 (closed triangles and R=12.35  fia1q \When the difference of the up and down bonds is big,
(open triangle andR=17.0 (closed squargsandR=19.0 (open  ;0h a5 th&=11.0, 12.35, and 19.0 cases, the particle mag-
squares netization turns easily by going from théh-to the h field.

for the spins to turn when the field goes frdmo —h, and it The exchange bias field is stronger, and it follows the tem-

results in a high coercive field. When the spins align amnd)erature dependence of the coercive field, while in the case

the negative direction, by changing the field again fromte- ~ ©f Small up or down bonds, the difference in the behavior of
h they need less energy to turn. Developing this picture Wé;he two branches of the hysteresis loop is similar. This results

will call up bonds the pairs of spins along the FM/AFM IN @ reduced exchange bias field with a strong temperature
interface which are parallel and down bonds the antiparallf€Pendence. The temperature dependence of the exchange
ones. So a nanoparticle with a radius RE10.0 has up field is in good agreement with the experimental findings of
bonds=360 and down bonds=318, and the nanoparticle witRef. 13. . .

a radius 0fR=11.0 has up bonds=606 and down bonds=288, Next, we study the mfluence of the shell thickness on
We can see that though these two particles are very close #§€ behavior of the hysteresis loop and the thermal depen-
size they have very different numbers of up and down bongdence of th_e coercive and egchange bias fields. We consider
The same holds for the nanoparticles with sizes 17.0 anHfée particles with radii of R=9.0(N=3071, Ngy

19.0. They haveR=17.0 (up bonds=1590, down bonds =915 Narv=2556, R=12.35(N=7881, Ngy=2469, Nar
=1584 and R=19.0 (up bonds=2502, down bonds=1752 =5412, and R=16.0(N=17077,Ngy=7153,Nar=9929

The effect is more pronounced in the case of radiiRof an AFM shell of 4 lattice spacings thick and particles with
=12.0 (up bonds=552, down bonds=63and R=12.35 (up the same total radii but antiferromagnetic shells of 6
bonds=840, down bonds=4B6Though these nanoparticles lattice spacings thickR=9.0(N=3071, Ngy=123, Napy

are very similar in size the proportion of up bonds is 46.7%=2948, R=12.35(N=7881, Ngy=1045,N,-=6836, and

and 63.3%, respectively. R=16.0(N=17077,Ngy=4169,N,r=12908. Here N,

Our results for the coercive field and the exchange biadNgy, andNpgy are the total number of spins, the number of
field as a function of temperature are shown in Fig. 1 for thethe core spins, and the number of the shell spins in the nano-
pairs of particles with radii of 10.0 and 11(6ircles, 12.0  particles, respectively. In the former case the inner part of the
and 12.35triangles, and 17.0 and 19.Gsquares What we  shell is considered 3 lattice spacings thick and in the latter 5
observe in Fig. 1 for the coercive field is the following: if we lattice spacings thick. The surface thickness is 1 lattice spac-
compare each pair of particles of similar size, the ones withing in both cases. The results for the hysteresis loops for
a bigger proportion of up bonds have higher coercive fieldsthese three particles are shown in Figs. 2 and 3 at a very low
The difference is more pronounced in the pair of particlesemperatureT=0.05, for shell thicknesses 4 and 6 lattice
with sizes 12.0 and 12.35. They have the biggest differencepacings, respectively. As we can see, the hysteresis loops
in the proportion of up bonds. As the temperature increaseare shifted. Also it appears that the smaller particles have the
the thermal fluctuations cancel the interface effects. If webigger shifting and the bigger coercive field. This is in agree-
now compare the pair of particles, the size dependence of thament with the experimental findinds?6In Fig. 4 we show
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FIG. 3. Hysteresis loops for particles with radkR=9.0

(squarey R=12.35(circles, andR=16.0(starg at T=0.05 and a
shell thickness of 6 lattice spacings.

Hex

0.01

the coercive and exchange bias fields as a function of tem-

perature. We can see that for the thickness of 4 lattice spac-

ings (solid lineg at low temperatures there is a size reversal 0.00 \ % -
to the temperature dependence of the coercive and exchange 00 05 10 15 20
bias fields. In the second case we consider a shell of 6 lattice FIG. 5. Coercive field and exchange bias field vs temperature
spacings thick with the other parameters being the same dsr two particles with the same ferromagnetic radii Rfy=6.0
those we show in Fig. 3. The hysteresis loops for the nandattice spacings and a shell thickness of 4 lattice spacitgsl
particles are of the same size as previously, but in this cag@dius ofR=10.0(squares| and 6 lattice spacingftotal radius of
the core and shell thickness have changed. We observe in tHis12.0(stars].

case the same size dependence of the coercive field, but ol
increase in size of both the coercive and exchange bias field
This increase is also shown in the temperature dependence
these quantities in Fig. &broken lines and open symbals
This behavior is in agreement with experimental red(ibs

/CoO nanoparticles, in which the authors they observe an
i?i]prease in size with an increasing oxygen dose. These re-
Sliits demonstrate once more the important role of the inter-
face, because they show that the particles with the smaller
ferromagnetic radii, i.e., bigger interface contributions, have

0.6 stronger coercive and exchange bias fields.
I, To further demonstrate the role of the interface and the
054 . shell thickness, we keep the core thickness constant and we
el increase the shell thickness. In Fig. 5, we plot the coercive
0.4+ - and the exchange bias fields versus temperature, respectively,
0.3 ‘~u for two particles of size®=10.0 andR=12.0, with the same
£ (... Onn R core thickness equal to 6 lattice spacings and shell thick-
0.2§\.<0--~.._-__ nesses of 4 and 6 lattice spacings, respectively. We observe
T s i that the results are the same for both particles at all tempera-
0.1 Me——*—" tures for the coercive field. The exchange bias field is the
same for both particles at low temperatures, but as the tem-
0.0 o — : ' perature increases the one with the biggest shell thickness
has higher values for thid.,. The exchange bias field is due
0204 entirely to the existence of the FM/AFM interface of the

.0 05

10 1.5 20

T

core/shell nanoparticle. Consequently the influence of the
thermal fluctuations on the interface will depend on the shell
thickness.

For a further study of the effect of the shell thickness on
the exchange bias field we consider a ferromagnetic particle
with core radii of 7 lattice spacings and anisotropy coupling
constants oK;=0.05 andK;.=0.5, and we start to add AF
layers with uniaxial anisotropy along theaxis and aniso-
tropy constanKgy=0.5. As it can be seen from Fig. 6 where
we plot the exchange bias field as a function of the shell

FIG. 4. Coercive field and exchange bias field vs temperaturdhickness for two temperatures, at the low temperature this

for particles with radii ofR=9.0 (squares R=12.35(circles, and
R=16.0(starg, and a shell thickness, of 4 lattice spacirigbsed

symbolg and 6 lattice spacing@pen symbols

field is approximately constant after the second layer. This
result is in agreement with the experimental findings of Ref.
27, in which they observe very fast stabilization of the ex-
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FIG. 6. Exchange bias field as a function of the shell thickness, 012-m— g —__
starting from a particle with a ferromagnetic radii Bfy,=7.0, at ]: u
two temperature3 =0.05 (squaresand T=1.0 (circles. \. \.
0.08 /A
5 A \
change bias field with the oxygen dose in Co/CoO nanopar- I 1 \\o
ticles. However, with the increase in the temperaturel to 0.04 4 A
=1.0 in our units, more AF layers are needed to increase and \
stabilize the exchange bias field. These results show that be- ) \
cause of the thermal fluctuations at the interface configura- N T —
tion we need a thicker shell to stabilize the interface contri- 0.0 05 10 15 20

bution. T

_ Finally, we examine the effect of the strength of the riG 7. coercive field and exchange bias field vs temperature
interface-exchange coupling and the antiferromagnetic e, 5 particle with a radius o0R=11.0 with (@) J,z=0.5 andJapy
change coupling constant, keeping the shell thickness of 4 5 (triangles, (b) Jz=1.0 andJaey=0.5 (circles, and (c) J;c
lattice spacings and the other parameters as they were previ1 o andJuey=1.0 (squares

ously. We first increase the interface coupling consthnt
taking it now as equal tdgy. The results for the temperature
dependence of the coercive and the exchange bias fields for a
particle with sizeR=11.0 are shown in Fig. {ircles. In the
same figure the results fdk-=Jg\/2 (triangles are shown

IV. CONCLUSIONS

We have presented a systematic study of the coercive be-
havior of composite nanoparticles with core/shell morphol-

: ‘o : , consisting of ferromagnetic and antiferromagnetic
for comparison. From this figure we can see that an mcreas%ggus We ass%med a Heisegnberg exchange interac?ion be-

L T r?nagnetlc shell, and we showed that at low temperatures this
enhancement of the gxchange bias field. Th's. is due to ,th teraction together with a strong interface anisotropy results
fact that the stronger mterface—exphange_coupllng resu_lts N an exchange bias field and a reversal in the size depen-
faster reversal of the ferromagnetically aligned spins with th§jence of coercivity.
antiferromagnetic shell. At temperatures higher thigg, the The exchange bias field always disappears at temperatures
behavior is similar to that of-=Jry/2, because at these greater tharTye, of the antiferromagnet in agreement with
temperatures the shell becomes paramagnetic and does RRé experimental findings, and it depends strongly on the
influence the ferromagnetic core. specific characteristics of the ferromagnetic or antiferromag-

Keeping the interface-exchange coupling constant enretic interface. We show that the exchange bias field is stron-
hanced as previously and increasing also the exchange coger in the interfaces with a stronger difference between up
pling constant for the AF shell, we taki=Jgy, and we and down bonds. Generally this difference as a percentage
calculate the exchange bias and the coercive fieldsRfor the of total bonds is stronger in smaller nanoparticles and
=11.0 as functions of temperature. In this caseThg,and results in more asymmetric hysteresis loops.

Tcuie are identical. Results are also shown in Fig. 7 The strength of the exchange constant at the FM/AFM

(squares The increase in the antiferromagnetic exchangdnterface of the nanoparticles at low temperatures reduces the
coupling constant strength results in a reduction of the coereoercive field and increases the exchange bias field. The in-
civity. The exchange bias field is increased and also persistyease of both the antiferromagnetic exchange constant and
at high temperatures as expected becauseQyis higher  the interface constant causes a reduction in the coercivity,
than it was in the previous cases. and the exchange bias field persists at higher temperatures.

We note here that taking the surface anisotropy r&t#al
in our simulations has a minor effect on our results. This is ACKNOWLEDGMENT
expected because, as we showed above in the composite This work has been supported by the IMS Center of Ex-
nanoparticles, the major contribution to the exchange biasellence on Nanostructured Materials, Project No. 962, and
effects comes from the interface and the first surface layershe British-Greek bilater Collaboration 2003—2005.
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