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Hysteretic properties of a magnetic particle with strong surface anisotropy

H. Kachkachi* and M. Dimian
Laboratoire de Magne´tisme et d’Optique, Universite´ de Versailles St. Quentin, 45 av. des Etats-Unis, 78035 Versailles, France

~Received 1 October 2001; revised manuscript received 11 February 2002; published 11 November 2002!

We study the influence of surface anisotropy on the zero-temperature hysteretic properties of a small single-
domain ferromagnetic particle, and investigate limiting cases where deviations from the Stoner-Wohlfarth
model are observed due to nonuniform reversal of the particle’s magnetization. We consider a spherical particle
with simple cubic crystal structure, a uniaxial anisotropy for core spins, and radial anisotropy on the surface.
The hysteresis loop is obtained by solving the local~coupled! Landau-Lifshitz equations for classical spin
vectors. We find that when the surface anisotropy constantKs assumes large values, e.g., of the order of the
exchange couplingJ, large deviations are observed with respect to the Stoner-Wohlfarth model in the hysteresis
loop and thereby the limit-of-metastability curve, since in this case the magnetization reverses its direction in
a nonuniform manner via a progressive switching of spin clusters. This characteristic value ofKs depends on
the surface-to-volume ratio of exchange coupling and the angle between the applied field and core easy axis.

DOI: 10.1103/PhysRevB.66.174419 PACS number~s!: 75.50.Tt, 75.70.Rf, 75.10.Hk
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I. INTRODUCTION

Surface effects have a strong bearing on the propertie
small magnetic systems, and entail large deviations from
bulk behavior. It was shown in Ref. 1 that the magne
disorder on the surface caused by surface anisotropy is
ranged, which implies that even the spins in the core o
very small magnetic particle~2 nm! render a magnetization
that deviates from the bulk value. It will be useful to unde
stand surface effects in magnetic materials in order to con
their properties which are relevant for technological appli
tions. One such property is the coercive field as it giv
indications on the relaxation time of the magnetization a
thereby on the stability of the information stored on magne
media.

Surface effects are due to the breaking of crystal-fi
symmetry, and this is a local effect. So, in order to stu
such effects one has to resort to microscopic theories, un
the macroscopic Stoner-Wohlfarth~SW! model,2 which are
capable of distinguishing between different atomic enviro
ments and taking account of physical parameters such
bulk and surface anisotropy, exchange, and dipole-dipole
teractions. Unfortunately, this leads to difficult many-bo
problems which can only be dealt with using numerical a
proaches.

This work deals with the effect of strong surface anis
ropy on the hysteretic properties~hysteresis loop and limit-
of-metastability curve, the so-called SW astroid!, of a single-
domain spherical particle~with free surfaces!, a simple cubic
~sc! crystal structure, a uniaxial anisotropy in the core, a
radial single-site anisotropy for spins on the boundary. T
hysteresis loop and thereby the critical field are computed
solving, at zero temperature, the local Landau-Lifshitz eq
tions derived from the classical anisotropic Dirac-Heisenb
model in field, subjected to a local condition~see below!
accounting for the minimization of energy with respect
local rotations of each spin in the particle. In Ref. 3 the sa
method was used for studying the hysteretic properties
models of nanoparticles, where the anisotropy was ei
random in the whole particle or taken only on the surfa
0163-1829/2002/66~17!/174419~11!/$20.00 66 1744
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and the analysis was restricted to the hysteresis loop.
In this paper, we use an improved version of the meth

mentioned above including a global-rotation condition on
resultant magnetic moment of the particle in addition to
local condition~see Ref. 4!. We compute the hysteresis loo
and infer from it the limit-of-metastability curve~SW as-
troid!, and compare with the SW model especially when
surface anisotropy constant assumes large values,
Ks /J;1. This study has allowed us to investigate the lim
of validity of the SW model for very small magnetic particle
where surface anisotropy plays a determinant role,
whose magnetization no longer switches in a coherent w

Our method, based on the numerical solution of t
Landau-Lifshitz equation at zero temperature, is chec
against the SW semianalytical results in two limiting cases
the exchange coupling with different distributions of anis
ropy axes. We first consider a single-domain particle with
macroscopic magnetic moment resulting from very stro
exchange interaction. This is equivalent to the SW one-s
problem with uniaxial anisotropy. A second test deals w
the case of a square particle of noninteracting spins all w
randomly distributed easy axes. This model mimics an
sembly of monodispersed single-domain nanoparticles wi
random distribution of their easy axes embedded in a tw
dimensional~2D! nonmagnetic matrix.

The plan of this work is as follows: we first define ou
model ~Hamiltonian and physical parameters!, present the
method used for computing the hysteresis loop, and te
against the semianalytical results of SW model. Then,
discuss our results for a spherical particle in terms of
change coupling, particle’s size, and surface anisotropy
varying, in turn, one of them while keeping the other tw
fixed. We also study the situation with~intra!surface ex-
change coupling different from that in the core of the p
ticle. A short account of the present work can be found
Ref. 5. It is worth mentioning though that in fact only a
isotropy and exchange coupling on the surface can be c
sidered as free parameters as there are so far no de
experimental estimations thereof.
©2002 The American Physical Society19-1
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II. MODEL HAMILTONIAN

We consider the following classical anisotropic Dira
Heisenberg model:

H52(
^ i , j &

Ji j Si "Sj2~gmB!H"(
i 51

N
Si1Han , ~1!

whereSi is the unit spin vector on sitei, H is the uniform
magnetic field applied in a directionc with respect to the
referencez axis, N is the total number of spins~core and
surface!, and in the sequelD will denote the particle’s diam-
eter.Ji j (5J.0) is the strength of the nearest-neighbor e
change interaction, which will be taken in our calculatio
the same everywhere inside the particle, unless otherw
specified~see Fig. 14et seq.!; Han is the uniaxial anisotropy
energy,

Han52(
i

Ki~Si "ei !
2, ~2!

with easy axisei and constantKi.0. This anisotropy term
contains either of the two contributions stemming from t
core and surface, and depends on the system under co
eration. For instance, for the 2D model~which serves as a
test of our calculations by comparison with the SW mod!
all spins ~core and surface! have the same anisotropy co
stant but randomly distributed axes. In the case of a sphe
particle, all core spins are attributed the same constanKc
and all surface spins are attributed the constantKs . More-
over, core spins will have an easy axis along thez axis,
whereas a surface spin is assumed to have its anisotropy
along the radial direction, see Ref. 6 and many referen
therein.

A more physically appealing microscopic model of su
face anisotropy was provided by Ne´el,7

Han
Neel52Ks(

i
(
j 51

zi

~Si "ei j !
2, ~3!

where zi is the coordination number of sitei and ei j
5r i j /r i j is the unit vector connecting the sitei to its nearest
neighbors. This model is more realistic since the anisotr
at a given site occurs only when the latter loses some o
neighbors, i.e., when it is located on the boundary. Howe
the extra sum on nearest neighbors in Eq.~3! makes this
model less practical for numerical calculations, especia
those that are time consuming, such as the SW astroid. S
this paper we restrict ourselves to the model of radial sing
site anisotropy on the surface. In Ref. 8, we have develo
an analytical theory, together with the numerical meth
used here, for weak surface anisotropy and studied
model and compared it with the radial-anisotropy model.

A remark is in order concerning the dipole-dipole intera
tions inside the particle. It is well known9 that these relativ-
istic interactions lead to two contributions, a first term tha
an integral over the volume of the particle, and a second
over the surface. The latter represents the magnetostatic
ergy. However, it has been shown10 that in very small par-
ticles the first contribution is negligible as compared with t
17441
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contribution of exchange interactions. On the other hand,
second contribution plays the role of shape anisotropy, wh
for a spherical particle yields an irrelevant constant. The
fore in our case of very small spherical particles, where
effect of surface anisotropy constant is most importa
which is one of the main issues of the present work,
volume term is negligible and the shape anisotropy is abs

III. METHOD OF CALCULATION OF THE HYSTERESIS
LOOP

Different models of a nanoparticle are studied. In ea
case, we simulate the lattice with sc crystal structure,
then assign to each site a length-fixed three-component
vector. For the calculation of the hysteresis loop we s
with a magnetic configuration where all spins are pointing
the same direction2z, which corresponds to the saturatio
state. The hysteresis loop is due to the existence of m
stable states in the system. Starting from the initial confi
ration and applied field, the integration of the Landa
Lifshitz equation ~see below! tends towards a new
configuration that is an energy minimum.

Let us now establish the Landau-Lifshitz equations for
magnetic moments. We chooseKc as the energy scale an
normalize the other physical constants accordingly, i.e.,

t→ 2Kc

\
3t, h[

~gmB!

2Kc
3H. ~4!

Then, the Landau-Lifshitz~LL ! equation for a spinSi at site
i, reads

dSi

dt
52Si3hi

eff2aSi3~Si3hi
eff!, ~5!

wherea~;1! is the damping parameter andhi
eff is the effec-

tive field acting on the spinSi and is given by

hi
eff5h1

1

2Kc
(
j 51

zi

Ji j Sj1hi
an , ~6!

wherehi
an[2(]Han /]Si)/2Kc , with Han given in Eq.~2!,

zi is the coordination number of sitei. In the sequel, we will
use the reduced parameters,j [J/Kc , ks[Ks /Kc . Therefore
for each sitei we arrive at three coupled equations~for
Si

x ,Si
y ,Si

z), and because of the second term in Eq.~6! we
actually obtain a system of 3N ~local! coupled equations. We
emphasize that it is more convenient to use spherical coo
nates~for each spin! instead of the Cartesian ones. Indee
owing to the fact that the spins are of constant length, t
reduces the number of individual~for each spin! equations to
2 instead of 3,

u̇ i5~hw
eff1ahu

eff! i , ~7!

ẇ i5~2hu
eff1ahw

eff! i /sinu i ,

where hu
eff[2]H/]u,hw

eff[2]H/]w are the polar compo-
nents of the effective field. For the one-spin problem, th
are obtained by direct differentiation of the energy written
9-2
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HYSTERETIC PROPERTIES OF A MAGNETIC . . . PHYSICAL REVIEW B 66, 174419 ~2002!
spherical coordinates, whereas for a particle it is not poss
to obtain a tractable analytical expression of the energy
spherical coordinates, sohu

eff andhw
eff are written in terms of

the time derivatives of the Cartesian components ofhi
eff in

Eq. ~6!. Using Eq.~7! instead of Eq.~5! allows for a gain of
computer time, but this method encounters stability proble
specific to the spherical coordinates, because of the fa
1/sinu in Eq. ~7!, which diverges asu→0,p, and hence a
special care is required when numerically handling th
equations.

After having constructed the magnetic structure~lattice
and spin vectors on it!, we apply a magnetic fieldH at some
angle c with respect to the referencez axis, with values
chosen in a regular mesh. Then we calculate the local ef
tive field for all spins and thereby the right-hand sides of
LL equations~7! and proceed with the time integration. A
this is done, the total energy in Eq.~1! smoothly decreases
and some criterion must be used for stopping the integra
for the given value of the applied field and moving to t
next value. In our calculations we proceed to the next fi
value when

1

N (
i 51

N UdSi

dt U,«, ~8!

which implies that the system is close to a stationary stat«
being a small parameter of the order of 1025–1027. How-
ever, it was shown in Ref. 4, that this local condition, whi
accounts for the minimization of energy with respect to lo
rotations~or small deviations! of each spin, must be supple
mented by a global condition on the resultant magnetic m
ment so as to account for the global rotation of the partic
magnetic moment. Obviously, for a single spin these t
conditions boil down to one and the same condition~8!.

Next, the stationary state thus obtained is used as the
tial state for the next value of the field. Iteration of th
process over a sequence of applied fields, of given ma
tude and directionc, renders the hysteresis loop. For ea
value of this angle we determine the critical or switchi
field ~see discussion below!. The whole procedure finally
renders the critical or switching field as a function of t
anglec, which in the case of critical field is the SW astroi
17441
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As a test of this method, we considered a box-sha
particle with11 N533, a sc structure, uniaxial anisotropy, an
strong exchange interaction between spins inside the part
and computed the hysteresis loop for different values of
angle c between the applied field and the easy axis. T
results are shown in Fig. 1~left!. Next, we present in Fig. 1
~right! the SW astroid, which separates the region with t
minima of energy from that with only one minimum. We se
that the SW results are exactly reproduced by our calc
tions. We have also computed the hysteresis loop of a sq
particle of noninteracting spins (J50) all with randomly
distributed easy axes. This is equivalent to an assembl
monodispersed single-domain noninteracting particles w
randomly distributed easy axes in two dimensions. As
pected, we find that the remanent magnetization is equa
1/2.

For later reference, we plot in Fig. 2 the critical fieldhc
and the height of the magnetization jump~i.e., mu2md), as
functions of the anglec between the direction of the field
and core easy axis. Obviously,hc(c) in Fig. 2 ~left! is a
well-known result of the Stoner-Wohlfarth model.

On the other hand, we note that the height of magnet
tion jump has an almost linear dependence onc, except for
the final portion 76°,c,90°, which corresponds to cycle

FIG. 1. Left: ~numerical! hysteresis loops for different values o
c increasing inwards:c50,60°,85°,90°, for a 33 particle with
uniaxial anisotropy. For the sake of clarity the SW analytical h
teresis loops have been omitted, since they exactly coincide
the computed ones. Right:~numerical in squares and analytical
full line! SW astroid for the same particle;j 510.
FIG. 2. One-spin problem. Left: critical field
as function ofc. Right: height of magnetization
jump as function ofc.
9-3
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H. KACHKACHI AND M. DIMIAN PHYSICAL REVIEW B 66, 174419 ~2002!
with crossing branches as exhibited by the hysteresis
c585° in Fig. 1 ~left!, see Ref. 12 for a discussion of th
issue.

IV. SPHERICAL PARTICLES: RESULTS AND DISCUSSION

Here we consider a single-domain spherical particle
simple cubic~sc! structure with uniaxial anisotropy in th
core and anisotropy constantKc , and radial anisotropy on
the surface with constantKs . Our main goal here is to in
vestigate the influence of surface anisotropy, both in dir
tion and strength, on the hysteresis loop and SW astr
However, we will also study the effect of exchange coupli
and particle’s size. Again for later reference, we plot in F
3 the distribution of surface anisotropy axes of the spher
particle as a function of the azimuthal anglecs between a
surface spin easy axis and applied field.

A. Effect of the exchange couplingj

Now we study the effect of exchange coupling on t
hysteresis loop of a spherical particle containingN5360
spins ~176 surface spins and 184 core spins!. We first con-
sider the case in which the anisotropy constants in the c
and on the surface are equal, i.e.,ks51.0, and the magnetic
field applied along the easy axis of the core spins, so a
investigate the influence of radial direction of surface anis
ropy. For j !1, i.e., j 50,0.01, we can see along portion 1–
in Fig. 4 a progressive decrease~in absolute value! of the
magnetization, which is due to the alignment of surfa
spins, since as the field direction is along the core easy
the core spins have a rectangular cycle and the jump i
h51.0.

Next, along portion 2–3 we can see two jumps. Inde
according to the distribution of surface easy axes in Fig
and the critical field as a function ofc in Fig. 2 ~left!, those
surface spins withcs between 0.6 and 1.0 are responsible

FIG. 3. Distribution of surface anisotropy axes versus the a
muthal anglecs for a spherical particle withD510 ~N5360: 176
surface spins and 184 core spins!.
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the first jump, and those withcs between 0.4 and 0.6 or 1.
and 1.2 are responsible for the second jump. Next, al
portion 3–4 we have successive small jumps and thereb
slight decrease of the magnetization. The origin of the
small jumps resides in two contributions. One contributi
comes from those surface spins whose easy axis make
angle around 0.2 with the field. Even though the correspo
ing height of jump is large~see Fig. 2, right!, their number is
rather small~see Fig. 3! thus rendering a small contributio
to the magnetization. The other contribution is due to surf
spins with an anglecs.1.4, which yield a small contribu-
tion owing to the fact that the height of the correspondi
jump is very small~see Fig. 2,cs.1.2), even though their
number is relatively large. On the last portion of the low
branch of the hysteresis in Fig. 4, we see another big ju
which is due to the switching of core spins at the fieldhc
51.0. At last, there is a slow increase of magnetization d
to a final adjustment of surface spins along the field dir
tion. In the present case, the surface fully switches before
core ~see Fig. 5!.

For j 50.1, we see that the surface behavior remains
most the same as in the previous cases, whereas the
spins now switch clusterwise as can be seen in the fo
picture of Fig. 5. Indeed, regarding the exchange field a
small perturbation of the applied magnetic field, it is cle
that the core spins located near the surface are subject t
effective field whose direction is slightly deviated from the
easy axis, i.e., the corresponding anglec is slightly different
from zero. Now, in Fig. 2~left! we can see that this little
deviation inc produces an important change in the switchi
field. On the contrary, we find that this effect is almost abs
in what concerns the jumping field of surface spins, as
be seen along portion 2–3 in Fig. 4 upon comparing
loops for j 50,0.01 andj 50.1. Indeed, the surface spin
responsible for these jumps have their easy axes at an a
0.6,cs,1.0, and hence the change in the correspond
critical field is very small~see Fig. 2 left!. In Fig. 4 we

i- FIG. 4. Hysteresis loop, i.e., plot of the magnetization project
on the field direction as a function of the~reduced! field h, for c50,
ks51 and different values ofj. N5360.
9-4
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FIG. 5. Magnetic structure forj 50.1,ks51 for the field valuesh524.0,0,0.64,0.8,0.88,4 which correspond to the saturation states
different switching fields shown in Fig. 4. These field values correspond to the pictures when starting from the upper array and mov
down left, and then right. Obviously, gray arrows represent core spins and black arrows represent surface spins.
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can also see that forj 50.1, i.e., when the exchange ener
becomes comparable with anisotropy and Zeeman ene
there are more jumps that can be attributed to the switch
of different spherical shells of spins starting from surfa
down to the center. This situation is sketched in Fig. 5. F
example, forh50 one can see that the exchange has a l
influence on surface spins, as they are directed almost a
their easy axes; forh50.64 the surface spins show the sam
behavior as in the absence of exchange, but part of c
spins, located near the surface, are deviated from their
axes. At the fieldh50.8 all these core spins have alrea
switched.

For j 51;ks , even that there is only one jump, the hy
teresis loop is not rectangular owing to the fact that the sp
rotate in a noncoherent way, as can be seen in Fig. 6. Th
due to a compromise between anisotropy and exchange
ergies, see, for example, the picture forh50. Moreover,
even a small number of neighbors lying in the core produ
a large effect via exchange on the behavior of a surface s

For much larger values ofj the spins are tightly coupled
and move together, and the corresponding~numerically ob-
tained! critical field hc coincides with the~analytical! expres-
sion obtained in the limitJ→`, i.e.,hc5Nc /N, whereNc is
17441
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the number of core spins. This expression forhc has been
obtained by summing over the direction of surface easy a
which results in a constant surface energy contribution p
portional toks . Hence, due to spherical symmetry, the s
face anisotropy constant does not enter the final expres
of hc .

Now we consider the case of larger values ofks , e.g.,
ks510, so as to investigate the influence of surface anis
ropy both in direction and strength. The results are presen
in Fig. 7 ~left!.

Here, a notable difference with respect to the previo
case,ks51, is the fact that the core now switches before t
surface and at higher fields. Moreover, there appear m
jumps which may be attributed to the switching of vario
clusters of surface spins. Both cases show that as the
j /ks decreases, the magnetization requires higher field
saturate. This is further illustrated by Fig. 7~right! where
ks51025 j for a smaller particle.

Let us now summarize the ongoing discussion. We
serve that considering a radial distribution for surface anis
ropy, leads, even in the case of very strong exchange, to
important quantitative deviation from the classical S
model. In particular, the critical field in our model is give
by
9-5
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FIG. 6. Magnetic structure forj 51,ks51 for the field valuesh524.0,0,0.56,0.6,4 which correspond to the saturation states
different switching fields shown in Fig. 4. As in Fig. 5, gray arrows represent core spins and black arrows represent surface spin
h
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ring
ace
eir
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no

ap-
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Hc
r 5

Nc

N Hc
u , ~9!

where Hc
r is the critical field for a spherical particle wit

radial anisotropy on the surface and uniaxial in the core,Hc
u

is the critical field for a spherical particle with uniaxial a
isotropy for all spins. Therefore, whenj and ks are compa-
17441
rable, the compromise between exchange coupling, favo
a full alignment of the spins along each other, and surf
anisotropy, which favors the alignment of spins along th
radial easy axes, produces large deviations from the
model. More precisely, the shape of the hysteresis loop is
longer rectangular and there appear multiple jumps. The
pearance of these jumps makes it necessary to define
FIG. 7. Left: Hysteresis loops forc50, ks

510, and different values ofj. D510 ~N5360!.
Right: Hysteresis loops forc50, ks5102, and
different values ofj. D57 ~N5123!.
9-6
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HYSTERETIC PROPERTIES OF A MAGNETIC . . . PHYSICAL REVIEW B 66, 174419 ~2002!
field values with the help of which a hysteresis loop can
characterized. A value that marks the limit of metastabil
called thecritical field, and the other value which marks th
magnetization reversal, i.e., when the projection of the m
netization on the field direction changes sign, and this is w
it is called theswitching field~or still coercive field!.

B. Effect of the particle’s sizeN
Here, we study the effect of varying the particle’s si

while keepingj and ks fixed. So we use the same value
anisotropy constant for all spins and strong exchange,
ks51,j 5102, and vary the particle’s diameter from 6~N
556! to 30 ~N512712!.

In Fig. 8 ~left! are presented hysteresis cycles of a part
with different diameters when the field is along the core e
axis, and on the right the variation with the particle’s dia
eter of the critical field13 ~in diamonds! obtained from the
numerical solution of the Landau-Lifshitz equation forj
5102, and~in circles! the SW critical field multiplied by the
core-to-volume ratio@see Eq.~9!#. The figure on the left
shows that for such a value ofks the hysteresis loop is rect
angular for all sizes, and that the critical field decreases w
the particle’s size. The latter fact is clearly illustrated by t
figure on the right, which also shows that forks51
51022 j , all these hysteresis loops can be scaled with th

FIG. 8. Left: Hysteresis loops forc50,ks51,j 5102 for differ-
ent values of the particle’s diameterD. Right: ~in diamonds!
Switching field for the same parameters as a function ofD.
hSW(Nc /N) is the SW switching field multiplied by the relativ
number of core spins.
17441
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rendered by the SW model. Next, Fig. 9 shows the variat
with the surface-to-volume ratioNst[Ns /N of the critical
field for all angles between the core easy axis and magn
field, this is the limit-of-metastability curve. These resu
show that, even in the general case of a field applied a
arbitrary angle with respect to the core easy axis, the crit
field of a spherical particle withks51 can be obtained from
the SW model through a scaling with constantNc /N. One
should also note that the astroid for all particle sizes fa
inside that of SW, in accordance with Fig. 8~right!, and the
larger the surface contribution the more the astroid shrin

Therefore forks51 our results for the hysteresis loop an
limit-of-metastability curve can be scaled with those of S
model with the scaling constantNc /N, which is smaller than
1 for a particle of any finite size.

Next, in Fig. 10~left! we present the hysteresis loop in th
case where the surface anisotropy constantks equals the ex-
change coupling and the field is applied along the core e
axis, and in Fig. 10~right! the switching field14 as a function
of the particle’s diameterD. There are two new features i
comparison with the previous case ofks51: the values of

FIG. 9. Astroid for ks51,j 5102 for different values of the
surface-to-volume ratioNst[Ns /N. The lines on the astroids insid
the SW one are only guides for the numerical data.
s

FIG. 10. Left: Hysteresis cycle forc50, j

5ks5102, and different values of the particle’
diameterD. Right: Switching field as a function
of N for the same parameters.
9-7
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H. KACHKACHI AND M. DIMIAN PHYSICAL REVIEW B 66, 174419 ~2002!
the switching field are much higher, and more importan
its behavior as a function of the particle’s size is opposite
that of the previous case. Indeed, here we see that this
increases when the particle’s size is lowered. For such h
values ofks (Ks@Kc) surface spins are aligned along the
easy axes, and because of strong exchange coupling
also drive core spins in their switching process. Thus
smaller the particle the larger the surface contribution, a
the larger the field required for complete reversal of the p
ticle’s magnetization. This could explain the nonsaturation
magnetization that has been observed in, e.g., co
particles.15

C. Effect of the surface anisotropy constantks

Now, we fix the exchange coupling constantj, the parti-
cle’s total number of spinsN, and vary the surface aniso
ropy constantks . BecauseKc is in general two to three
orders of magnitude smaller thanJ, we have investigated th
effect of surface anisotropy constant in the case ofj 5J/Kc
5102.

FIG. 11. Astroid for j 5102, N5360 and different values o
surface anisotropy constantks . The full dark line is the SW astroid
scaled withNc /N, but the dotted line is only a guide for the eye
17441
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In contrast with the caseks51 andj 5102–103 where the
hysteresis loop and the limit-of-metastability curve sc
with the SW ones with the same scaling constant for
angles between the applied field and core easy axis, we
that for 1,ks,20 the scaling constant depends on the an
c, as can be seen in Fig. 11. This fact explains the defor
tion of the SW astroid, that is a depression in the core e
direction and an enhancement in the perpendicular direct

For larger values ofks we have computed the hysteres
loop for c50, N5360, j 5102. The results are given in Fig
12.

Here, we first note that the shape of the hysteresis loo
rather different from that rendered by the SW model, sin
for ks530, for instance, the hysteresis loop is no long
rectangular, even thatc50. As explained earlier, this effec
is due to the now more pronounced nonuniform rotation
surface spins and core spins located near the surface,
thereby that of the particle’s magnetization. This nonunifo
switching process causes large deviations from the
model, and thereby no scaling with the latter is possible.

From Fig. 12, we extract and plot in Fig. 13 the switchin

FIG. 13. Switching field versus the surface anisotropy cons
for c50, j 5102, andD510.
y
e
is-
FIG. 12. Hysteresis loop forc50, j 5102,
D510 and different values of surface anisotrop
constantks . These two sets of data cannot b
presented as one plot because of scaling m
match.
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field hc as a function ofks / j , denoted byk̃s in the sequel.
We find thathc first slightly decreases fork̃s&0.1 and then
increases, and whenk̃s approaches 1 it jumps to large value
As discussed above, for such high values ofks surface spins
are aligned along their easy axes, and because of strong
change coupling they also drive core spins in their switch
process, which then requires a very strong field to be co
pleted. Clearly, this particular value ofk̃s , to be denoted by
k̃s

c (51, here! marks the passage from a regime where sc
ing with the SW results is possible~either with a
c-dependent or independent constant! to the second regime
where this scaling is no longer possible because of c
pletely different switching processes.

Now we present additional data which show that t
‘‘critical value’’ k̃s

c introduced above depends on~at least!
two parameters. These are the surface-to-core ratio of
change couplingj s / j and the anglec at which the field is
applied with respect to the core easy axis.

Let us first discuss the effect of~intra!surface exchange
coupling. In real materials such as maghemite, it was arg
in Ref. 1 on account of Mo¨ssbauer spectroscopy thatj s / j
,1. In Fig. 14 we have plotted the results forhc obtained
with surface exchange couplingj s[Js /Kc smaller thanj,
i.e., core-core and core-surface couplings. First, we see
the ‘‘critical’’ value k̃s

c of k̃s separating the two regimes dis
cussed above decreases with the ratioj s / j . This is a conse-
quence of the fact that whenj s / j ,1, surface spins align
more easily along their~radial! anisotropy axes since now
they experience a weaker effective field. We also note
the jump becomes smoother. Next, if we consider the cu
j s / j 51 together with any other curve withks / j ,1, we see
that whenk̃s,1 the switching field is larger forj s, j than
for j s5 j , and the opposite holds whenk̃s.1.

To understand this result, let us imagine a particle c
taining ~at least! two groups of surface spins, a group 1 wi

FIG. 14. Switching field versus the surface anisotropy cons
for c50, and different values of surface-to-core ratio of exchan
couplings;D510.
17441
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exchange couplingj s5 j and group 2 withj s, j . When k̃s
2

, k̃s, k̃s
1 , k̃s

i being the critical value ofk̃s for group i, the
spins in group 1 are of SW type, while those of group 2 a
of non-SW type, in the sense that they switch in a coher
way or clusterwise, respectively. Hence, as demonstrated
lier, the reversal of spins in group 2 always requires a lar
switching field. On the other hand, whenks exceeds the larg-
est exchange coupling in the particle, i.e.,j, the switching
field of the whole particle decreases withj s / j . Now the
spins of both groups are of non-SW type, and their switch
operates clusterwise, but obviously the latter requires
higher applied field for group 1 than for group 2.

Next, a similar effect is obtained when the field is appli
at an arbitrary angle with respect to the core easy axis, a
the case for instance in an assembly of nanoparticles. H
we consider the case ofc5p/4. We find that there appea
multiple large jumps at a smaller value ofk̃s ~;0.2!, as can
be seen in Fig. 15.

For an order of magnitude estimate ofKs and the critical
~or saturation! field, consider a 4-nm cobalt particle o
fcc crystal structure, for which the lattice spacing isa
53.554 Å, and there are four cobalt atoms per unit c
The ~bulk! magnetocrystalline anisotropy isKc.3
310217 erg/spin or 2.73106 erg/cm3, and the saturation
magnetization isMs.1422 emu/cm3. The critical field is
given byHc5(2Kc /Ms)hc . Forc50, k̃s

c51 andhc515, so

Hc.6 T. On the other hand,k̃s
c51 means that the effective

exchange field experienced by a spin on the surface is of
order of the anisotropy field, i.e.,zSJ/2;2Ks . Then using
J.8 meV we getKs.5.22310214 erg/spin, or using the
area per surface spin~approximatelya2/8), Ks.5 erg/cm2.
For the case ofc5p/4, k̃s

c.0.2 andhc.0.3, which leads to
Hc.0.1 T andKs.1.2310214 erg/spin or 1.2 erg/cm2.

V. CONCLUSION

Our model of a spherical particle with uniaxial anisotro
in the core and radial anisotropy on the surface leads

nt
e

FIG. 15. Hysteresis forc545°, j 5102, D510 ~N5360!, and
different values of surface anisotropy constantks .
9-9
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mainly two pertinent regions for the surface anisotropy c
stantks , with ks.1 (Ks.Kc):

For small values of this parameter, e.g.,ks / j ;0.01, our
model renders hysteresis loops and limit-of-metastab
curves that scale with the SW results for all values of
anglec between the core easy axis and the applied field,
scaling constant beingNc /N, which is smaller than 1 for a
particle of any finite size. On the other hand, the critic
field, which coincides in the present case with the switch
field, increases with the particle’s size and tends to the
critical field in very large systems, and thereby the cor
sponding astroid falls inside the SW astroid for all partic
sizes.

For larger values ofks / j , but ks / j &0.2, we still have the
same kind of scaling but the corresponding constant depe
on c. This is reflected by a deformation of the limit-o
metastability curve. More precisely, the latter is depresse
the core easy direction and enhanced in the perpendic
direction. However, there is still only one jump in the hy
teresis loop implying that the magnetization reversal can
considered as uniform.

For much larger values ofks / j , starting fromks / j .1,
there appear multiple steps in the hysteresis loop which m
be associated with the switching of spin clusters. The app
ance of these steps makes the calculated hysteresis
both qualitatively and quantitatively different from those
SW model, as the magnetization reversal can no longe
considered as uniform, and one has then to define two c
acteristic values of the field associated with a hysteresis lo
the critical field and the switching field. In addition, in the
present case, there are two more new features: the valu
the switching field are much higher than in SW model, a
more importantly, its behavior as a function of the particl
size is opposite to that of the previous cases. More precis
here we find that this field increases when the particle’s s
is lowered. This is in agreement with the experimental o
servations in nanoparticles~see, e.g., Ref. 16 for cobalt pa
ticles!.

Therefore, assuming radial anisotropy on the surface,

*Author to whom correspondence should be addressed. Electr
address: kachkach@physique.uvsq.fr
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7L. Néel, J. Phys. Radium15, 225 ~1954!.
8D. A. Garanin and H. Kachkachi, cond-mat/0210098~unpub-
17441
-

y
e
e

l
g

-

ds

in
lar

e

y
r-
ps

be
r-

p:

of
d

ly,
e
-

e

find that there is a ‘‘critical’’ value (Ks /J)c of the ratioKs /J
beyond which large deviations are observed with respec
the SW model in the hysteresis loop and thereby the lim
of-metastability curve, since in this case the magnetizat
reverses its direction in a nonuniform manner via a progr
sive switching of spin clusters. So, in order to deal with the
features one has to resort to microscopic approaches suc
the one used in this work. In fact, it is found that the critic
value (Ks /J)c is even smaller for smaller surface-to-co
ratios of exchange coupling and larger angles between
applied magnetic field and the core easy direction, as i
more likely in realistic materials.

In a subsequent work we apply the present method
cubo-octahedral cobalt particles with a diameter of appro
mately 3 nm recently studied in Ref. 17~see also Ref. 18 for
Pt particles!. These are particles with fcc structure and tru
cated octahedrons on the surface, in which the core h
cubic anisotropy, and the surface anisotropy easy axes
believed to be along edges and facets with different const
Ks

a but whose values are uncertain at present. In our ca
lations we vary these parameters and study the effec
surface anisotropy on the Stoner-Wohlfarth astroid that
been experimentally measured in Ref. 17 where these an
ropy constants have been estimated from magnetic meas
ments. The final outcome of our calculations should give
estimation ofKs

a by comparing with these experimental r
sults. Another related issue of particular interest to us is
fact that these fcc particles~see Ref. 17 for cobalt and Re
19 for iron! seem to exhibit an effectiveuniaxial anisotropy
despite their cubic crystal symmetry. This work is
progress.

ACKNOWLEDGMENTS

We thank D. A. Garanin and M. Nogue`s for reading the
manuscript and suggesting improvements. M. Dimian tha
the Laboratoire de Magne´tisme et d’Optique for the hospi
tality extended to him during his training under the Socra
program, 1 March–31 July 2001.

ic

n,

lished!.
9A. I. Akhiezer, V. G. Bar’yakhtar, and S. V. Peletminskii,Spin

Waves~North-Holland, Amsterdam, 1968!, Chap. 1.
10A. Hahn, Phys. Rev. B1, 3133~1970!.
11It is sufficient to consider such a small particle, since for a stro

exchange coupling and all easy axes along the same direc
z the result would be the same for a large particle, but th
the calculation of the SW astroid is much more time consumi

12F. B. Hagedorn, J. Appl. Phys.38, 263 ~1967!; Al. Stancu, IEEE
Trans. Magn.33, 2573~1997!.

13For ks51, there is only one jump in the hysteresis loop as can
seen in Fig. 8~left!. Hence the critical field coincides with th
switching field.

14This is different from the critical field in the present case ofks

5102.
15M. Respaud, J. M. Broto, H. Rakoto, A. R. Fert, L. Thomas,

Barbara, M. Verelst, E. Snoeck, P. Lecante, A. Mosset, J. Os
T. Ould Ely, C. Amiens, and B. Chaudret, Phys. Rev. B57, 2925
~1998!.
9-10



dj

.

p-
,

HYSTERETIC PROPERTIES OF A MAGNETIC . . . PHYSICAL REVIEW B 66, 174419 ~2002!
16J. P. Chen, C. M. Sorensen, K. J. Klabunde, and G. C. Ha
panayis, Phys. Rev. B51, 11 527~1995!.

17M. Jamet, W. Wernsdorfer, C. Thirion, D. Mailly, V. Dupuis, P
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