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Magnetization curling in elongated heterostructure particles
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A rigorous micromagnetic study of nucleation by use of the magnetization curling mode in an elongat-
ed particle with heterostructure is presented. %e categorize the heterostructure particles into three
different types depending on their growth conditions and interna1 structures. The coercivity of the het-
erostructure particles critically depends on the relative magnetic parameters of the composite materials.
The physical origins of the enhanced coercivity for the three types of heterostructure particles are quite
different. The initial slope of the enhanced coercivity of surface-coated particles results from the shell

crystalline anisotropy, while the saturation level depends on the interfacial coupling, shell crystalline an-

isotropy, and shell surface anisotropy. The main contribution to the enhancement of the coercivity of
surface-modi6ed particles is the surface anisotropy of the adsorbed layer at the particle surface. The
homogeneity of the doped materials within the volume-modi6ed particles affects their coercivity and the
saturation level of the coercivity is always higher than that of the other two types. Agreement between

theory and experiment is reasonably good.

I. INTRODUCTION

Heterostructure particles are frequently used in ad-
vanced magnetic data-storage technology for their superi-
or magnetic properties, and they have attracted consider-
able experimental and industrial interest. ' ' The large
magnetic moment yields a high signal level and the coer-
civities obtainable allow for high bit densities. Experi-
mental and theoretical investigations are under way to
understand the origin of the high coercivity, and the
knowledge derived from these studies can be used to im-
prove the magnetic properties of heterostructure particles
further. Depending on their growth conditions and inter-
nal structures, elongated particles with heterostructure
can usually be classified into three different types in terms
of magnetic recording: surface-coated particles [e.g.,
Co-surface-coated (epitaxial) iron oxide particles],
surface-modified particles (e.g., Co-surface-adsorbed iron
oxide particles), and volume-modified particles (e.g., Co-
surface-doped and Co-substituted or doped iron oxide
particles). In general, the modification alters the magnet-
ic properties on or near the surface of the precursor parti-
cles in surface-treatment techniques, and throughout the
whole volume in volume-modification techniques.

Several analytic models have been proposed to study
the magnetization curve and nucleation of magnetization
reversal of surface-coated particles. ' However, there
exists no satisfactory theory regarding the enhancement
of coercivity even for this type of heterostructure parti-
cles. The origin of this enhancement has been qualita-
tively attributed to many difFerent mechanisms, e.g.,
volume averaging, interfacial exchange coupling, ' mag-
netostriction, " and reduced demagnetization. ' These
mechanisms share the common assumption that there
must be uniform magnetization in order to explain the

enhancement of coercivity. Nevertheless, some recent
numerical results show that the reversal mode is nonuni-
form. ' Moreover, experimental data show that cobalt-
modified ion oxide particles seem to favor the incoherent
reversal of magnetization. " Therefore, the model of ro-
tation in unison may not be appropriate for these hetero-
structure particles.

Besides the numerical calculations, ' the atomic-layer
model (ALM), which treats the particles as composed of
concentric layers each approximately one lattice spacing
thick, ' ' has been proposed to analyze the possibility of
a nonuniform reversal mechanism for surface-coated par-
ticles. An advantage of the ALM is the easy incorpora-
tion of arbitrary radial inhomogeneities of the material
parameters; however, it can only be applied to some sim-

ple cases because of the complicated numerical calcula-
tions. Moreover, it is not easy to understand the underly-

ing physics of the reversal mechanism just from numeri-
cal results. Another theoretical approach to the nonuni-
form magnetization reversal in coated particles (e.g., Co-
surface-coated y-Fe20i particles), based on Brown's
equation with appropriate boundary conditions, has
shown that a curling mode probably occurs during the re-
versal. ' However, these results show a much earlier sa-
turated behavior of the nucleation field within the coated
thickness than is observed, and one can only qualitatively
explain the coercivity increase of coated particles. The
demerit of this simple curling model is that it takes the
coating into account only as a shell anisotropy term, and
neglects the possibilities of spatial variation of magnetiza-
tion and exchange constant. Moreover, the assumption
of smoothly changing magnetic moment across the inter-
face, which implies an infinite interfacial exchange cou-
pling, ' is doubtful; the contribution of magnetic surface
anisotropy' is disregarded altogether for simplicity. Ex-
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perimental data for cobalt-treated iron oxides show that
approximately one monolayer of Co atoms is responsible
for the significant enhancement of the coercivity. This
fact suggests that interfacial effects may play an impor-
tant role. An extension of this micromagnetic continuum
theory with the extra consideration of core-shell interfa-
cial coupling and shell surface anisotropy can qualitative-
ly explain the surface-coated particles successfully; '

however, the particles are still characterized only by pa-
rameters which are homogeneous within the core and
shell regions, and the theory is only appropriate for
surface-coated particles. Nevertheless, these curling
models results in analytical expressions and one can easi-
ly understand the origins of the magnetic behavior for the
heterostructure particles.

Although much effort has been devoted to understand-
ing the reversal mechanism and nucleation in hetero-
structure particles, the origins of their improved magnet-
ic properties are still not clarified. In particular, all the
above theoretical models and numerical simulations con-
centrate only on the mechanism for surface-coated parti-
cles, and a reversal theory for surface-modified and
volume-modified particles is lacking. Moreover, the pos-
sibility of inhomogeneous magnetic parameters of the
heterostructure particles is neglected for simplicity.
From a theoretical point of view, the heterostructure par-
ticle leads to an inhomogeneous micromagnetic problem
and, for some special geometry, can be solved rigorous-
ly. ' ' When a ferromagnetic particle is saturated in a
large magnetic field, and the applied field is slowly re-
duced and then reversed, the magnetization will start to
reverse in a well-defined Geld called the nucleation field.
This field is an eigenvalue of a set of differential equa-
tions, and may be found rigorously, as has been done in
some cases.

The determination of coercivity actually requires cal-
culation into the nonlinear regime, but most of the previ-
ous methods are restricted to a linearized method for sim-
plicity. ' ' ' Strictly speaking, such methods allow one
only to calculate the nucleation field, but not the coercivi-
ty. However, for an infinite solid cylinder, it has been
shown numerically that the curling solution of the linear-
ized Brown's equation is not a stable solution of the full
nonlinear Brown's equation at applied fields larger than
the nucleation field, and the only possible stable states are
thus those of uniform alignment, depending on the orien-
tation of the reversing field. ' Thus, the magnetization
was assumed to reverse completely in a single step at the
nucleation field, and the conclusion was that the magneti-
zation curve of an infinite isotropic ferroxnagnetic
cylinder has a rectangular hysteresis loop. In other
words, the coercive force can be given by the nucleation
field. Actually, the linearized method was successfully

I

used to explain the size and angular dependence of the
coercivity for small particles, ' ' and the successes of the
nucleation-field calculation in explaining experimental
coercivity data suggest this to be a profitable approach, at
least in some cases.

In this paper, we treat heterostructure particles as
infinite circular cylinders with inhomogeneous magnetic
properties. Rigorous solutions, for the curling mode, to
the linearized Brown differential equation of the infinite
cylinder with inhomogeneous magnetic properties are
presented. Thus, we can handle either surface-treated or
volume-modified particles rigorously. The remainder of
the paper is outlined as follows. We categorized the
elongated particles with heterostructure into three
different types: surface coated, surface modified, and
volume modified. In Sec. II the theories of these three
different types based on micr omagnetic curling are
presented, the basic formulas for the nucleation Geld are
derived, and the nature of our assumptions is discussed.
Numerical results are presented and discussed in Sec. III.
Finally, we give a detailed comparison of our theoretical
calculations with experimental data.

II. BROWN'S EQUATIONS FOR
HETEROSTRUCTURE PARTICLES

An elongated particle with heterostructure leads to an
inhomogeneous micromagnetic problem which can be
solved rigorously for some specific particle shapes, e.g. ,
an infinite cylinder. Because of the growth conditions
and internal structures, elongated particles with hetero-
structure can be classified into three different types:
surface-coated particles [e.g., Co-surface-coated (epitaxi-
al) iron oxide particles], surface-modified particles (e.g. ,
Co-surface-adsorbed iron oxide particles), and volume-
modified particles (e.g., Co-surface-doped and Co-
substituted or -doped iron oxide particles). Brown's
equations for each type can then be derived accordingly.

A. Surface-coated particles

The structure of surface-coated particles can usually be
divided into two distinct regions: core and shell, e.g., for
cobalt-coated epitaxial y-Fe20, particles. ' ' Thus, we

can simulate this kind of heterostructure particle as an
infinite circular cylinder of two parts: the core part:
0 & r & R

&
and the shell part: R

&
r & R2, where R, and

R 2 are the core and shell radii, respectively. The magnet-
ic properties are generally different for the two regions
and can be treated as a stepwise distribution function of
radius. The effect of the interface between core and shell
is phenomenologically imposed by an interfacial coupling
interaction, ' and the contribution of shell surface anisot-
ropy is also considered. Therefore, the free energy per
unit (cylinder axis) length for a coated particle is

2 2Rl dpi sm g)&=&~I ~~ +A~ z +K&sin 8& H, M&cos8& rd—r0, dr r
I

2 2R2 d2 sin 02
+&~I ~2

d
+ Aq 2

+K2sin 82 H, Mzcos8—
&

r dr
dr r

(4~It, A;/d)cos(8&, ——8g, )+Z~K2s(R, »n'8„+R, sin'8„),
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where the subscripts j=1,2 refer to the core and shell;
and Aj Kj and M are the exchange constants, uniaxial
crystalline anisotropy constants, and magnetizations of
the two regions, respectively. The angles 8 of the mag-
netizations are taken with respect to the cylinder axis.
Subscripts i and b refer to the physical core-shell inter-
face at r =R „and the outer surface at r =R2, respective-
ly. A,. is the interfacial exchange constant, ' d is the
atomic lattice spacing at the interface, and K2& is the
postulated uniaxial surface anisotropy constant of the
shell. '

Applying variational methods to minimize the above
energy functional yields the following Euler differential
equations

are

d8„.
=a;sin(8z, —8„), (3a)

d02; =p 'a,.sin(82, .—8l,. )+—,'pzssin(28&; ),
dt

d 02b +—,'Pzs sin(28&„)=0,
dt

(3b)

(3c)

where a, =R, A, /( A, d ) and P2s =R lK2s/A2 T. he nu-

cleation field can be found by linearizing Eqs. (2) around
the solution 8=0 and solving them with respect to the
boundary conditions (3). The linearized equations are
Bessel equations with solutions

d8, 1 d8,+-
t dt

cos8l
+aS, (h +g, cos8, ) sin8,t'

=0 for 0&t &1, (2a)

8,(t ) =C,J, (pt ),
C2Il (vt )+C3K, (vt ), h +g2/q )0,

8,(t)=
CzJl(vr)+C3Fl(vr), h+g2/q &0,

(4a)

(4b)

d82 1 d82+
t dt

cos82 g g2
z

+n S, h + cos8z sin8z
p

where J& and F& are Bessel functions of the first and
second kind, I& and K& are modified Bessel functions, Cj
are arbitrary integration constants (& 1, and

=0 for 1&t & T . (2b)

Here we use reduced units as follows: t =r /R, ,
T=R2/Rl, Sl=RlMl/A l, h =H, /(2nMl),
g& =K&/(nMl ), p = Az/A l, and q=M2/M, . The
boundary conditions at the interface and outer surface

I

P=[—nSl(h+g, )]'
1/2

v= n.Sl+ h+ g2

p

(Sa)

(Sb)

Nontrivial solutions satisfying the condition (3) exist if

Al(p)+rz Jl(p} a;F,(v)— —a;G, (v)

vF', (v) QF, (v) —vG', (v}—QG, (v) =0,
vFl(vT)+Pal(vT) vGl(vT)+PzGl(vT)

(6)

where Q=p 'a;+Pz, and the functions F and G
represent I, and K, if h+g2/q )0 or J, and F, if
h+g2/q &0, respectively. By evaluating the least nega-
tive root of the determinant (6), one can find the nu-
cleation field h„at which reversal starts.

B.Surface-modified particles

Iron oxide particles with adsorbed cobalt are prepared
in such a way that there exists only a thin surface layer of
Co- ferrite and the preferred orientation of the cobalt
ions at the surface is parallel to the long axis. ' ' There-
fore, the contribution to crystalline anisotropy due to the
cobalt ions at the surface can be viewed as a pure surface
effect. Here, we treat this kind of particle as an infinite
circular cylinder with uniform magnetic properties but
with extra anisotropy at the surface. ' ' The free-energy
density is

2

0 dr r

—H, M, cosB r dr+2~RA, sin B»

d8 1 d8 1+— — —+nS (h+g) 8=0,
dr2 t dt

dBb
+P,8„=0,

dt

(8a}

(8b)

where t =r /R, S=RM, /A '~,
h =H, /(2mM, },13,=RK, /Al, . Thus,

g=K, /(n. M, ),

8( t ) =CJ, ( cot ),
coJ l(co)+P,J,(co}=0,

(9a)

(9b)

where co=[—m.S (h+g)]'~, J, is a Bessel function of
the first kind, and C is an arbitrary integration constant
«1. By evaluating the least negative root of Eq. (9b),

l

where R, A, M„and K, are the radius, exchange con-
stant, magnetization, and uniaxial crystalline anisotropy
constant of the particle, respectively. K, is the uniaxial
surface anisotropy constant, and subscript b represents
the outer surface of the particles, i.e., r =R.

Following the same procedure as described above, we
obtain the linearized Euler differential equation and the
boundary condition:
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one can find the nucleation 6eld h„at which reversal
starts.

C. Volume-modified particles

H, M—(r)cos8 r di+2nRK, sin 8b, (10)

where R, A (r), K&(r), and M(r) are the radius, exchange
constant, uniaxial crystalline anisotropy constant, and
magnetization of the modified particles, respectively. E,
is the postulated uniaxial surface anisotropy constant and
subscript b refers to the outer surface of the particles.
The 1inearized Euler equation is

d'8 A(t) dA(t) d8
A t

t dt dt

A(t) +K, (t)R + ,'H, M(t)R —8=0, (1 la)

and the boundary condition is

dOb
+P, 8, =0 at t=l,

dt
(1 lb)

where t =r/R and P, =RK, /A (t =1). If A, K, and M
are uniform, the results can be reduced to those for
surface-adsorbed particles. If we let

To produce volume-modified particles foreign material
is doped into the precursor particles, with the concentra-
tion of the doped material usually being higher near the
surface. The magnetic properties of the volume-modified
particles therefore are not uniform. ' For this type of
particle, the magnetic parameters change along the radial
direction, and the free-energy density can be written as

2

E=2m f A(r) +A(r) +K, (r)sin 8
d8 sin 8

0 p
2

III. NUMERICAL RKSUI.TS AND DISCUSSIGN

A. Surface-coated particles

The influence of the shell exchange constant on the nu-
cleation field is shown in Fig. 1. For a thin shell, the
effect of stepwise variation of the exchange constant is
very small; but for a thick shell this effect becomes
significant. The larger the shell exchange constant the
higher the nucleation field for a thick shell. However, the
shell magnetization affects the nucleation field in an op-
posite manner (Fig. 2}: For a shell of smaller magnetiza-
tion, we must apply a larger external field to induce insta-
bility; therefore, the heterostructure particle has a higher
nucleation field. It is well known that in a single-domain,
homogeneous ferromagnetic cylinder a large exchange
constant or a small magnetization result in a higher nu-
cleation field according to the magnetization curling
theory. When this single-domain particle is coated
with a shell of large exchange constant, the magnetic mo-
ments in the shell region wiB be more tightly coupled to
resist the early reversal of the core region; therefore, the
coated particle will have a higher nucleation field. When
a particle is coated with a shell of large magnetization, it
will induce a large Zeeman energy in the presence of an
external field antiparallel to the magnetization. Thus, it
is certainly easier to overcome the energy barrier and
then to induce instability for the coated particles. In oth-
er words, the coated particles have a smaller nucleation
field than do the unmodified particles.

We have also studied the effect of interfacia1 coupling
strength a, . It is seen from Fig. 3 that the nucleation
6eld increases with increasing interfacial coupling
strength and shell thickness, and that it saturates at large
values of a; or beyond a certain shell thickness. For a
thin shell the nucleation field saturates at a weak interfa-
cial coupling strength, while for a thick she11 it requires a
stronger interfacial coupling strength to saturate. Figure

I I I I I I 1 I I

A(t)= A, +AA(t),

K, (t)=Ki 0+6K, (t),
M(t }=M,+AM(t),

(12)

65

55

where subscript 0 refers to the unmodified particles, Eq.
(1 la) can be rewritten as

C

.45

d'8 + 1+a da d8I+a
t dt dt

1+a
+Q) 0+EQ)+Q(1+m) 8=0, (13)

-35

~ p5
1 00 1 08 1.16 1 24 1.32

R /R,
1.40

where a =4 A /A o, m =5~/Mo, Q, 0
=R 2K, 0/ A 0,

bQ& =R 4K&/Ao, and Q=H, MOR /(2AO). In gen-
eral, the analytical solution of Eq. (13) cannot be obtained
and one should resort to some numerical method (e.g.,
Runge-Kutta).

FIG. 1. Inhuence of the exchange constant of the shell on the
relation between the reduced nucleation field h„and the ratio of
R2 to R, . R

&
and R2 are the core and shell radii, respectively.

S, =2.0, q=1, g, =1.2, g, =P„=O, and a;=1000, and p=0. 5,
1.0, 2.0 from bottom to top, respectively. The larger the ex-

change constant of the shell, the higher the nucleation field.
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FIG. 2. Influence of shell magnetization on the relation be-
tween the reduced nucleation field h„and the ratio of R & to R &.

S, =2.0, p= 1, g~=1.2, g, =Pz, =O, and a;=1000, and q=2. 0,
1.0, 0.5 from bottom to top, respectively. The smaller the shell

magnetization, the higher the nucleation field.

.25»»»»» I »»»
1 00 1 08 1 16 1 24 1 32 1 40

R~/R,

FIG. 4. Influence of shell crystalline anisotropy on the rela-

tion between the reduced nucleation field h„and the ratio of R &

to R, . S, =2.0, p=q=l, a;=1000, g, =P„=O, and g, =0.5,
1.0, 2.0, 3.0, 4.0 from bottom to top, respectively. The larger
the shell crystalline anisotropy, the higher the nucleation field

and the initial slope.

3 also clearly shows that the initial slope of the nu-
cleation field versus shell thickness is insensitive to the in-
terfacial coupling strength except for the case of rather
small a;. From Eqs. (3), we know that a finite value of in-

terfacial coupling strength permits significant slippage
between e„and Hz;. This slippage gradually decreases as

a; increases, and finally disappears as a; approaches
infinity. This is the reason that the core-shell interface is
essentially absent in Aharoni's calculations. ' The effect
of the shell crystalline anisotropy on nucleation field is il-
lustrated in Fig. 4. The nucleation field of coated parti-
cles initially increases linearly with increasing shell thick-
ness, and tends then toward a constant value. The satu-
ration level and the initial slope increase with increasing
shell anisotropy constant; nonetheless, the saturation
threshold decreases with increasing shell anisotropy con-
stant.

.65-
~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ I

~ ~ ~ ~ ~ ~ ~ ~

~ ~

r

55

C

45

35

.25 ~ I I I III ~ I I I ~ III ~ i ~ ~ ~ ~ I ~ I ~ l I ~ I I I I ~ I

0-1 10 10 10 10
Q;

FICx. 3. Relation between the reduced nucleation field h„and
the interfacial coupling strength a; for different ratios of R& to
R, . S, =2 0, p =q =. 1, g, =0, gz =1.2, Pz, =0, and
T( =Rz/R& )=1.01, 1.05, 1.1, 1.2, 1.3, 1.4, 1.5 from bottom to
top, respectively.

Finally, the effect of the shell surface anisotropy is
studied. The surface anisotropy has been shown to be
thickness dependent, and the surface anisotropy con-
stant can be approximately expressed' as
Ir. z, exp( t, It ), w—here t is the shell thickness and t, some
characteristic thickness. The effect of shell surface an-

isotropy comes into play only if the shell is thick enough,
and the saturation threshold depends on the characteris-
tic thickness [Fig. 5(a)]. Experimentally, it is known that
the shell does not form completely but is composed of is-
landlike regions appearing on the core surface for a small
shell thickness. When Kz, increases, the nucleation field

increases only above a critical shell thickness [Fig. 5(b)].

B.Surface-modiSed particles

The solution of Eq. (9b) is shown in Fig. 6 where the
nucleation field initially rapidly increases with surface an-
isotropy constant and then gradually tends toward a con-
stant value. No matter how large the surface anisotropy
constant is, the enhancement of the nucleation field can-
not exceed a certain upper bound. For single-domain
particles, it is well known that nucleation through curling
always results from a large deviation of magnetization at
the surface. However, the surface anisotropy of the
surface-modified particles can stabilize the instability of
the magnetization at the surface, i.e., the surface magne-
tization maintains its original value until a larger reverse
field is applied. As the surface anisotropy increases, the
magnetic moments at the surface are more reluctant to
tilt and the nucleation region shifts radially inwards,
and thus the nucleation field increases. Finally, when the
surface anisotropy becomes infinite, the moments at the
surface stop tilting even at the nucleation field, and the
nucleation field achieves its maximum. From Fig. 6, we
see that the value of co is between 1.8412 and 3.8317 as P,
varies from zero to infinity. Thus, the maximum value
for the enhancement of the nucleation field is
22. 6 A /(R M, ). This surface effect is substantially
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ion of the bulk uniaxial crys-different from the contribution o
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cleation field increases as the power I decreases, as ex-
pected [see Fig. 7(a)]. The influence of the variation of
crystalline anisotropy b,Q on the nucleation field is simi-
lar to that of the exchange constant [see Fig. 7(b)]; while
the effect of the variation of magnetization m for nu-
cleation field is the opposite [see Fig. 7(c)]. To under-
stand the role of the dopant near the particle center, we
use another kind of power law, i.e.,

(15)

For the variation of the exchange constant, the nu-
cleation field due to Eq. (15) is always somewhat smaller
than that due to Eq. (14), but the difference is small.
Similar results hold also for the variation of magnetiza-
tion and anisotropy; however, the disparity is apparently
much larger than that for the exchange constant. This
implies that, if one cannot modify the magnetic proper-
ties uniformly, (1) the effect of variation of magnetic
properties near the surface of the doping materials is
greater than that near the particle center; and (2) chang-
ing the properties of magnetization and anisotropy near
the particle surface is a more efficient method to enhance
the nucleation field, or coercivity.

IV. COMPARISON OF THE THEORETICAL AND
EXPERIMENTAL RESULTS AND CONCLUSIONS

From the above studies we can clarify the origins of
the coercivity enhancement for the three different types
of heterostructure particles. The application of the
present model to a real elongated heterostructure particle
is demonstrated as follows. For Co-modified y-Fe203
particles, experimental results show that there exist large
differences between the saturation behavior in adsorbed
and epitaxial particles: a complete saturation at about
2—4 wt% Co in the former case ' ' and 40 wt% Co in
the latter case. Moreover, the coercivity of volume-
modified particles is even higher. The reasons for these
differences will be elucidated in the following discussion.

For epitaxial Co ferrite on y-Fez03 particles, the pre-
cursor particles are dispersed in a solution containing
both Co + and Fe + ions; ' ' therefore, an epitaxial lay-
er of Co ferrite is formed and encircles the precursor par-
ticle. This kind of particle thus consists usually of a core
and a shell region. The anisotropy of the cobalt ferrite
shell seems to be uniaxial, with the easy axis parallel to
the long axis of the particles. ' ' The origin of the uniax-
ial anisotropy is still not quite clear; it has been proposed
that the preferred orientation of Co + ions is due to the
influence of the magnetic field produced by the inner core
of iron oxide. Another possibility is that the disordered
alignment of cobalt ferrite crystallites in the surface lay-
er induces a uniaxial anisotropy constant of 5X10
erg/cm . Experimental data show that the magnetiza-
tion of y-Fe203 and CoFe204 are almost the same, but
the Curie temperatures are different, implying that the
exchange constants for the two materials are also
different. A rough estimate tells us that the exchange
constant is proportional to the product of the Curie tem-
perature and the inverse of the distance between neigh-
boring magnetic moments, if we suppose that all mo-

ments are located at the lattice sites of a simple cubic
crystal structure. Thus, the ratio of the exchange con-
stants p is about 0.83.

For particles with adsorbed cobalt, the precursor parti-
cles are dispersed in a solution containing only Co +

ions. Therefore, a Co ferrite layer is formed at the parti-
cle surface and then slows down further growth of Co fer-
rite inside the particles. Actually, this process is quite
similar to that for passivated iron particles.

During the Co ferrite formation, the preferred orienta-
tion of the cobalt ions at the surface is parallel to the long
axis and an induced uniaxial surface anisotropy ap-
pears. ' The maximum value of the surface anisotropy
constant can be estimated as K, '"=K„5,where E„ is the
induced uniaxial anisotropy constant in the epitaxial par-
ticles and 5 is the size of a Co ferrite molecule. The nu-

merical value of P, '" is about 0.3 if values of 5=2.5 A,
R =0.025 pm, M, =350 emu/cmi, S=2.5, and
E„=0.5X10 erg/cm are used. When the weight ratio
of Co to y-Fe203 increases, the number of CoFe204 mole-
cules increases till they completely cover the precursor-
particle surface. Qualitatively, the effective surface an-

isotropy constant increases with increasing cobalt content
and gradually saturates. For the best fit to the experi-
mental data, ' ' the relation between surface anisotropy
and weight ratio can be roughly approximated as

K, ( w )=E, '"[1—exp( —w /w, )],
where w, is a characteristic weight ratio.

For cobalt-volume-doped y-Fe&03 particles, the Co
ions are dispersed throughout the whole volume of the
particles and substitute for Fe on 8 sites or fill 8-site va-
cancies. It is known that, in bulk, the magnetic anisotro-

py of Co ferrite is a cubic magnetocrystalline anisotropy
with (100) easy directions of magnetization introduced
by the cobalt ions. However, when the cobalt content is
very small, the uniaxial shape anisotropy is stronger than
the cubic crystalline anisotropy. ' It has been shown
that, as long as the uniaxial anisotropy constant is larger
than the cubic anisotropy constant, the direction of
minimum energy for magnetization deviates but little
from that for uniaxial anisotropy. Therefore, instead of
cubic anisotropy, we may still use the effective uniaxial
anisotropy E„, which depends on the Co molar ratio,
measured by Bozorth, Tilden, and Williams in polycrys-
talline samples. This dependence has been approximately
written as' E„(x)=K„ fx "exp[ (x /b)" /n], —where
K„=2.16X10 erg/cm, u=l. 32, b=0.7, n=7. 5, and

f=1.82.
With the above experimental information for cobalt-

modified y-Fez03 particles, we can then utilize the
present theory to study their reversal properties. As indi-
cated in Fig. 8, the coercivities of both adsorbed and ep-
itaxial particles increase with increasing cobalt content
and gradually saturate for large cobalt content. Howev-
er, both the saturation level and the saturation threshold
of adsorbed particles are smaller than those of epitaxial
particles as the cobalt content varies. For the volume-
doped particles, the coercivity increases quasilinearly
with cobalt content, at least for the observed weight per-



11 884 JYH-SHINN YANG AND CHING-RAY CHANG

1-2-

U

80

8 12
Co Weight

20

FIG. 8. Coercivity versus Co wt% in y-Fe203 for three kinds
of cobalt-modified y-Fe203 particles. The dashed, solid, and
dotted lines are obtained from theoretical results for surface-
modified, surface-coated, and volume-modified particles, respec-
tively. The open circles and solid circles refer to experimental
data for y-Fe203 particles with surface-adsorbed and surface-
epitaxial cobalt (Ref. 2), respectively. The solid line with dots
refers to the simple curling model without shell surface anisot-

ropy or spatial variation of the exchange constant. The fitting
parameters are mentioned in the text.

centages. This theoretically predicted behavior agrees
qualitatively with the experimental results. The parame-
ter S is chosen to be 2.06 for the precursor particle with
aspect ratio 8 and magnetization 350 emu/cm3. Also,
the following parameters are used to fit the experimental
data: p=0. 83, q=l, g, =0, g2=0. 9, pz, =2.3, and

t, =0.25 for surface-coated particles; p, =0. 16 and

w, =2.8% for surface-modified particles; and
a =m =Q, 0 =P, =0 for volume-modified particles.
The results of Aharoni's curling model' for coated parti-
cles are also plotted for comparison. Clearly, the physi-
cal origins of the coercivity enhancement in the three
types of heterostructure particles are quite different. The
main contribution to the coercivity of surface-modified
particles is the surface anisotropy of the adsorbed layer.
The initial slope of increasing coercivity of the surface-
coated particles results from the shell crystalline anisot-
ropy, while the saturation level depends on the interfacial
coupling and the shell crystalline anisotropy. The shell
surface anisotropy will further increase the coercivity for
thick coating. The homogeneity of the doped materials

within the volume-modified particles affects the coercivi-
ty, and its saturation level is always higher than in the
other two types.

In this paper, we have developed a micromagnetic
theory of nucleation using the magnetization curling
mode in an elongated particle with heterostructure. The
theory takes into account the spatial variation of magnet-
ic material parameters (e.g., exchange constant, magneti-
zation, crystalline anisotropy, and surface anisotropy)
and is therefore more realistic and better applicable to
elongated heterostructure particles than previous
theories. Actually, our model is strictly valid only for
calculation of the nucleation field; however, we compare
our results with the coercivity, which usually requires ful-

ly nonlinear calculations. Although there exists evidence
that these two quantities are in some cases equal, ' it is
still questionable whether our model is applicable to such
heterostructure particles or not. Nevertheless, a fully dy-
namic, nonlinear reversal theory of magnetization after
nucleation is still missing at present, and it seems reason-
able to understand the origins of the coercivity enhance-
ment of heterostructure particles from a linear theory, as
it has proved to be very successful in many cases. In our
numerical fittings, we adjust the value of the shell anisot-

ropy so that the value of the coercivity is close to the ex-
perimental data. We thus regard our approach as phe-
nomenological also. Nevertheless, we have successfully
explained the origins of coercivity enhancement for three
kinds of cobalt-modified particles: Volume-doped,
surface-adsorbed, and surface-epitaxial particles. For ex-

ample, the saturation behavior of the nucleation field at
low Co content predicted by the simple curling model'
for surface-coated particles, is found by us to be mainly
due to neglect of the contribution of shell surface anisot-

ropy. Here we present only the application of the present
theory to cobalt-modified y-Fe203 particles, and find sa-

tisfactory agreement between experiment and theory.
However, this theory can be extended to investigate nu-

cleation problems for other kinds of heterostructure par-
ticles, e.g. , passivated iron particles, particles coated
with barium ferrite, surfactant surface-chemisorbed
particles, etc.
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