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Neutron-depolarization (ND) theory in particulate media is discussed. The relations between the
correlation matrix @, derived from a neutron-depolarization experiment, and parameters describing
the micromagnetic state of a particulate medium are derived and discussed extensively. The latter
involves the individual particles, magnetic interparticle correlations as a result of particle interac-
tions or particle orientational correlations, density variations within the medium, and variations in
the neutron transmission length over the cross section of the medium. These theoretical relations
have been used to interpret some of the results of ND measurements on a CrO, pigment. It is
shown that the neutron-depolarization technique yields relevant quantitative information about the

micromagnetic state of particulate media.

I. INTRODUCTION

The three-dimensional neutron-depolarization (ND)
technique is a powerful method to study static and dy-
namic properties of magnetic structures in the microme-
ter and submicrometer regions (e.g., Refs. 1-7). In this
technique the polarization vector of a polarized neutron
beam is analyzed after transmission through a magnetic
medium. The polarization change during transmission is
related to the micromagnetic state of the medium. The
mean magnetic induction results in a net precession of
the polarization vector around the mean magnetic induc-
tion, while variations in the local magnetic induction re-
sult in an effective shortening of the polarization vector,
called depolarization henceforth. The ND technique in
general yields the correlation length along the neutron
path of the variations in the local magnetic induction, the
mean local orientation of these variations and the mean
magnetic induction. The range of magnetic correlation
lengths that can be measured covers 10 nm up to mm’s.

Although the ND technique has been known for quite
some time, it has only recently been applied to study
magnetic correlations in particulate media,® i.e., media
containing magnetic single-domain particles. In general
these media have been object of thorough studies because
of their practical applications (e.g., as magnetic recording
tapes, ferrofluids). Besides they are useful in a more fun-
damental study of magnetic particle interactions. The
properties of these media are highly affected by magnetic
particle interactions,”!© resulting in correlated magneti-
zation orientations of neighboring particles, by possible
orientational correlations between particles and by densi-
ty variations within the medium. As a result, it is impor-
tant to have access to measuring techniques which can
characterize the micromagnetic state of particulate
media. The measuring techniques commonly used, i.e.,
magnetization, susceptibility, and noise measurements,
generally yield qualitative information about the mi-
cromagnetic state. The ND technique is one of the very
few techniques which may yield detailed quantitative in-
formation.

In order to interpret the results of ND measurements
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on particulate media, a ND theory is necessary which
takes the influence on the depolarization of correlations
between the particle shape and the orientation of the par-
ticle magnetization M; and the influence of the demag-
netizing fields of single-domain particles into account.
Both influence highly affect the depolarization in particu-
lar media. The ND theory of Maleev and Ruban!"!? ac-
counts for the influence of the demagnetizing fields on the
depolarization. However, it neglects the influence of the
correlations between the particle shape and M;. The ND
theory formulated by Rekveldt,* being developed for ND
in continuous ferromagnets in particular, neglects demag-
netizing fields as well as these correlations. The effect of
interdomain correlations and the domain shape on the
depolarization was discussed in a subsequent paper.'* It
was only recently that a more general ND theory, which
takes both demagnetizing fields and correlations between
the particle shape and the orientation of the particle mag-
netizations into account, has been formulated (Rosman
et al.’>19),

The paper deals with an extension of the latter theory
in view of its application to particulate media. A correla-
tion matrix @ is introduced describing the micromagnetic
state of the medium. The relations between @ and vari-
ous parameters are derived and discussed extensively.
These parameters describe the intrinsic particle proper-
ties, magnetic interparticle correlations as a result of par-
ticle interactions or particle orientational correlations,
density variations within the medium and variations in
the neutron transmission length over the cross section of
the medium. The extended ND formulas are derived and
discussed in Sec. II. A brief discussion covering the vari-
ous contributions and the application of the theory to in-
terpret results of ND measurements on a CrO, pigment
are given in Sec. III. Section IV presents the final con-
clusions.

II. NEUTRON DEPOLARIZATION IN
PARTICULATE MEDIA

The polarization vector of a polarized neutron beam
(P) generally shortens during transmission through a
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magnetic medium. This shortening is related to the mean
correlation length along the neutron path of variations in
the local magnetic induction B(r) around the mean mag-
netic induction {B), denoted AB(r)=B(r)—{(B), and to
the mutual orientation between P and AB(r). These vari-
ations always exist in particulate media, due to a particle
volume fraction € less than 1.

Apart from the individual particles magnetic interpar-
ticle correlations also affect AB(r). These correlations
may be the result of particle interactions, orientational
correlations between neighboring particles, and the pres-
ence of density variations within the medium. Further-
more, a varying neutron transmission length over the
cross section of the medium will affect the determination
of AB(r). In the paper, magnetic correlations refer to
only those correlations which differ from (B).

This section deals with the relations between @ on the
one hand and parameters describing the intrinsic particle
properties, the various types of correlations and varia-
tions in the neutron transmission length on the other. In
Sec. IT A a short review of the ND theory based on Refs.
15 and 16 is given and the general expression for the
correlation matrix @ in particulate media is derived. The
correlation matrix @ for magnetically uncorrelated
single-domain particles is discussed in Sec. IIB. The
effect of magnetic interparticle correlations on @ is dealt
with in Sec. II C. Section II D discusses the contribution
to @ of variations in the neutron transmission length.

A. General neutron depolarization theory

In Refs. 15 and 16, the general neutron depolarization
theory has been discussed using two approaches, i.e., the
Larmor and the scattering approach. The former ap-
proach is based on the Larmor precession of a polarized
neutron beam around variations in B(r), the latter on
small-angle neutron scattering by these variations. It was
shown for the first time that both approaches are fully
equivalent.

The depolarization matrix in a ND experiment, D,
expresses the relation between the polarization vector be-
fore (P and after (P!) transmission through the medium
(P'=DP). According to Ref. 15, the depolarization ma-
trix yields the mean magnetic induction (B) as well as

the correlation matrix a. The components
a;; (i,j =x,y,2) of a are given by

1 z ., ,
aij_—_—ﬁ;fwd%fzodz AB,—(x,y,z)ABj(x,y,z ), (1)

where W is a representative subvolume of the medium
with size Ly along the propagation direction of the
beam. It is assumed that L, is large compared to the
mean magnetic correlation length in the medium but still
small, so that the polarization change in W is much
smaller than 1. The propagation direction of the neutron
beam (ey) is along the z direction. In the paper media for
which g is diagonal are considered only, implying that no
correlations between AB,(r) and AB;(r) (i7) along the
neutron path exist. This assumption is generally valid in
particulate media provided e, is along a main direction of
the magnetization orientation distribution. In that case,
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the quantities & and v, defined
=2 ai, 2)
i

vi=a;/§, (3)

are used to characterize the micromagnetic state of the
medium. The quantity £ is proportional to the correla-
tion length of [AB (r)]? along e,. The quantities y; yield
the mean local orientation of AB(r) (magnetic texture).

No general relation between D on the one hand and a
or £ and y; on the other can be given. If (B )=0, the
components D;; of D are given by!®

D,-j—_'aije ¢ L&(1—y,) )

Here, 8, is the Kronecker delta, ¢, =y?/v2=2.18
X10¥A?2 m~*T72, y the gyromagnetic ratio, v the neu-
tron velocity, A the neutron wavelength, and L the neu-
tron transmission length through the medium. If (B) is
oriented along the y direction and provided a,, =a,, the
elements D;; are given by

4

_ _ — LEl(+yy,
D,,=D, =cospe »el,

. —c, L1+
D,,=—D, =sing e ' TTnn

_ ~01L§(1—'yy)
D, =e ,

) (5)

D, =D, =D,=D, =0,

with the rotation angle d=uo{ M )LV c,. If the preces-
sional motion of the polarization vector around (B) is in
the order of or larger than 7 /2 no distinction can be
made between the two directions perpendicular to (B).
The high value of ¢; (¢;=2.7X10" m™ 2T~ 2 at A=0.35
nm) shows the sensitivity of the polarization vector for
the mean magnetic induction. It should be noted that
generally a,,#a,,. Then a modulation in D,,, D,,, D,,,
and D,, as a function of (B ) is expected to be seen, the
amplitude of which is independent of (B ).!*

Equation (1) gives the relation between @ and B(r).
However, information about the local magnetization
M(r) may be wanted instead of information about B(r).
A relation between @ and M(r) can be derived from Eq.
(1) by working in Fourier space, resulting in'>

a;=al;—Ly(B;){B;)/2 (6)
with
a}j=§"—4f d’ B,(s)B;(—s) , (7)
W s J
Bls)=— o [ dirM¥rR)e ®
M*(r,8)=8 X (M(r) X3) . ©)

Here, s is the reciprocal lattice vector, S is the reciprocal
xy plane, and §=s/|s|. The second term on the right
hand side of Eq. (6) corrects for the polarization change
within W due to (B). The latter, which is included in a !
does not result in depolarization. The fact that the
right-hand side of Eq. (8) contains the quantity M*(r,8)
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instead of M(r) accounts for the fact that B(r) obeys the
Maxwell law V-B(r)=0.

In the derivation of Eq. (6) an approximation has been
made, which is not explicitly mentioned in Ref. 15. The
approx1mat10n is that demagnetlzmg fields present out-
side W arising from W are included in a and a ! (see Ref.
17). In this way it is implicitly assumed that no overlap
exists between demagnetizing fields arising from different
subvolumes W. As this overlap is small, in particular in
particulate media, the approximation is valid here. Note
that Eq. (6) is exact for infinitely diluted media. If the
demagnetizing fields outside W arising from W are also
taken into account in the calculation of (B),
(B)=[ _B(r)dr/W=2u,(M) independent of the
shape of W. Here, (M) is the mean magnetization
within W. However, in a ND experiment on a magnet-
ized medium, the latter generally is positioned in a mag-
netic yoke, which is used to short-circuit any flux from
the medium (see Sec. III). This short-circuiting results in
(B)=puo{M), while the quantity AB(r) is hardly
affected. In the paper the influence of a yoke on (B) will
be taken into account, as a result of which (B) is as-
sumed to equal py{ M) when analyzing the rotation angle
¢. Any influence of the yoke on AB(r) and therewith on
the depolarization will be neglected. As a consequence of
the latter (B) in Eq. (6) is assumed to equal uo(M). As
no significant approximations have been used in the

J

1 N N
Qi = 5O
7 4m’N(V) kzll—l

Here the superscripts k and [ refer to the particles in W
(total number N), F(s)=1/VfVeis'rd3r is the particle
form factor, (V) is the average particle volume,
n(8)=8X(nX3¥) with n the unit vector along M,, and m;
is the i component of the reduced magnetization
m({M)=eM,m,|m|=<1). The vector E gives the posi-
tion of the center of mass of a particle. The k =I terms
of Eq. (11) represent the contribution to @ of the indivi-
dual particles. The terms for which k5! represent the
contribution to @ of interparticle correlations and of
overlap of demagnetizing fields of different particles
within W.

B. The correlation matrix @ for magnetically
uncorrelated single-domain particles

This section discusses the matrix @ for an ensemble of
magnetically uncorrelated single-domain particles. In or-
der to simplify the calculations involved, the particles are
assumed to be ellipsoids with axial dimension 2b and ra-
dial dimension 2a. The form factor of such an ellipsoid is
given by

3(sinu —u cosu)

u3

F(s)= (12)

with
u=|s|V[(ns)b2—a?)+a?].

S [ dsnt @m @ s Fl(s)els )
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derivation of Egs. (4) and (5) it appears that a ND experi-
ment directly yields the length over which the deviations
in the local magnetization (magnetic induction) from the
mean magnetization (magnetic induction) are correlated.
This can deliver useful information on particulate media.

In particulate media the use of the correlation matrix
w, defined

o=—22 (10)
e(uol M, ))?
is more suitable than the use of ¢, as @ has the dimension
of length and does not trivially depend on the particle
volume fraction €. Here, { ) means an average over all
particles. Therefore, @, its trace § and the quantities y;
will be used in the following. The quantity & is the corre-
lation length of [AB(r)]> along e, normalized on
AB(r)=u,M, and €e=1. A decrease in AB(r) with a fac-
tor f results in a decrease of £ with a factor f2. Note
that £=2&/[€(uo{ M, ))*] and that ¥, =w;; /. A factor 2
is added in the definition of @ in order that §{ approxi-
mates to the average particle size along e, in case of mag-
netically uncorrelated particles (see Sec. II B). Further-
more, if a quantity or matrix refers to a medium with
(B ) =0, a superscript zero will be added (e.g., ©° &% 79
If Egs. (6) and (10) are applied to an ensemble of identi-
cal single-domain particles with volume ¥ and spontane-
ous magnetization My, it follows that

— 4
sLywemm; .

The spontaneous particle magnetization M;n is oriented
along the b axis.

The correlation matrix @ is derived from Eq. (11) by
taking W as the subvolume containing a single particle
(W =V /€) and by averaging the result obtained over the
particle orientation

@;;= 4172(V) f d*s(V*[n}*®))*FX(s)) —c,zm;m; .

(13)

Here, z is the mean particle size along e,
c,=(4me*/81)!/3, and ( - - - ) is an average over all par-
ticles. In order to derive Eq. (13), the quantity Ly, has
been approximated by

173

o™ , (14)

L =5 | ==
"% T6e

a value which is exact when the axes of the ellipsoids
coincide with the system directions. For spheres
Ly =(V/€)'/3. Equation (13) can also be obtained by
taking W large, so that W is representative for the total
medium, and by neglecting the k! terms of Eq. (11). In
this case no demagnetization fields outside W arising
from W exist. However, the overlap of demagnetization
fields of particles within W has been neglected now (due
to the negligence of the k5! terms).
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Substitution of Eq. (12) in Eq. (13) and integrating over
|s| results in

a*bUn*%))?
wijzsij_% Lf d§< : >
2¢a?) (27 7s \(n8)4b*—a?)+a?
—czmm; . (15)

Equation (15) can be solved analytically for spheres only.
In case (M) is along x, y, or z, the application of Eq. (15)
to identical spherical particles with radius R results in

D+ ing) -,
Yx—

1+{(n2)—r1 ’
Un2)+3n2)—r
y _ T\y y ’ (16)
’ 1+<{(n2)—7
2n2)—r,
=__i__z_’ =3R(1+ 22 —7),
Ve (2~ E=3R(1+{nS) =7

or inversely,

(37, +47,)[20—7)+7,]

(2= — =i,
2y, — iy 20(1—7)+7,]
(n})y= 2Vy 2 = +(3r,— 1), A7
(nay TA=DET 40—y
: 2—7, 21—m)+1, °

with 7, = 16m/c, /9 and 7=16m*c, /9.

At m =0, a single particle can be considered as a mag-
netic  inhomogeneity = with  magnetic  amplitude
AB =u,M,. As a result, the quantity £° approximates to

Cra

0 1 1 1 1
-2 0 2

Iog‘0 (bg)

FIG. 1. The quantities £°/a (a) and £°/b (b) vs logo(b /a) in
case of an isotropic particle orientation distribution.

the mean particle size along the neutron path. The latter
is illustrated by Fig. 1, which gives the quantities £{°/a
and §°/b, numerically calculated from Eq. (15), versus
b/a in case of an isotropic particle orientation distribu-
tion. For such a distribution £° is roughly proportional
to b for b/a <0.1 and to a for b/a >10. If b/a ap-
proaches infinity, £°/a approaches 37 /4. The correlation
length £° equals 3b /2 independent of the particle orienta-
tion, if b /a approaches zero.

For magnetically uncorrelated particles, ¥ is depen-
dent on the particle shape and orientation. The former
dependence is due to the correlation between the particle
shape and the orientation of M and to the demagnetiza-
tion fields of the particles. In general, the more the parti-
cles are oriented along the i direction the larger the value
of ¢? (in the theory of Rekveldt y?={(n?) (Ref. 13)).

Figures 2 and 3 give y? versus 6, for several values of
b/a in case identical ellipsoidal particles are oriented
within a cone with apex 6, along the y and z directions,
respectively. The dependence of y? on the particle shape
appears to be much stronger when the cone is oriented
along the y direction than when it is oriented along the z
direction. In case of an isotropic particle magnetization
orientation distribution, y; :yg=% and vy, =, indepen-
dent of the particle shape. This phenomenon, called the

FIG. 2. The quantities 2 (a), ¥) (b), and 7? (c) vs the apex 6,
of the cone the particle magnetizations are oriented in. The
cone is along the y direction [b/a =% (1), % (2), % 3),14),3
(5), 10 (6), 30 (7)].
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intrinsic anisotropy, is extensively discussed in Ref. 15. If
all particles are oriented along the +z direction, ¥ equals
1 while in case all particles are oriented along the +y
direction (*x direction) the quantity y?(yg) is smaller
than 1, due to the influence of the local demagnetization
fields on w. As these fields are related to the particle
shape, this effect is dependent on the particle shape. Fig-
ure 4 gives 7% and 7/2 (y2=0) versus b /a for magnetical-
ly uncorrelated identical ellipsoidal particles oriented
along the ty direction. When b /a approaches 0, 2 and
y) approach 1, while when b/a approaches infinity v
and 7/2 approach O and 1, respectively. In the latter case
the demagnetization fields of the particles equal zero, as a
result of which ¥?=(n?). The examples given here illus-
trate the strong dependence of y; on the particle shape.
This dependence, which has been fully taken into account
in the ND formulas for the first time in Ref. 15, is impor-
tant when deriving the particle orientation distribution
from a ND experiment.

In case m70 an increase in € or m trivially results in a
decrease in AB(r) and therefore in § and y, with y the
value of y; in the direction parallel to (M ). This is im-
portant when analyzing the dependence of { and y; on
the magnetic state. Whenever (M) is oriented perpen-
dicular to e (e.g., along the y direction), as is the case in
most ND experiments,

E=E%1—cyc3m?) (18)
0 2
Yy, —CyC3m

y,=t——, (19)
l—cyc3m

or inversely,

§0= __L_. , (20)

_ 2
1—cye3m

|

FIG. 3. The quantities ¥ (a), and y? (b) vs the apex 6, of the
cone the particle magnetizations are oriented in (y) =99). The
cone is along the z direction [b/a = 3 (1), 30 (2)].
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-2 0 2
log,q (b/a)

FIG. 4. The quantities ¥J (1) and ¥9 (2) vs log,o(b/a) when
the particles are oriented along the +y direction (y?=0).

(21

with ¢; =2z /% and m =(M ) /(eM,). The quantity c; is
of the order of 1, the exact value being dependent on the
average particle shape and orientation and spread in par-
ticle volume. Note that ¢; does not depend on the
volume itself. The larger the spread in particle volume,
the smaller is c3;. For identical spheres c¢;=1/
(1+{n2)). In most particulate media € is smaller than
0.4, resulting in c, less than 0.3. Then, assuming c; equal
to 1, £/&° has a value between 0.9 and 1 for isotropically
distributed media (m <) and a value between 0.7 and 1
for fully aligned media (m <1). The fact that £ /£ in par-
ticulate media is of the order of 1 for all m values is due
to a varying neutron transmission length over the cross
section of a particle, to local demagnetization fields
around the particles and to a value of € substantially
smaller than 1. In homogeneous ferromagnets (e=1),
£/6°% equals 0 at m =1. In calculating £° and 7/2 from &

yy=v,(1—cye3m?)+c,c;m},

2 T
p B .
l -
1
0 a/b 1
20 T
p
10| .
0 1
0 1

g

FIG. 5. The quantity p vs o /b (a) and o (b) in case b/a is
constant and b follows a Gaussian (a) or a log-normal (b) distri-
bution.
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and y,, it should be realized that c; generally is not
known exactly and furthermore that demagnetization
fields of neighboring particles may overlap. Errors in £°
and 'yg due to the latter and due to an uncertainty in c,
increase with increasing c,c;m 2.

In case of polydisperse particles, the depolarization
will be dominated by the depolarization arising from the
largest particles. Following from Eq. (15) the contribu-
tion to @;; of a single particle is proportional to a’h? As
a result, a spread in particle size which is independent on
the particle orientation results in an increase in § with a
factor

_ (a2b2>
P n)

Figure 5(a) gives p versus the quantity o /b in case b /a is
constant and b follows a Gaussian distribution

(22)

1 i —F2 2
b)=——a o~ (=07 /(207) 23
f(b) V(2 e (23)
Figure 5(b) gives p versus o when b /a is constant and b
follows a log-normal distribution
f 1 ¢ —n%b6/5)/(20%) 24)

= boviom

In Eq. (23) b is the average value of b, while In(b) is the
average value of In(d) in Eq. (24).

C. The effect of interparticle correlations on @

When the particles are magnetically uncorrelated,
yields information about the particle properties. As al-
ready mentioned, interparticle properties may also highly
contribute to w. Generally speaking, positive correla-
tions along e, in the i component (i =x,,z) of n of neigh-
boring particles result in an increase in w; and therewith
in § and y;. Negative correlations along e, result in a de-
crease of w;. Due to the demagnetization fields of the
particles, correlations along e, in n; may not only affect
w; but also w,, (i7v). Correlations between n; and n;
(i) of different particles are likely to occur only in case
of a nonisotropic orientation distribution of particle mag-
netizations of which the main directions differ from the
system directions. Then the nondiagonal elements w;
(i#j) may yield the main directions of the distribution
(e.g., Ref. 18).

Magnetic interparticle correlations can be the conse-
quence of (magnetic) particle interactions, orientational
correlations between neighboring particles and the pres-
ence of density variations within the medium. In the next
three paragraphs these different causes of correlations are
discussed for particulate media in the remanent state. It
is assumed that the particle anisotropy is large, such that
the particle magnetization is along an easy axis. This as-
sumption is generally valid in particulate media.

Particle interactions may result in positive as well as
negative correlations as they favor a parallel magnetiza-
tion orientation in particles located in the direction along
M; and an antiparallel magnetization orientation in par-
ticles located in the direction perpendicular to M; [Fig.
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6(a)]. As a result, particle interactions may cause that
magnetization reversal takes place along lines parallel to
(M). Then the superdomains during the magnetization
reversal process exceed the particle volume and are
elongated along (M). A superdomain should be taken
as a subvolume of the medium the mean magnetization of
which differs from (M ). If the particle magnetization is
along an easy axis, the effect of particle interactions on
the local magnetization distribution is zero in the state of
maximum remanence. It is generally maximum around
m =0. The precise influence of particle interactions on
the micromagnetic state is complicated as the dipole in-
teractions have a long range and as the interactions de-
pend on many aspects of the microstructure, such as the
exact particle location and the intrinsic particle proper-
ties. It is discussed extensively in the literature (e.g.,
Refs. 19 and 20).

Particle orientational correlations may result in posi-
tive magnetic particle correlations along e, in two ways,
i.e., directly and indirectly. Directly they result in correla-
tions in magnetized media, as particle orientational corre-
lations are spatial particle correlations and these trivially
form magnetic correlations at m>0. As an example,
subvolumes in which the mean particle orientation differs
from that in the medium directly act as large super-
domains at m 0. This effect is due to the correlation be-
tween M; and the particle shape [Fig. 6(b)] and increases
with increasing m. Particle orientational correlations
may indirectly result in correlations by the fact that the
particle coercive field depends on the particle orientation.
Therefore, particle orientational correlations result in
correlations of the particle coercive field and subvolumes
in which the particle orientations are highly correlated
may form superdomains during the magnetization rever-
sal process which exceed the particle volume.

Similar to particle orientational correlations, density
variations within a particulate medium may result in pos-

(a) (b)rzaz 77 R

FIG. 6. Magnetic interparticle correlations as a result of
magnetic interactions (a), particle orientational correlations (b),
and density variations (c).
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itive correlations directly and indirectly. They may
directly contribute to @ as density variations within a par-
ticulate medium result in additional variations in B(r)
and therefore in an increase in @ (corresponding to posi-
tive correlations). If this contribution is considered, sub-
volumes with a particle volume fraction larger (smaller)
than the average value act as superdomains with a mean
magnetization parallel (antiparallel) to (M) [Fig. 6(c)].
Density variations are likely to affect @ substantially in
this way only when they exist over a length much larger
than the particle size. Similar to particle orientational
correlations, density variations may also indirectly affect
 as the local coercive field depends on the local particle
density. Consequently, also density variations may result
in superdomains during the magnetization reversal pro-
cess which exceed the particle volume. Note that the
direct effects of particle orientational correlations and
density variations are related to the degree of the particle
dispersion. Often, the contributions of the different types
of correlations to @ can be (partially) disentangled by
studying the dependence of w on m (see Sec. III).

In the above, several causes of correlations have been
discussed. The exact form of the correlations has not yet
been dealt with. Assumptions on this form have to be
made in order to obtain expressions for their contribu-
tions to w, which are more specific than Eq. (11). In the
following sections two forms of correlations will be dis-
cussed. At first, the contribution to @ of long-range posi-
tive correlations existing within large 3D subvolumes is
discussed (Sed. II C 1). These subvolumes can be taken as
superdomains with a magnetization depending on the
mean particle density and orientation within the subvo-
lume. Secondly, short-range positive as well as negative
correlations, which require a different description
method, are dealt with (Secs. II C2 and II C 3, respective-
ly).

1. The effect of long-range positive correlations on @

Positive magnetic correlations existing in large 3D su-
perdomains V¥, are considered. The superdomain magne-
tization is M, =em ;M n, (|n;|=1). If the contribution
of the individual particles to w is neglected, the correla-
tion matrix of a medium consisting of these superdomains
is equivalent to @ of a medium of magnetically uncorre-
lated single-domain particles with a particle volume frac-
tion of 1 (in principal not possible), a particle size and
shape equal to those of the superdomains and a particle
spontaneous magnetization equal to M, [see Eq. (13)].
Note that the first term on the right-hand side of the ob-
tained result has to be divided by € due to the definition
of w [see Eq. (10)]:

em}

Q;;

=8~ | d’s{Vilnf®)}Fi(s))
g 14ﬂ2<Vd>fs And ks

—€cyZgmim; . (25)
Here, F,(s)=1/V, [ Vdeis"d3r is the superdomain form

factor, Z; is the mean superdomain size along e,
c,=(47w/81)13(=0.54) and n%(8)=8X(nX%). Follow-

ing from Eq. (25) the contribution to { of a superdomain
with size L, along e, is of the order of L e(m2—m?).
This is consistent with the picture that a superdomain ap-
proximates to a magnetic inhomogeneity with magnetic
amplitude AB =e(m,;—m)u,M, which exists along e,
over a length L,.

The reduced superdomain magnetization m is directly
related to the particle orientation distribution within a
superdomain. The narrower this distribution is, the
larger m,; and the larger the contribution of the super-
domains to @. In case the superdomains are the result of
particle interactions only, the average orientation distri-
bution within a superdomain equals the distribution
within the medium. Then the maximum value of m,
denoted m,,,, equals the maximum value of m,. At
m =m_,,, the superdomains do not exist anymore as ob-
servable magnetic inhomogeneities and hence they do not
contribute to @. The values of y; corresponding to super-
domains as a result of particle interactions depend on the
local orientation and shape of these superdomains. Dur-
ing the demagnetization process M, is expected to be
oriented closely around (M). Then y, approaches a
value close to 1. The exact value of y, depends on the
superdomain shape (see Fig. 4, curve 2).

If the superdomains are due to particle orientational
correlations, the average spread in particle orientation
within a superdomain is smaller than that within the
medium. Then the maximum value of m, always exceeds
m and the superdomains may contribute to @ over the en-
tire m range. The values of y; corresponding to super-
domains as a result of orientational correlations are relat-
ed to the spread in n,.

The direct effect (see above) of density variations on @
is substantial only when ¥V, is much larger than the parti-
cle volume. Then M, is along (M) and m,=mA€/E,
with € the average particle volume fraction and e+ Ae
the particle volume fraction of ¥, ((Ae=0)). The direct
contribution of the density variations to @ is now given
by Eq. (25), provided the second term on its right-hand
side is omitted (due to { Ae)=0). The contribution of a
subvolume ¥, approximates to L,m*(A€)*/e<<L,. If
is dominated by depolarization arising from the direct
effect of density variations, § is expected to be propor-
tional to m? and y, will approach a value close to 1. If
the superdomains are due to H, correlations arising from
the density variations, Eq. (25) is valid with 0 =<m, =< 1.

Only the depolarization arising from the mean magne-
tization of the subvolumes ¥, has been considered so far.
The contributions to @ of the individual particles and
short-range correlations within ¥, being much smaller,
have been neglected. The contribution to @ of the indivi-
dual particles within a superdomain is given by Eq. (13),
in which m;m; should be replaced by 8;;[(n,);m,]*. The
contribution to @ of short-range positive and negative
correlations is discussed in Secs. IIC2 and II C 3, respec-
tively.

2. The effect of short-range positive correlations on @

The particle shape and precise particle location hardly
interfere with the contribution to w of long-range positive
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correlations. As a result, this contribution can be de-
scribed well using the rather simple model of super-
domains. However, the particle shape and precise parti-
cle location do effect the contribution of short-range
correlations to . Therefore, a more profound model is
necessary to take the contribution of short-range correla-
tions to w into account. In this section the latter contri-
bution is discussed by considering the effect on w of posi-
tive correlations in n; of N identical particles located in a
linear row. Such a row, in which the components of M,
along (M) have the same sign, will be called a chain.
The contribution to @ of these chains is dependent on
their orientation with respect to e, and the spread in
orientation and size of the particles within them, as will
be discussed below.
The contribution to @ of chains oriented along e, is
given by [see Egs. (11) and (13)]
S;; . .
wijZWfsdzs{(Vz[n,-*(s)]ze(s))
+(N—1){Vn*B)F(8))?}

_NCZEm[mj 5 (26)

where { ) is an average over the particles within the
chains. The terms on the right-hand side of Eq. (26) de-
scribe the contribution to @ of the individual particles,
the contribution to w of the correlations within the chain
and the “correction” for the mean magnetization (see
Sec. IIB), respectively. When n, or n, is positively
correlated within chains consisting of identical spheres
with radius R, Eq. (26) corresponds to

ye=03(n2) +{(n2) +(N—1)n,)>/(4f),
YI=Un2) +3(n2) +3(N —1){n, )2 /(4f), 27
ve=2(n2)/f, =3RS,

and
rI=03(n2)+{(n?))/(4g),
YI=((n2)+3(n2))/(4g),

(28)
yo=20{n2)+(N—1){n,)) /g ,
(°=3Rg ,
respectively. Here, f=1—i—<nzz)~l-(N—1)<ny)2 and

g=1+(n2)+2(N —1){n, )% The contributions of the
correlations to £ and y? in Egs. (27) and (28) equal the
values of magnetically uncorrelated spherical particles
with radius (N —1)R <ny >2 and (N —1)R (n,)? oriented
along the *y direction and =z direction, respectively.
These contributions are dependent on (n,)? and (n,)*
and therewith on the spread in the particle orientation
within a chain.

This dependence on the particle orientation is even
stronger with increasing b /a ratio, as shown in Fig. 7. In
this figure, the quantity v'=v/(N —1) with v=¢£%/¢ is
plotted versus the apex angle 6, of cones within which
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FIG. 7. The quantity v' vs the apex angle 6, of the cone the
particle magnetizations are oriented in. The cone is either along
the y (a) or along the z direction (b) [b/a =+ (1), + (2), 1 (3), 3
(4), 10 (5), 30 (6), 100 (7)].

the particles are assumed to be oriented (cone either
along the y direction [Fig. 7(a)] or along the z direction
[Fig. 7(b)]). Here, &, is the correlation length corre-
sponding to the contribution to @ of the correlations
within the chains and §, the correlation length of the in-
dividual particles, numerically calculated from Eq. (26).
Consequently, v gives the ratio of the contributions to §
of the correlations and the individual particles within the
chains. Its value rapidly decreases with increasing 6, and
with increasing b /a for b /a = 1. The decrease of v with
increasing 0, is due to the fact that only the component
of M, which is correlated along e, contributes to @. The
average value of this component decreases with increas-
ing 6,. The decrease of v with increasing b/a(b/a > 1)
is due to the fact that only correlations along e, contrib-
ute to w. The larger b /a is the smaller the projection of a
particle on its neighboring particle along e, (see Fig. 8).

/\
Y

X neutrons

FIG. 8. The contribution to @ of correlations between two
particles is roughly proportional to the projection of a particle
on its neighboring particle along e,. This projection (shadowed
region) decreases with increasing b /a when the particle orienta-
tions differ.
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FIG. 9. The quantities ¥ (a) and y9 (b) corresponding to
chains along e, vs the apex angle 6, of the cone the particle
magnetizations are oriented in (y2=0). The quantity n, is posi-
tively correlated within the chains and the cone is along the y
direction [b/a = 5; (1), 45 (2), 5 (3), 1 (4), 3 (5), 10 (6), 30 (7)].

> 10

The contribution of the correlations to @ is roughly pro-
portional to the area of this projection.

Figure 9 gives the values of ¥ and y) corresponding
to the correlations within chains along e, versus 6,
(y2=0), in case n, is positively correlated within the
chains and in case the particle orientations are within a
cone along the y direction with apex 6,. Dependent on
the particle shape, the quantity % has a value between 0
and 0.5 and the quantity 7/2 between 0.5 and 1. From a
comparison between Figs. 2 and 9 it follows that the ex-
istence of chains along e, in which n, is positively corre-
lated results in a small increase in yg and a decrease in
y9, in comparison with magnetically uncorrelated parti-
cles. The quantity ¥ is only slightly affected by the
correlations. If n, is positively correlated in chains along

0 | -
a/b (1), o (2)

FIG. 10. The quantity p vs o /b (1) and o (2) when b/a is
constant and b follows a Gaussian (1) or a log-normal (2) distri-
bution.

FIG. 11. A chain consisting of two identical spherical parti-
cles with radius R. The particle magnetization (small arrows) is
along y.

€;, the contributions to @ of the correlations correspond
to 2 =7/B =0 and y%=1. Consequently, correlations in
n, along e, result in an increase in 2 and a decrease in
y9 and yg. However, it should be realized that the con-
tribution of the correlations within the chains to y? of the
medium, being proportional to the parameter v, decreases
with increasing 6, and increasing b/a(b/a=1) (see
above).

A spread in particle size within a chain results in a de-
crease in v. When this spread is independent of the parti-
cle orientation and when b /a is constant, a spread in par-
ticle size results in a decrease in v with a factor

p={ab)*/{a’b?) (29)

[see Egs. (11) and (15)]. Figure 10 gives the latter factor
versus the quantity o /b, in case the size distribution is
Gaussian with standard deviation o, and versus o when
it is a log-normal distribution with log-normal standard
deviation o [see Egs. (11) and (15)].

So far, it has been assumed that the chains are oriented
along e,. Deviations from this alignment result in a de-
crease of the contribution to @ of the correlations. In or-
der to illustrate the latter, a chain consisting of two iden-
tical spherical particles with radius R is considered (Fig.
11). The particle spontaneous magnetization is along y.
The vector between the centers of the spheres, A, is in
the yz plane and makes an angle 3 with the z direction.
At m =0, the ratio u of the contributions to @ of such a
chain and of two uncorrelated particles is given by [see
Eq. (11)]

[ ¢d*s F(s)[1+cos(s- A)]
B [ (d?s F(s)

(30)

Figure 12 gives pu versus 8 for A =2R, A =4R, and
A =6R. Obviously, the quantity pu decreases with in-
creasing 8. An increase in A results in a decrease in u.
At B=m/2, u exceeds 1, which is due to the overlap of
demagnetization fields. The value of u averaged over B is
1.54 for A =2R, 1.32 for A =4R, and 1.21 for A =6R.
It follows from the above that one-dimensional correla-



8446

FIG. 12. The quantity p vs 3 for A /R =6 (1), 4 (2), and 2 (3).

tions can only substantially affect @ if they occur along
directions closely oriented along e, (see Fig. 12) and pro-
vided that the spread in particle size is relatively small.
Chains closely oriented along e, may be found in dc-
demagnetized media, in highly oriented media such as
recording tapes or in media containing strong particle-
orientation correlations.®?! Unless elongated particles
are highly oriented, they generally have several neighbors
along e, and the model of chains is not valid anymore. In
that case, only positive correlations existing in 3D super-
domains as discussed in Sec. II C 1 may contribute to w.

3. The effect of short-range negative correlations on @

Negative correlations between particle magnetizations,
which may arise from magnetic interactions, generally
occur on a small scale. This section deals with chains of
two particles with an antiparallel orientation of n, or n,.

If such chains are oriented along e, the contribution to
o is given by Eq. (26), with (N —1) replaced by —1.
Consequently, the ratio of the contributions to @ of the
negative correlations within chains along e; and the indi-
vidual particles is given by —+' (see Fig. 7). In principle,
negative correlations along e, may result in a § equal to O.
However, the influence of the correlations on @ is gen-
erally smaller, due to a spread in the size or the orienta-
tion of the particles within the chains or to chain orienta-
tions different from e.

Figure 13 gives the values of y; of chains along e, in
which n, is negatively correlated. Negative correlations
along e, in n, result in a decrease of § and 7/8 and an in-
crease in ¥2 and y?, following from a comparison be-
tween Figs. 2 and 13. Negative correlations along €, in
n, are not likely to occur for physical reasons [see Fig.
6(a)].

D. The influence of variations in the total neutron transmission
length on @

A neutron transmission length varying over the cross
section of the medium may contribute to w. Such a
spread always exists in particulate media due to the fact
that the neutron transmission length varies over the cross
section of a single-domain particle. The latter contribu-
tion is included in @ of magnetically uncorrelated parti-
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FIG. 13. The quantities ¥2 (a), 9 (b), and y? (c) of chains
along e, vs the apex angle 6, of the cone (||y) in which the parti-
cle magnetization orientation is. The chain consists of two iden-
tical particles with an antiparallel orientation of n, [b/a=

30
(1), 1(2), 3(3), 10 (4), 30 (5)].

cles (see Sec. II B). A varying number of particles along
the neutron path, however, may give rise to an additional
spread in neutron transmission length. The latter does al-
most not affect the depolarization when the mean mag-
netic induction equals zero. If (B )70, however, this
spread results in an additional variation in the rotation
angle along a neutron path and therefore in an additional
depolarization. This additional depolarization cannot al-
ways be described in terms of w. If so, the total depolari-
zation matrix D has to be considered.

If (B) is along y and f(N) is the normalized distribu-
tion function of the number of particles () along a neu-
tron path, then due to a nonconstant f(N) the depolari-
zation elements D,,, D, , D, , and D,, will be decreased
by a factor

D,= fo""f(N)cos[(N —N)31dN . (31

Here N is the mean value of N and ¢ =pu,{ M )zV/ ¢, the
average rotation angle per particle. The additional depo-
larization described by Eq. (31) can be substantial for
magnetized media with a high degree of alignment.

As an example, D, is considered for a recording tape
with all particles aligned along the Ly direction and with
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m =1. The particles are assumed to be ellipsoids with
b/a approaching infinity. The distribution function
f(N) is assumed Gaussian [see Eq. (23)] with a squared
standard deviation 0% =¢N. Substitution of Eq. (23) in
Eq. (31) and using (B ) =u,( M ) (rotation is considered!)
and L =Nz /e yields

o 2/ LM, am?q

D (32)

a

In this specific example, D, can also be described in
terms of @ as 0% is proportional to N. The decrease of
D,,,D,,, D, and D,, with a factor D, corresponds to an
increase of @, with

1) =%aqm2 . (33)

a

Even for g =1 this increase can be in the order of w;’y, re-
sulting in a strong increase in § and y .

If w is dominated by a spread in neutron transmission
length, & will be proportional to m? and v, should ap-
proach a value close to 1. It should be noted, however,
that Eqgs. (31) and (32) give an upperbound of D,. As a
consequence of demagnetization fields in those parts of
the medium where no particles are located, D, can be
(much) smaller than these equations indicate.

Variations in the neutron transmission length that sub-
stantially contribute to @ are likely to exist mainly in par-
ticulate media with a small neutron transmission length,
e.g., in recording tapes.

III. DISCUSSION

The ND technique can in principle be applied to all
particulate media, provided the magnetic correlation
length § is larger than about 10 nm. The precise
minimum ¢ value which can be determined depends on
M, eL, and A.

It has been shown in Sec. II that the correlation matrix
w is affected by the intrinsic particle properties, magnetic
interparticle correlations as a result of (magnetic) particle
interactions, or particle orientational correlations, parti-
cle density variations within the medium, and a varying
neutron transmission length. The separation of these
different contributions to the correlation matrix may be
problematic in the analysis of ND results. However, gen-
erally the mean particle size, shape, and orientation are
known from other techniques, so that w can be corrected
for the contribution of the individual particles. Further-
more, the determination of the dependence of @ on m as
part of the analysis allows to (partially) disentangle the
other contributions.

In the state of maximum remanence @ is affected by
the individual particles, a varying neutron transmission
length, and the direct effects of particle orientational
correlations and (long-range) density variations. The
effect of a varying neutron transmission length is impor-
tant mainly in recording tapes. The contributions to @ of
a varying neutron transmission length and the (direct
effect of) density variations can be distinguished from
those of the individual particles and the (direct effect of)
particle orientational correlations by the fact that the
former two contributions yield a value of y, close to 1,
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while the latter two in principle may yield all values of y
between O and 1. Generally, the contributions to @ in the
state of maximum remanence of particle orientational
correlations yield a ¥ which is higher than the value of
v corresponding to the individual particles.

Around m =0, @ may consist of contributions from
the individual particles, particle interactions and the in-
direct effects (H, correlations) of particle orientational
correlations and density variations. The value of y cor-
responding to the contributions of interactions resulting
in positive correlations and of (indirect effect of) density
variations will be close to 1, while y, of the other contri-
butions may have all values between 0 and 1.

A correlation length smaller than that expected for in-
dividual particles can only be due to particle interactions
resulting in negative correlations along €,. Furthermore,
the analysis of @ along different e, directions helps to
separate some of the main contributions. Such an
analysis in general also yields the average particle or su-
perdomain shape (e.g., Refs. 8, 17, and 21).

The techniques commonly used to study the mi-
cromagnetic state of particulate media are magnetization,
susceptibility, and noise measurements. The bulk
methods as magnetization and susceptibility measure-
ments obviously yield rather restricted information about
correlations in the micromagnetic state. On the other
hand, the noise technique, which is mainly applied to
recording materials, is also sensitive to the individual par-
ticles, particle correlations, and density variations. How-
ever, when comparing the results of noise and ND mea-
surements the following aspects should be taken into ac-
count. In the first place, not only the micromagnetic
state but also the surface roughness contributes to the
noise. Secondly, the noise is sensitive to the volume of
magnetic inhomogeneities whereas the ND is sensitive to
the size along e, of the inhomogeneities. Thirdly, the
contribution of a magnetic inhomogeneity to the noise
depends on its distance to the recording head and there-
fore on its location in the coating. The contribution of a
magnetic inhomogeneity to the correlation length is in-
dependent on its exact location in ND. Often, it appears
to be difficult to separate the various contributions to the
noise. Besides, the information obtained about magnetic
correlations is general qualitative instead of quantitative.

In summary, in comparison with the more convention-
al techniques mentioned above, the ND technique can
yield more detailed information about the micromagnetic
state of particulate media. Moreover, the information
obtained about magnetic correlations is quantitative.
However, magnetization, susceptibility, and noise mea-
surements are cheaper and faster than ND measure-
ments, and the noise level of recording materials in itself
is an important quantity to study. Besides, as the
different techniques are partially complementary, the
most detailed information is expected to be obtained by
applying a combination of the techniques (e.g., Ref. 21).

The small-angle neutron scattering (SANS) technique
is the only technique which may yield information com-
parable to that obtained with the ND technique. In con-
trast with the ND technique, SANS is sensitive to both
nuclear and magnetic inhomogeneities. However, often
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nuclear and magnetic scattering in particulate media can-
not be separated. Furthermore, the total range of { in
particulate media, typically from 10 mn up to mm’s, can-
not be covered with a SANS experiment. A SANS exper-
iment in which a polarized neutron beam is used would
sometimes yield more information than a ND experi-
ment. However, SANS instruments using a polarized
neutron beam are not easily available thus far.

In a ND experiment, magnetic fields larger than the
coercive field of the medium (H,) have to be used in or-
der to cover @ during the total magnetization reversal
process. As the ND technique is very sensitive to stray
fields which arise from equipment that produces these
fields, the ND technique can generally be performed on
particulate media only if they are in the remanent state
(H, on the order of 5-80 kA/m). During such an experi-
ment the medium is positioned in a magnetic yoke in or-
der to short-circuit any flux from the medium. As the
neutron beam may not pass through the yoke, ND mea-
surements on media with a remanent magnetization
parallel to e, are difficult to perform. Such experiments
would be interesting in particular to study magnetic
correlations along the field direction.

Up to now, ND measurements have been performed on
various magnetic pigments,?? recording audio and video
tapes®?1'23 and ferrofluids in order to study their mi-
cromagnetic state. The theory formulated in this paper
has successfully been used to interpret these measure-
ments. The dynamics of the micromagnetic state is under
study at present.

As an example some of the results of ND measure-
ments on a commerically available CrO, pigment used for
video tapes are presented and discussed. The particles
studied are acicular with a mean diameter of 20 nm, an
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FIG. 14. The correlation length § vs the reduced remanent
magnetization m during the magnetization (reversal) process of
CrO, pigment [starting from the virgin state (a) and from the
state of maximum remanence (b)].
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aspect ratio of 10, and a spontaneous magnetization
along the longitudinal axis.?* The mean magnetization
(M) of the pigment is along y. Figure 14 gives the
correlation length § versus the reduced remanent magne-
tization m during the magnetization (reversal) process of
pigment (starting from the virgin state [Fig. 14(a)] and
starting from the state of maximum remanence [Fig.
14(b)]). The correlation length £°=36+2 nm in the vir-
gin state. It increases about tenfold with increasing m
during the magnetization process. During the magneti-
zation reversal process { decreases and increases again,
with a minimum (£°=100£10 nm) which is three times
the value in the virgin state. Figure 15 gives the quantity
v, versus m. The oscillations in y, are artifacts as a re-
sult of experimental circumstances.?* The latter, which
affect @ at m+0, also account for the small oscillations
observed in £. It follows that y, has a value between 0.2
and 0.5. At m=0, y9=0.27, y,=0.24, y2=0.49
(+£0.02, virgin state) and y9=0.30, y)=0.47, y?=0.23
(£0.05, demagnetized state).

Assuming the virgin state of the CrO, particles to con-
sist of uncorrelated ellipsoidal particles with a longitudi-
nal axis of 2b and a radial dimension of 2a with b/a =10,
the value of ¢£° in the virgin state corresponds to
a =17£2 nm. This value exceeds the value given by sup-
plier (10 nm), which may be due to possible correlations
already present in the virgin pigment. However, it is
more likely due to a large spread in the particle size, re-
sulting in an increased value of §{ (see Fig. 5). The in-
crease of { with increasing m, together with a value of v,
smaller than 0.5, indicates the presence of subvolumes in
which the particle orientations are highly correlated.
With increasing m these subvolumes become magnetized
and act as large 3D superdomains. The low value of y,
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FIG. 15. The quantity ¥, vs the reduced remanent magneti-
zation m during the magnetization (reversal) process of CrO,
pigment [starting from the virgin state (a) and from the state of
maximum remanence (b)].
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over the whole m range makes large effects of density
variations unlikely. The switching volumes in the magne-
tization reversal process are much smaller than these su-
perdomains. Their size along e, still exceeds the particle
size, however, following from a comparison of the value
of £° in the virgin and the demagnetized states. The
latter is consistent with the value of 7/2 in the demagnet-
ized state, which exceeds the value in the virgin state. A
more extensive discussion of these measurements togeth-
er with ND results on other pigments will be given in
Ref. 22.

IV. SUMMARY AND CONCLUSIONS

Neutron depolarization theory in particulate media has
been discussed. The relation between the correlation ma-
trix w, derived from a neutron depolarization experiment,
and various parameters describing the micromagnetic
state of a medium have been derived. The latter involve

the individual particles, magnetic particle correlations as
a consequence of particle interactions, particle orienta-
tional correlations, and density variations within the
medium, and a varying neutron transmission length. The
several contributions to @ may (partially) be disentangled
by the dependence of @ on the reduced remanent magne-
tization m and on the transmission angle through the
medium. The contributions of the individual particles to
w is hardly dependent on m. Particle interactions do not
affect @ in the state of maximum remanence, while the
contribution to @ of a varying neutron transmission
length equals zero at m =0. Using the relations derived,
the neutron depolarization technique can successfully be
used to yield detailed quantitative information about the
micromagnetic state of particulate media. One-
dimensional correlations can only substantially affect @ if
they occur along directions closely oriented along e, and
provided that the spread in particle size and orientation
is relatively small.
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