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Abstract

In an attempt to clarify the origin of the anisotropy dispersion in magnetic films,
angular and magnitude dispersion of the uniaxial anisotropy which results from the con-
straint energy is estimated for nickel and nickel-10% iron films. According to the results
obtained, the ranges of magnitude dispersion are (3~5.8)X10°erg/cc in nickel films and
(0.72~0.93)X 10% erg/cc in nickel-10% iron films, and the ranges of angular dispersion are
(0~10) degrees in nickel film and (0~4) degrees in nickel-10% iron film. Angular dis-
persion obtained in this work is not large enough to explain the experimentally-observed
angular dispersion, and it was found that the effects of the magnetocrystalline anisotropy
and the internal stress in the films on the anisotropy dispersion should be added to the
results obtained in this work.

1. Introduction

It has been known that uniaxial magnetic anisotropy is induced in the film
plane when a polycrystalline magnetic film is deposited onto a substrate in the
presence of a dc magnetic field. The direction of easy magnetization, in this case,
was observed to agree with that of the dc magnetic field. The origin of this
induced uniaxial anisotropy in alloy films is best explained” by a combination of
the short-range directional ordering mechanism of Néel® and Taniguchi® and the
magnetoelastic constraint mechanism of West®.

On the other hand, angular and magnitude dispersion of the uniaxial anisotropy
was observed in nickel, and in nickel-iron alloy films*®. Assuming that a poly-
crystalline film is an ensemble of randomly oriented crystallites, angular dispersion
is attributed to variations in the local anisotropy from crystallite to crystallite®”?.
This local anisotropy is considered to be magnetocrystalline anisotropy and/or ani-
sotropy resulting from magnetoelastic energy which is due to the internal stress in
the film®.

Experimentally-observed angular dispersion is large in nickel and nickel rich
nickel-iron films. Cundall and King”®, and Maeda and Morimoto' have reported
the observed values of angular dispersion of approximately 60 and 10 degrees for
nickel and nickel-10% iron films, respectively. In nickel film, the Néel-Taniguchi
mechanism may not play a role and the constraint mechanism alone will contribute
to the uniaxial anisotropy. In nickel-10% iron film, both mechanisms will contribute
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to the uniaxial anisotropy but the contribution of the constraint mechanism is
dominant.

If a polycrystalline magnetic film is composed of randomly oriented crystallites
and the uniaxial anisotropy results from the constraint mechanism alone, angular
and magnitude dispersion of the uniaxial anisotropy is expected without considering
the local anisotropy. The purpose of this work is, in an attempt to clarify the
origin of the dispersion of the uniaxial anisotropy, to estimate angular and magnitude
dispersion of the uniaxial anisotropy which results from the constraint mechanism.

2. Constraint Energy of Crystallite

It is assumed in this work that the polycrystalline magnetic film of volume V
is composed of randomly-oriented N small-crystallites of volume wv;:

V:iw, (1)

and that each crystallite is a single crystal. The constraint energy density in a cubic
crystal, which is due to the constraint mechanism, is given by West" as follow ;

w (“i s 181) == (9/4) (Cn - CIZ) A305 {oo(afﬁf + a%ﬁg + agﬁ%)
—9C A A (aﬂz.@lﬁz -+ azasﬁzﬁs =+ a3a1ﬁ3ﬁ1) > ( 2 )

where C,,, C, and C, are the cubic elastic constants, g and A, are the single
crystal magnetostriction constants at a measuring temperature 1, A, and 2, are
that at a constraint temperature 77, and «; and §; are the direction cosines of the
magnetization relative to the cubic axis at 7" and 77, respectively. The temperature
17 is, approximately, the substrate temperature when the film is deposited””. Then,
the constraint energy density of the crystallite of volume v;, w;(a;, §;), is defined by

W:g:le(auﬁi) Vs, (3)

where W is the constraint energy of volume V.

To simplify the problem, the surfaces of crystallites, which are parallel to the
film plane, are assumed to be composed of {001}, {110}, and {111} planes; N= N
+ NWO L Ny NWE g 3 pumber of small crystallites whose surfaces parallel to
the film plane are {i{jk} planes. When dc magnetic fields (H, during diposition and
H, during measurement), which are large enough to saturate the magnetization to
its own direction, are applied parallel to the film plane, w,(a;, ;) is obtained for
each crystallite.

For N crystallites, we obtain the expression of the constraint energy density
from Eq. (2) as

w' (g, &) = A cos’® é+ By sin 26 +a const,, (4)

where
A(om) = (9/4)[ {(Cu’_Cm) /21002;00_2(:44 21112{11} sin® 20_(C11—C12) Z100%001} , ( o )

B(oon = (9/16) {(Cu - CIZ) 21002100“2(:44 Zmzfu} sin 46 ’ ( 6 )
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# is an angle between {100) and H,, and ¢ is an angle between H, and H,. Be-
cause of the random orientation of the crystallite axis in the film plane, @ varies
from crystallite to crystallite in the range of 0 to 180 degrees.

For N crystallites, we obtain the expression from Eq. (2) as

wh (g, &) = — A1 cos® £+ By sin 26+ a const (7)

where
Apg = (9/8)[ {(Cn —Ci2) Ao Ao — 2C 4 iy 2{11} (3 cos®’9—1)
X cos 26 + 4C442111/7~{11] , ( 8 )

By = (9/16) {(Cuu— Cua) 2o Hoo— 2Ciu s M}
x (3 cos®#—1)sin 26 , ‘ (9)

and # is an angle between (001> and H;.
For N crystallites, we obtain the expression from Eq. (2) as

w (g, &) = — Ay, cos® é+a const, (10)
where

Ay = (3/4) {(Cu—Cuo) Ao Zao+ 4Cus i i} - (11)
In this case, # is taken to be an angle between (110Yand FH, but the results given
by Eqgs, (10) and (11) is independent on 4.

3. Uniaxial Anisotropy of Crystallite

Magnetic torque, L, which results from the constraint energy density of a crys-
tallite, w'* (g, &), is given by

2,8

L=-— & (12)
For N crystallites, substitution of Eq. (4) into Eq. (12) gives

Lo = K008 g 2(8— o) (13)
where K™ is the uniaxial anisotropy constant and

K™ = {A%oou +(ZB(0911>2} 1/2’ (14)
and

20" = tan~ (2B oo/ A cor)) - (15)

For N"9 crystallites, substitution of Eq. (7) into Eq. (12) gives
LW = — KMOgin 2(&+ ™M), (16)

where KM is the uniaxial anisotropy constant and

KJ“O’ — {Az(m) +(ZB(110))2} 1.2 R (17)
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and
20M9% = tan' (2B 19/ A mg) - (18)
For NMU crystallites, substitution of Eq. (10) into Eq. (12) gives
LW = — KMl gin 2¢ (19)
where KM is the uniaxial anisotropy constant and

Kuul” = Auu) . (20)

4. Results and Discussions

4.1 Magnitude dispersion

It is seen from Egs. (5), (6) and (14} that K™ is a function of 8. It is also
seen from Egs. (8), (9) and (17) that K™ is a function of 6. As was stated in
a previous section, § varies from crystallite to crystallite in the range of 0 to 180
degrees. Accordingly, the values of K/ and KM% vary from crystallite to crys-
tallite ; namely, there is a magnitude dispersion of the uniaxial anisotropy in N
and N™ crystallites. On the other hand, it is seen from Eqs. (11) and (20) that
KM is independent of @; accordingly, there is no magnitude dispersion of the
uniaxial -anisotropy in N crystallites.

For nickel and nickel-10% iron films, the values of K/ KM and KM (for
T=1"=20C) in each crystallite are calculated from Eqgs. (14), (17) and (20), respec-
tively, and the results are shown in Figs. 1(a) and 1(b) as functions of 4. Values of
the cubic elastic constants were takeh from a paper by Einspruch and Claiborne™.
Values of the single-crystal magnetostriction constants were taken from a paper by
Birss and Lee'™ for nickel, and were interpolated from the curves of Bozorth and
Walker™ for nickel-10% iron. From the results shown in Figs. 1(a) and 1(b) the
ranges of magnitude dispersion are found to be (3~5.8)x 10®erg/cc in polycrystalline
nickel film and (0.72~0.93) x 10% erg/cc in polycrystalline nickel-10% iron film.

4.2 Angular dispersion

Eq. (13) includes ¢ which is given by Eq. (15), and Eq. (16) includes ¢"”
which is given by Eq. (18). It is seen from Egs. (5), (6) and (15) that ¢ is a
function of ¢. It is also seen from Egs. (8), (9) and (18) that ¢™” is a function of 4.
Accordingly, the values of @™ and ¢™% vary from crystallite to crystallite; easy
direction of the magnetization changes from crystallite to crystallite; that is, there
is an angular dispersion of the uniaxial anisotropy in N and N™"% crystallites.
On the other hand, it is seen from Eq. (19) that there is no angular dispersion in
N crystallites.

For nickel and nickel-10% iron films, easy directions of the magnetization (for
T=T"=20C) in each crystallite are calculated from Egs. (13) and (15) for N
crystallites and from Egs. (16) and (18) for N™% crystallites. The values of angular
dispersion, «, which is the angle between the easy direction of the magnetization
and the direction of dc¢ magnetic field which is applied during deposition, are shown
in Figs. 2(a) and 2(b) as functions of #. From the results shown in Figs. 2(a)and
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2 (b) the ranges of angular dispersion are found to be (0~10) degrees in polycrystal-
line nickel film and (0~4) degrees in polycrystalline nickel-10% iron film.

In conclusion, the presence of angular and magnitude dispersion of the Uniaxial
anisotropy which results from the constraint energy in magnetic film was pointed
out. However, the estimated values of the angular dispersion is not large enough
to explain the experimentally-observed angular dispersion. To explain the experi-
mentally-observed anisotropy dispersion, the effects of the magnetocrystalline ani-
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Fig. 1. Uniaxial magnetic anisotropy constant Ky which results from the
constraint energy plotted as a function of ¢ for (a) nickel and (b)
nickel-10% iron films with {001}, {110} and {111} surfaces. @ is the
angle between the direction of de¢ magnetic field during deposition
and <100), <001>, and <110) for {001}, {110}, and {111} surfaces,
respectively.
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Fig. 2. Angular dispersion a« of the uniaxial magnetic anisotropy which
results from the constraint energy plotted as a function of # for
(a) nickel and (b} nickel-10% iron films with {001}, {110}, and {111}
surfaces. @ is the angle between the direction of dc magnetic field
during deposition and <100), {001), and <110) for {001}, {110}, and
{111} surfaces, respectively.

sotropy energy and the magnetoelastic energy which results from the internal stress
in the film on the anisotropy dispersion should be added to the anisotropy dispersion
obtained in this work.
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