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Abstract

Assuming that a polycrystalline magnetic film is composed of randomly-oriented small
crystallites and that a uniaxial planar-stress is present in each crystallite, magnetic
anisotropies resulting from this uniaxial stress are calculated for the crystallites with
(001), (110) and (111) surfaces. Large uniaxial anisotropies result from the uniaxial
planar-stress in each crystallite with (001), (110) and (111) surfaces, compared with the
isotropic planar-stress which induces uniaxial anisotropy only in crystallites with a (110)
surface. Anomalously large magnetocrystalline anisotropy observed in the (100) surface
of single-crystal nickel films and large uniaxial anisotropy observed in the (110) surface
of single-crystal permalloy films, which have been expained by the contribution of the
isotropic planar-stress, are also explained by the contribution of the uniaxial planar-stress.

1. Introduction

It is well known that there is angular dispersion of M-induced anisotropy in
polycrystalline magnetic films®».  Assuming that a polycrystalline film is an
ensemble of randomly-oriented crystallites, angular dispersion is attributed to
variations in the local anisotropy from crystallite to crycrystallite**®. This local
anisotropy is now considered to be magnetocrystalline anisotropy and/or the ani-
sotropy resulting from magneto-elastic energy which is due to the internal stress
in the films*®.

It has been reported that the magnetocrystalline anisotropy constant K, is
anomalously large in the (100) surface of single-crystal nickel films epitaxially
evaporated on the cleft (100) surface of rock salt®®, and that a large uniaxial
anisotropy is present in the (110) surface of single-crystal permalloy films epitaxi-
ally evaporated on LiF (110) surface”. Both of anomalously large K; and large
uniaxial anisotropy are now well explained by the contribution of an isotropic
planar-stress in the films™®.

According to the results obtained by Cundall and King*¥ for nickel and
nickel-iron films, the local anisotropy can only be uniaxial anisotropy. A poly-
crystalline magnetic film is composed of randomly-oriented small crystallites. If
the surfaces of these crystallites, which are parallel to the film plane, are assumed
to be composed of (001), (110), and (111) planes, uniaxial anisotropy results from
the isotropic planar-stress only in the crystallites with a (110) surface. In an
attempt to obtain the uniaxial local-anisotropy in each crystallite, it is assumed
in this work that a uniaxial planar-stress is present in each crystallite. The
possibility of the presence of this uniaxial stress has also been proposed by Smith
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et al.’® and the anisotropy energy resulting from the randomly-oriented internal
stress has been discussed briefly by Lewis'” in the (011) plane of bulk nickel-iron
alloys. The results obtained from the uniaxial planar-stress are that large uniaxial
anisotropy is presesent in each crystallite with (001), (110), and (111) surfaces,
and that both of anomalously large K, in the (100) surface and large uniaxial
anisotropy in the (110) surface can be explained by this uniaxial planar-stress.

2. Anisotropy Resulting from Uniaxial Planar-Stress

It is assumed that a polycrystalline magnetic film of volume V is composed
of randomly-oriented NN small-crystallites of volume v;:

V:% v; (2.1)

and that each crystallite is a single crystal. If a uniaxial planar-stress ¢ which
is tensile is present in a crystallite, magneto-elastic energy density of the crystallite
is given by
Eo=—hio{adri+ajri+airi—(1/3)} — oo (2oyaa? 75 + 20505 573 + 2o, 7 5771)
—ho{ari+alrit+airi+ (2/3)s—(1/3)} — b0 (a agalr 7o+ 2003037 o 3 + e alv )
—hgo{s—(1/3)} for K, <0, (2.2)
where /, are the single-crystal magnetostriction constants, «; and 7, are the direct-
ion cosines of the magnetization and the uniaxial stress relative to the cubic axis,
respectively, and s=alai+ ajaj+aial. To simplify the problem, the surfaces of
the crystallites, which are parallel to the film plane, are assumed to be composed
of the principal crystallographic planes, of the {001}, {110}, and {111} families.
For the crystallites with a (001) surface, magneto-elastic energy density is
obtained from Eq. (2.2) as
ES — _ (9(), + hy)sin? 6 —h, — (43)hg} osin? 6 — (1/3)},0 sin*

—(1/2)hyo sin 26 sin 20 — (1/4) hyo sin? 20, (2.3)
where 6 is an angle between (100> direction and the direction of the magnetiza-
tion and & is an angle detween <100> and the direction of the uniaxial stress.
Magnetic torque L which results from E®™ is given by —3dE%“" /34, and

LD = K Msin 2(f +p000) + K ™sin 46, (24
where

K =[{(k, +hs)(2 sin® 6—1)}2+ (B, sin 25)2]"/2, (2:5)

KO = (1/6) (3% — hiy)o (2.6)
and

Do — gt Fasin 28 (27)

(hy+hy)(2sin?0—1),
It is seen from Eq. (2.4) that K™ is a uniaxial anisotropy constant and K@ is
a biaxial anisotropy constant. Because of the random orientation of the crystallite
axis in the film plane, 8 varies from crystallite to crystallite in the range of 0 to
180 degrees. Accordingly, the values of Ky and ¢ vary from crystallite to
crystallite as seen from Egs. (2.5) and (2.7), respectively.
For the crystallites with a (110) surface, magneto-elastic energy density is
obtained from Eq. (2.2) as
E8 = —{(1/2)(3h,+ hy)sin? § — 2} o sin? 6 — (1/2) hyo sin 26 sin 24, (2.8)
where 6§ is an angle between <001> and the direction of magnetization and & is
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an angle between <001> and the direction of the uniaxial stress. Magnetic torque
L% is given by

L= K3 sin 200 4+ p010), (29)
where
K30 =[{(1/2)(3h,+ hs)sin? 6 — 11} 2+ (hy sin 26)2]%¢ (2.10)
and
hy sin 20
Q10 = tgn= 2
2P = a0 e ST e — T, @11)

It is seen from Eq. (2.9) that K is a uniaxial anisotropy constant. It is also
seen from Eqgs. (2.10) and (2.11) that the values of K§® and o™ vary from
crystallite to crystallite.
For the crystallites with a (111) surface, magneto-elastic energy density is
obtained from Eq. (2.2) as
ES = (1/3)(hy + 2hy— hs) (2 sin® 6 —1)o sin? 0
— (2[99 (B +2h5)(2 sin? §—1)o sin* ¢
—(1/6){,+2hs+ (1/3) 15} o sin 20 sin 20
—(1/18) 2150 sin 20 sin 46, (2.12)
where 6 is an angle between <110> and the direction of the magnetization and &
is an angle between {110> and the direction of the uniaxial stress. Magnetic
torque L% is given by

L(“‘)=K,(‘111)sin2(0+(0(1u”) +[{§,m)sin4(0+qo§m)), (2.13)
where
K =[{(1/9) (3% + 6l + 2+ 15) 2 sin? 8 = 1)} + {(1/9) (3, + 6 + 5)sin 201712, (2.14)
KW =[{—(1/9)(hy+2hs)(2 sin® 6 —1)} 2+ {(2/9) k5 sin 20}*]a, (2.15)
(A13) g (3%, +6hy+ hs)sin 20
203 = A gy By & 2k + Be)(@ sin? 6—1) (2.16)
and
4405111) —tan™! "2]15 sin 26 (217)

(hs+2h5)(2 sin? 0 —1).

It is seen from Eq. (2.13) that K™ is a uniaxial anisotropy constant and KM is
a biaxial anisotropy constant. It is also seen from Egs. (2.14)~(2.17) that the
values of KW, KW, oW and oMY vary from crystallite to crystallite.

3. Numerical Results

For a nickel film, the values of K, K% and KV are calculated from
Egs. (2.5), (2.10), and (2.14), respectively, and the results are shown in Fig. 1 as
functions of d. Values of the single-crystal magnetostriction constants were taken
from a paper by Bozorth and Hamming™®. The values of K™ and KMV are also
calculated from Egs. (2.6) and (2.15), respectively. The value of K™ is —0.15¢
x 10~% erg/cc, and the values of K{*’ vary from crystallite to crystallite in the
range of (0.9~1.7)ox 107%erg/cc.  Accordingly, the values of biaxial anisotropy
constants are much smaller than that of uniaxial anisotropy constants.

The directions of easy magnetization of the uniaxial anisotropies are calculated
from Egs. (2.4) and (2.7) for K, from Egs. (2.9) and (2.11) for KM, and from
Egs. (2.13) and (2.16) for K{*V. The results are shown in Fig. 2 as functfons of
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0. In Fig. 2, the directions of easy magnetization are represented by the angles
from (100> for K&, from <001> for K%, and from <110> for K&V,
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Fig. 1 Uniaxial anisotropy constants K%, K89 and KM of nickel film as functions of .
J are the angles between the direction of the uniaxial planar-stress ¢ and <100), <00L)>
and 110p for KO, KB and K3, respectively.
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Fig. 2 Directions of easy magnetization of K%, K39 and KMV of nickel film as functions
of 0. Directions of easy magnetization are represented by the angles from <100), <001>
and 110> for K9, K9 and K MY, respectively.

4. Discussion

If a polycrystalline magnetic film is composed of randomly-oriented small
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crystsilites, the surfaces of these crystallites, which are parallel to the film plane,
are com;?osed of (001), (110), and (111) planes, and the isotropic planar-stress ¢’ is
present in each crystallite, then, in each crystallite with a (001) surface, biaxial
magnetic anisotropy results from o', which is given by"®

L1€001 = K700 gin 44, (4.1)
where

K0 = (1/3)(3hy — hy)a” (4.2)

and K= —0.3¢"x 107%erg/cc for nickel film. In each crystallite with a (110)
surface, uniaxial magnetic anisotropy results from o', which is given by”

L0 = [0 i 26, (4.3)
where

K09 =(1/[2)(hs— hy)o’ (4.4)
and K™% =16¢"x10"%erg/cc for nickel film, which is much larger than the value
of K. 1In crystallites with a (111) surface, no magnetic anisotropy results from

o'.  Accordingly, in the case of the isotropic planar-stess o', uniaxial anisotropy
is present only in the crystallites with a (110) surface and the value of the
anisotropy consant K,*® is the same in every crystallite.

On the other hand, if the uniaxial planar-stress ¢ is present in each crystallite,
uniaxial anisotropies are present in every crystallite with (001), (110), and (111)
surfaces, and the values of K, K% and K3 vary from crystallite to crystallite
in the range which is shown in Fig. 1. Moreover, the values of K™, K, and
K are much larger than the value of K", In both cases of ¢ and ¢/, the
direction of the easy magnetization of the uniaxial anisotropy are distributed at
random in the film plane because of the random orientation of the crystallite
axis in the film plane.

As was stated in section. 1, an anomalously large K, in the (100) surface of a
single-crystal nickel film and a large uniaxial anisotropy in the (110) surface of a
single-crystal permalloy film are well explained by the contribution of the isotropic
planar-stress ¢’ : anomalously large K, is explained by the biaxial anisotropy given
by Egs. (4.1) and (4.2), and large uniaxial anisotropy is explained by the uniaxial
anisotropy given by Eqgs. (4.3) and (4.4).

A single-crystal film which is evaporated onto a substrate will be composed
of many small-crystallites, but the orientation of the crystallite axis is not random.
If a uniaxial planar-stress o is present in each crystallite, and the dircction of ¢
is distributed at random in the film plane, magneto-elastic energy densities of the
crystallites in single-crystal films with (100), (110), and (111) surfaces are given by
Eqgs. (2.3), (2.8), and (2.12), respectively. In order to obtain magneto-elastic energy
density of a single-crystal film, the average of that of the crystallites must be
taken in all of the possible directions of ¢ in each film. From the average of
Eq. (2.3) with respect to § from O to 180 degrees, we obtain the magnetic torque
Lt apd biaxial anisotropy constant K for the (100) surface of a single-crystal
film, which is given by

Lao0 = F @00 gin 46, (4.5)

where
KO = (1/6)(8hy—hy)a. (4.6)

From the average of Eq. (2.8), we obtain the magnetic torque L™ and uniaxial
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anisotropy constant K& for the (110) surface of a single-crystal film, which is
given by

T =F 310 gipy 26, (4,7)
where

K@= (1/4)(hy— h))e. (4.8)

From the average of Eq. (2.12), we can not obtain magnetic anisotropy; there is
no megnetic anisotropy due to ¢ in the (111) surface of a single-crystal film.

From the uniaxial planar-stresses ¢ in crystallites, whose directions are distri-
buted at random, we obtain the isotropic planar-stress ¢’ in the film by the relation
o'=(1/2)s. Accordingly, K given by Eq. (4.6) and K®® given by Eq. (4.8)
become the same as K} given by Eq. (4.2) and K’ given by Eq. (4.4), respec-
tively.  These results mean that both the anomalously large K, in the (100)
surface and large uniaxial anisotropy in the (110) surface can be explained by the
uniaxial planar-stresses ¢ which are present in the crystallites.

Cundall and king” have deduced the magnitudes of the local uniaxial anisotro-
pies in polycrystalline nickel and nickel-iron films from rotational hysteresis
measurements, and the largest value of the local anisotropy constant was about 1
x 10°erg/cc in polycrystalline nickel film. If we take the value of the isotropic
stress ¢'(2x 10° dyne/cm) which is used by Lewis, we obtain from Eq. (4.4) the
value of the anisotropy constant 0.32 x 10° erg/cc which is much smaller than 1 x

10°erg/cc.  If we take the value of the uniaxial stress ¢ which is given by 2d’,
we obtain from Fig. 1 the largest value of the anisotropy constant 3 x 10°erg/cc
which is large enough to explain the experimental results.
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