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It is proposed that the magnetization-induced anisotropy of magnetic films of cubic crystal structure originates
from the anisotropy of atomic pair ordering, shape anisotropy, and strain anisotropy resulting from the constraint of
the magnetostriction strain imposed on the film by the substrate. Calculated are the three anisotropy constants and
their sum K vs temperature for Ni, Fe, and 55%Ni-Fe films; the room temperature (RT) constants vs the substrate
temperature Tt during deposition or annealing after deposition for Ni and 50%Ni—Co films; the RT constants vs com-
position fraction for Fe-Ni films with Ty = RT, 250 °C and 450 °C, Co—Ni films at Tt = RT, 100 °C and 320 °C, and
Fe—Co films with Tt = RT and 300 °C; the spread of RT K vs composition fraction for Fe-Ni films; and RT AK/K vs
composition fraction for Fe-Ni and Co—Ni films, where AK denotes the variation of K of the film that is detached from
its substrate. The calculated curves well accord with the measurements. The irrelevancy of K to the substrate material
and the fast kinetics of the annealing in a field applied in the direction of the hard axis are explained reasonably.

The anisotropies of Fe and Ni films originate mainly from the shape anisotropy and the strain anisotropy, respec-
tively. The major anisotropy component in many cases depends not only on composition fraction but also on 7t . For
example, the RT anisotropy of 40—70%Ni-Fe films, when Tt is RT, mostly comes from the anisotropy of atomic pair
ordering while it stems mostly from the shape anisotropy when T} is 450 °C. The most important cause of the spread
in values of K is the spread of the intrinsic anisotropic stresses superimposed on the intrinsic isotropic planar stress. It
is suggested that the field cooling induced magnetic anisotropy originating from the induced crystal texture observed

in the bulk alloys is also a major origin for Co and Co-rich alloy films of hexagonal crystal structure.

Keywords: magnetization-induced anisotropy, magnetic film

PACC: 7530G, 7570

1. Introduction

If a magnetic film is deposited at normal incidence
in a magnetic field Hy applied in the film plane (by
any means such as evaporation, sputtering, electro-
deposition, etc.) or annealed in the field after deposi-
tion, an in-plane uniaxial anisotropy is induced with
an easy direction (ED) in the field direction.' =5 The
anisotropy is magnetization-induced anisotropy, and
the function of the field is simply to align the magneti-

zation uniformly.l®—9l

The anisotropy is an important
fundamental property of the magnetic films and plays
an important role in many applications including in-

formation storages and sensors. [ 10-11]

The characteristics of the anisotropy have been

studied comprehensively in the 1960s. A number of
systematic experimental data have been accumulated.
The data include the anisotropy constant K as a func-
tion of composition, substrate temperature during de-
position or annealing, T}, and measuring temperature
T for Fe-Ni,[®12-21] Co-Njl20-22] apnd Fe-(Co[20:22:23]
films, K as a function of annealing time during an-
nealing in a field applied in the hard direction (HD)

9,15,16,18,20,24—30]

or in a rotating field,! and effects of

the substrate material on K .[16,20,26,31]

K is strongly
dependent upon film composition, Tt and 7', and it is
also affected by other details of experiments, causing
in many cases a large spread of experimental data for

a given composition, Ty and T'.
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The physical essence of the anisotropy has been
extensively explored in the same period, and var-
ious mechanisms have been suggested accordingly.
Many investigators have considered the anisotropy of
atomic pair ordering and the strain anisotropy re-
sulting from the constraint of the magnetostriction
strain imposed on the film by the substrate to be two
major sources of the anisotropy compared with the
others.5:8:9,14,18,20,32—34]

The pair ordering anisotropy constant for bi-
nary alloys has been calculated using either the Néel—-
Taniguchi’s expression[35—37]

Ku(T) = GC2(1 - C)QJE(T)JE(T‘E)/TM (1)

where G is a constant, Jy is the saturation magneti-
zation and T} is in units of K, or Ferguson’s empirical

expression[®8!

K.(RT) = A(Tc — T;)*(1 — ¢)?, (2)

where A = 55, ¢ (0 < ¢ < 1) is the atomic fraction
of one kind of magnetic atoms and T¢ is the Curie
temperature.

The strain anisotropy constant K has been cal-
culated based on either a non-interacting crystallite
model or a strongly interacting crystallite model. The
former model includes an assumption that there is no
interaction between the crystallites and each crystal-
lite is free to deform through magnetostriction to an
equilibrium strain during deposition or annealing. If
T; is sufficiently high, upon subsequent cooling fur-
ther deformation occurs and remains so until a certain
temperature Ty below which the mobility of the film
atoms on the substrate becomes sufficiently low, caus-
ing the film essentially to be constrained to the sub-
strate rigidly. The expression of K has been obtained
by averaging the strain energies of the crystallites as

K\(T) =9[(C11 — C12)M00(T) A 00(To)
+3044)\111(T)/\111(T0)]/10, (3)

(in the case of T < Ty, Tp = Ty if Ty < Ty, and
To = T if Ty > T)\) where 011, C19 and Cyy are the
elastic constants and Ajgp and A11; the magnetostric-

tion constants.'7)

The strongly interacting crystallite
model includes an assumption that the adjacent crys-
tallites contact each other and are strongly intercou-
pled. Different expressions of K have been proposed

and/or used. One kind of the expressions is

K\(T) =3X(T)o/2, (4a)

in which Ay = (2A100 + 3X111)/5, o is the linear
stress,('? or planar stress,?3l or A (T})E (E is the
Young’s modulus),*1834 or \(T})E/(1 4+ v) (v is
the Poisson ratio),[*"! or [As(T') = As(T})] E.1*% Another
expression isl32:41:42]

KA(T) = 9A(T)A(To) E(T)/[4(1 +v)],  (4b)

(in the case of T < Ty, To = Ty if Ty < Ty, and
To="T\if T; > TA).

As pointed out by West,[!7! the values of K cal-
culated by using the two models are quite different
from each other for some composition films. For ex-
ample, for Fe-Ni films with a composition of about
45% Ni the value of room temperature (RT) K, with
To = 240°C calculated from expression (3) is more
than twice the value calculated from expression (4b).

With the atomic pair ordering being absent in a
pure metal film, the anisotropies of Ni and Fe films
have been analysed with a strain anisotropy model.
The temperature dependence of K for a Ni film an-
nealed at 400 °C'®! was successfully reproduced using
expressions (3)!'7) and (4b),1*?] separately. K (RT) as
a function of Ti calculated for Ni films, however, is
apparently larger than most of experimental data.[3?
West has shown that the value of K(T = Ty = RT) of
Fe film calculated from expression (3) coincides with
the experimental data but that calculated by expres-
sion (4a) with o = A\s(RT) E is about one order in mag-
nitude smaller. He considers the result to be evidence
showing that, on the one hand, the anisotropy of Fe
films originates dominantly from the strain anisotropy
mechanism and, on the other hand, the strongly in-
teracting crystallite model and its K expressions are
incorrect.17]

Several investigators have analysed the experi-
mental data of K(RT) as a function of composition
fraction through calculations with the strain model
or both of strain and pair ordering combined model
(pair-strain model). The films which have been
analysed include Fe-Ni,1417:18:32] Co-Nj,[3441] Fe-
Col?3:34] and Fe-Co-Nil?? alloy films. Though many
analyses can successfully explain the measurements
quasi-quantitatively, a discrepancy between the cal-
culations and the measurements, in general, is appar-
ent, implying that unknown mechanisms remain to be
found.

Some insights into the unknown origins come into
being after studying the kinetics of annealing pro-
cess in a HD field (HD annealing) or in a rotat-

ing field which eliminates the induced anisotropy.*?!



3522 Jin Han-Min et al

Vol. 16

An apparent change of K was observed for an elec-
trodeposited Ni film after only about 2 min HD an-
nealing at as low as 80K.*") Smith et al?*®! and

[44,45] analysed the isotherms of non-

Kneer and Zinn
magnetostrictive permalloy films (K = 0) at different
temperatures. They have confirmed that a slow pro-
cess term of activation energy @) = 1.5 eV contributes
60% of K value, which is attributed to the pair or-
dering process. Both research groups have identified
several fast process terms of @ between 0.15eV and
0.5eV and suggested that an ordering of imperfections
may be responsible for the contribution.*?! Iwata and
Hagedorn[®® also observed a fast process at the initial
stage of HD or rotating field annealing. They con-
sidered the fast process as the pair ordering change
through diffusion of atoms along the high-diffusivity
paths such as grain boundaries and dislocations. An
initially very fast change of K during the HD or rotat-
ing field annealing is a common phenomenon for the
films without being annealed at high temperatures be-
forehand but the extent of the variation strongly de-
pends on the composition of the film.['6:24=26] If 5 Fe
film deposited at RT is HD annealed at 100 °C, the
ED reorientation to the field direction (initial HD) can
be completed within a few minutes in contrast to the
fact that it takes more than 20 h for 50%Ni-Fe film to
achieve its reorientation even at a higher temperature
of 200 °C.[16]

Most of the experimental data have not been ex-
plained satisfactorily. Many investigators infer that
the ordering of impurity atoms and/or imperfec-
tions could be responsible for the unknown aniso-
tropies.[5:9,16:20,27,46,47]

A few investigators have analysed the shape

8,16,42] 1t i well known that

anisotropy mechanism.
the shape anisotropy is a major origin of the
anisotropy of the films deposited at oblique inci-
dence.["8] While clear geometrical anisotropy is ob-
served for oblique-incidence films by electron mi-
croscopy, no such anisotropy is observed in normal

incidence films.[748

I Crystallites for normal incidence
film should also be elongated as shown below, but the
shape anisotropy was roughly estimated to be negligi-
bly small by Smith.[®! From the analysis of the tem-
perature dependence of K the shape anisotropy mech-
anism was also excluded by Takahashi.'®! The same
conclusion can be reached through a strict calculation
if the widely used traditional approach is taken as ex-
plained below. Assume a grain to be of an ellipsoid

with a long symmetrical axis in the H direction and

let V, S and « denote the grain volume, grain surface
area and average grain surface energy, respectively,
d(1+0) and d the dimensions of the major and minor
axes, N,, and N, the demagnetizing factors of the
isolated ellipsoid in the directions of the major and
minor axes, respectively, and P the volume fraction of
the void, then the relations among V', S, N,,, N, and
6 under the condition of § << 1 will be expressed as

V =md*(1+6)/6, (5)
S =7/3(6V)¥3(1 + 862 /45), (6)
Ny, ~1/3—45/15,

N =1/3+26/15. (7)

As usual, we consider a grain embedded in a film

medium with an average magnetization Js(1 — P)[*9]

(Fig.1(a)).

Hy d+b
e N |
Js(1 — P) de L Ja+o
medium
d(1+96)
'
d
substrate

() (b)

Fig.1. A grain embedded in an average magnetization
medium (a) and film model in Ref.[42] (b).

0 at Ti can be obtained by minimizing the sum
of the surface energy and demagnetizing energy under
the condition of a constant grain volume V', that is,

ISy + Ny J2(T)V P/ (2p0)]/06 = 0, (8)
8(Ty) = JZ(T)dP/(16p07)- 9)
The anisotropy constant at T is
K (T) = (N1 = N;;)J2(T)P/(2u0)
= J2(T)J2(Ty)dP? [ (80yu5).- (10)

Ks (RT) = 0.4J/m3 for typical parameters of J; =
1T, v=2J/m% d= 10 nm and P = 0.1, which
is about three orders in magnitude smaller than the
experimental K value and can be neglected.

Jin[*? has shown that the shape anisotropy is not
so small as has been considered. He took a different
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By tak-
ing into account the fact that the distribution of the

approach in the steps after expression (9).

grain centres in the film plane is isotropic, he pro-
posed a film model composed of parallelepiped grains
with a dimension of d(1 4+ §) x d x d which are ar-
ranged in each grain-layer periodically as shown in
Fig.1(b). The centres of the grains constitute a two-
dimensional lattice in each grain-layer with the same
lattice constants d + b (b < d) in the directions of
major and minor axes. The width of the gap between
the neighbouring grains is anisotropic, and is b in the
minor axis direction and b—dd in the major axis direc-
tion. Neglecting the small magnetic field energy stored
within the grains, the anisotropy constant is obtained
from the difference between the magnetic field ener-
gies stored in the gap for the magnetized state along
the minor axis direction and major axis direction, that

is,

E(T) = [J2(T)/ (240)]
x [bd*(1+ ) — (b — dd)d*]/(b+ d)®

= J2(T)J2(T2)dP/ (32u57), (11)

which is 2.5/ P times the value obtained from expres-
sion (10) and cannot be neglected. He has shown
that the experimental curves of K(RT) vs composi-
tion fraction and K vs T for Fe-Ni films can be sat-
isfactorily reproduced by using the pair-strain-shape
model.*? The fitted values of b = 1.6-2.4 nm, how-
ever, seem somewhat too large.

Very limited studies of the induced anisotropy
published in recent two decades show that little
progress has been made in deepening the insight into
the nature of the anisotropy.

The rest of this paper is organized as follows.
Section 2 shows that expressions (1) and (2) poorly
express K, for deposited films and presents the im-
proved expressions of K,, K, and Ks. And Sec-
tion 3 indicates that the non-interacting crystallite
model along with its expression (3) is wrong, and the
magnetization-induced anisotropy of the films of cubic
crystal structure originates from the pair-strain-shape
anisotropy mechanism. Finally some conclusions and

discussion are given in Section 4.

2. Model and expressions of
anisotropy constants

2.1. Anisotropy constant K, of atomic
pair ordering

The theoretical expression (1) is applicable to the
alloy in which the atomic pair ordering reaches an
equilibrium state at Ti and the distribution is main-
tained at T. The relation is supported by Fergu-
son’s experiments for 50, 60, 70 and 80%Ni-Fe alloys
of equilibrium pair ordering at T} in a temperature
range between 450 °C and T¢ (500°C< T < 600°C,
Tc—T; o< J2(T;)) 8 as shown in Fig.2(a) (e, O). Fer-
guson’s empirical expression (2) poorly represents the
relation of expression (1) especially for T; lower than
400°C as shown in Figs.2(a) and 2(b) (A, e).

&) —® (a)
. 450°C < Tt <T 600°C
= 4l / . <T <Tc < i
= — A [ —
= | A "N T =RT
= N
S ®<A .
g "
g \Q\\
\:, \o K
! 0 1 1 1 I I WY

40 + O—o\ Ty =T =RT (b) 4
< /N
=t | e
£ N\
NE 20 A—-A\ ]
= A— —
3 ‘\o\\
< Ne AL

~
0 f/A 1 \ i N SN
40 60 80 100
Ni/%

Fig.2. Composition fraction dependences of (a)

Kuw(RT)/(Tc — Tt) and (b) Ku(RT) for Fe-Ni alloys. (a)
O: exp.[38 o: Ky (RT)/(Tc — Ti) = 29¢2(1 — ¢)2J2(RT),
A Ky(RT)/(Tc — Ty) = 55¢2(1 — ¢)2. (b) & Ku(RT) =
(1 — ¢)2JE(RT)x10%, A: Ku(RT) = 55¢2(1 — ¢)2(Tc—
RT).

If Kry = Ku(T = RT, T; = Ty) is known, expres-
sion (1) can be written as

Ku(T) = KraTuJ2 (Ty) JZ(T) /[T J2(Tw) JZ(RT)]. (12)

Experimental data of K,(RT) as a function of
composition fraction are available for Fe-Ni and Co—
The data for Fe-Ni alloys are
the maximum values observed after field cooling from
600°C at different cooling rates,®®>! and those for

Ni alloy systems.
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Co—Ni alloys are obtained after cooling from 1000 °C
at a rate of 3.3 °C/min.[>2%3] Without the atomic pair
ordering reaching an equilibrium state at RT under
such treatments, the experimental values do not repre-
sent the values for the alloys of equilibrium pair order-
ing at RT and should be smaller than those with the
atomic ordering reaching an equilibrium state at RT.
In fact, as shown in Figs.3(a) and 3(b), the experimen-
tal composition fraction dependences of the K, (RT)
for Fe-Ni and Co—Ni alloy systems (0O) are not propor-
tional to ¢?(1—c)?J2(RT) of expression (1) (e), rather,
they are approximately proportional to ¢?(1—c)? (V).
For Fe-Co alloys the variation of Js(RT) with compo-
sition fraction is small and ¢*(1 — ¢)2JA(RT) ((e) is

nearly proportional to ¢2(1 — ¢)? (Fig.3(c)) ().

./q\.
e \ (a) Fe-Ni

0 1 1
40 60 80 100

- . Ni/%
& 20 \
= b (b) Co-Ni
=
8 AN
2 10t .
\:! '.,-o-'-""
2 V"@‘ﬁ\&%\

Ni/%

Fig.3. Composition fraction dependences of Ky(RT)
for (a) Fe-Ni, (b) Co-Ni and (c¢) Fe-Co alloys. (a)
O: exp.B9B v K, = 5.5c2(1 — ¢)? x 103 J/m3, e:
Ky = 5¢2(1—¢)2J4(RT) x103 J/m3. (b) O: exp.[52:53] v:
Ky =12¢2(1—¢)2x10% J/m3, o: Ky = 18¢2(1—¢)?2J4(RT)
x10% J/m3. (c) v: Ky = 3.4c2(1 — ¢)? x 103 J/m3, e:
Ky =c%(1—¢)2J3RT) x103 J/m3.

The duration at T; for deposited and annealed
films is also not long enough to reach an equilibrium
pair ordering state and hence the experimental val-
ues of K, of the films are also of non-equilibrium
pair ordering state and smaller than those with the

pair ordering reaching an equilibrium state. Figure

4 shows K (RT) as a function of composition fraction
for Fe-Ni films evaporated at 240-250°C (O, A, V).
The relation is like ¢?(1 — ¢)? (¥ in Fig.3(a)) with
a relatively flat maximum near 50% Ni. After be-
ing irradiated by 2 MeV 3He at RT, the around 55%
Ni composition film increase the value of K(RT) by
several times, transforming the relation into one like
(1 - ¢)?J2(RT)J2(T;) (e in Fig.3(a)) of expression
(1) with a sharp maximum (©). The results reveal
that the pair ordering which has not reached an equi-
librium state in deposited films approaches an equi-
librium state through radiation-enhanced diffusion at
RT, leading to the dramatic change of the relation be-
tween K and composition fraction. The results indi-
cate that expression (1) does not appropriately express
K, especially K, vs composition fraction relation, for
deposited Fe-Ni and Co-Ni alloy films.

K /(10% J/m?3)

Ni/%
Fig.4. Composition fraction dependences of the calcu-
lated RT K, Ku (with respect to K curve, the same
meaning hereafter unless otherwise stated), Ks (with re-

spect to K+ Ky curve, the same meaning hereafter unless
otherwise stated) and K = K+ Ku+ K () and the mea-
sured K (RT) for Fe-Ni films evaporated at 240 °C (O14])
and 250°C (VI8 A9 and irradiated at RT after de-
position at 250°C (o[33).

Suppose that expression (12) is applicable to the
deposited or annealed Fe—Ni and Co—Ni films in which
KRy can be represented by the experimental values of
the K,(RT) of corresponding alloys (¥ in Figs.3(a)
and 3(b)), and K, for the alloy films will be calcu-
lated from expression (12). For Fe—Co alloy films and
the irradiated Fe—Ni films K, will be calculated from
expression (1). Ty and G are fitting parameters for
each alloy film system.

2.2. Shape anisotropy constant K

The grains in a film are either granular or colum-
nar as shown in Figs.5(a) and 5(b), respectively.
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d(1 +9) d(1+9)

substrate

(a) (b)

Fig.5. Film composed of (a) granular or (b) columnar
grains.

2.2.1. Kj of a film composed of granular grains

Suppose that a grain is of an ellipsoid with a long
symmetrical axis in the Hy direction. A grain, on
an average, is located in a void of volume V/(1 — P)
surrounded by a film medium with an average magne-
tization J5(1 — P). With the distribution of the grain
centres in the film plane being isotropic, the section of
the void cut by a plane parallel to the film plane is cir-
cular as shown in Fig.6 (The grain is in contact with
the medium, imitating many adjacent grains partly
contacting each other). The magnetic moment inter-
action between the grain and the surrounding medium
is isotropic and affects neither § nor K, and expres-
sions (8), (9) and (10) in which the values of P are all
replaced by 1 hold true. K, therefore, is simply the
shape anisotropy constant of the isolated grains and
is

K(T) = (N. = N;))J2(T)/(2u0)
= J2(T)JZ(T2)d/ (80ug), (13)

which is 1/P? times the value obtained from expres-
sion (10) and 1/(2.5P) times the value calculated from
expression (11).

The large differences among K values obtained
from expressions (10), (11) and (13) appear to be due
to the fact that expression (10) is deduced under the

implicit assumption of anisotropic distribution of the
grain centres in the film plane throughout its deriva-
tion, expression (11) is deduced in the same way up
to expression (9) and then by assuming isotropic grain
centre distribution instead, and expression (13) is de-
rived based on the assumption of isotropic grain centre
distribution throughout its derivation.

(1—-P)Js

medium

Fig.6. Average circumstance of a grain in a film. For a
granular grain film the section is through the centre of the
grain.

§ is as small as 2.5 x 10™* for typical parameters
of Jy=1T,d=10 nm and v = 2 J/m3, justifying
the assumption made in expressions (5), (6) and (7).
Such a small shape anisotropy cannot be observed by
electron microscope. Suppose that a film deposited or
annealed at T; is cooled down to T and kept at the
temperature for a long enough time, then some atoms
in the side surface of the grain of symmetrical ellipsoid
will diffuse toward the two pole side surfaces, resulting
in 6 changing from 6(7;) to §(T). The total number
of the atoms transferred is

n = n|lJ2(T) — J2(T3)|d*/ (9V6a* o), (14)

where a =~ 0.356 nm is the lattice constant of Fe-Ni
alloy. The average distance [ of the diffusion is roughly
one-eighth of the circumference of the ellipsoid. n =10
and ! ~ 8 nm if d = 10 nm, and n ~ 1 x 10° and
[ ~ 80 nm if d = 100 nm, for typical parameters of
Js(T;) = 05T, J(T) =1 T and v = 2 J/m?. The
results indicate that Ky of small d film changes very
fast through surface diffusion even when the tempera-
ture has decreased to a low temperature, and the rate
of diffusion decreases dramatically with the increase
of d. The same conclusion should be drawn when the
film is annealed in a HD or rotating field.
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2.2.2.
grains

K, of a film composed of columnar

Consider a film composed of columnar grains with
elliptical cross section. The dimensions of the long and
short axes of the elliptical cross section are d(1 + 6)
and d respectively as shown in Fig.5(b). The cross
sectional area S and the circumference L respectively

are (0 < 1)
S =nwd*(1+6)/4, (15)
L~md(1+6/2+76%/16) = 2v/7S(1 + 1952/16). (16)

The demagnetizing factors of the isolated columnar
grain along the long and short axes in a cross section
(the factor is defined by the ratio of the demagnetiza-
tion field at the centre of the column and the magne-
tization along the axis direction) respectively are

2 —[1+28S/(wh? + 48))5
4y/T+ 45/ (xh?)

Ny~ =
2+ 1+ (1/2)d*(1+6)/(h* + d*(1 + 6)]6

N| ~
* 4/T+d2(1 +0)/h2

, (17)

where h is the film thickness.
average, is situated in a cylindrical void of section

The grain, on an

S/(1 — P) surrounded by the medium with an aver-
age magnetization Js(1 — P) (Fig.6). 0 is obtained by
minimizing the sum of the surface energy and demag-
netizing energy under the condition of a constant S
as

8(Ty) = nJ*(Ty)d/ (T6p0), (18)

where

n=[1+(1/2)d*/(h* +d*)]/\/1+ (d/h)2.  (19)

7 increases to 1 monotonically as h/d increases, and
exceeds 0.9 at around h/d = 2 (Fig.7). By taking an
approximation of n=1, K is given by

Ky(T) = (NL — N;))JZ(T)/(2p0)
= J2(T)J2(T)d/(152yu3), (20)

which is 80/152 times the value obtained from expres-
sion (13) of the granular grain film.

The surface energy density of Ni, estimated from
the heat of forming gaseous atoms,®* is 2.6 J/m?
which is essentially independent of temperature in a
temperature range concerned in this work. With the
grain boundary energy density being much smaller
than this value, a roughly assumed average surface

energy y=2 J/m? will be used in the calculations for
all films. K will be calculated from expression (20)
for all films in which d is a fitting parameter.

1.0 —
0.8
0.6
= | / ____________________________________________________________________________
0.4
//
0.2
/
0
0 2 4 6 8 10

h/d

Fig.7. n versus h/d.

2.3. Strain anisotropy constant K,

This paper adopts the strongly coupled crystal-
lite model for polycrystalline films. It has been known
that there exists an isotropic intrinsic planar stress in
a film.[9:23:55-58] Tt ig reasonable to consider the stress
to be an ideal isotropic planar stress superimposed by
a small anisotropic one. There are also other kinds
of stresses. Omne is the isotropic planar stress aris-
ing from different coefficients of thermal expansion of
the rigidly coupled film and substrate. Another is the
anisotropic stress resulting from the constraint of mag-
netostriction strain imposed on the film by the sub-
strate. Let 0/, and o, denote the total stress compo-
nents in the ED and HD directions respectively, then
corresponding strain components a,, and a will be

C)=s (@) e

and the elastic energy will be

Cseript// alL
Fy\ = 0//da//+ o da
0 0

= (ag/ +2vayay + a?)E/12(1 - v?)]. (22)

Suppose that the anisotropic intrinsic stress is lin-
ear in a direction making an angle ¢ with the ED, and
let 0; denote the stress, a;/, and a; 1 the strain compo-
nents induced by oy, a, total isotropic planar strain,
and 0 the angle between Js and the ED, then we will
have

a,; = ap+ay, + \(To) — (3/2)As(T)(cos? 6 — 1/3)
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and

ay = ap+ay —(1/2)A(To) — (3/2)As(T)(sin? —1/3),

and the anisotropy constant is

Ky = F\(0 = 7/2) — F\(0)
= OA(T)A(To) E(T)/[A(1 + v)]

+3A:(T)a(| cos @] — [ sin ) /2. (23)

(in the case of T' < Ty, Ty = T for an electrodeposited
film and Ty = T for evaporated and sputtered films
regardless of T})

The first term in the last expression is the same
as that in expression (4b) but with a difference in the
value of Tj) as given in the parentheses behind the ex-
pression. It has been known that the temperature of
top surface of a film increases during evaporation.!
It is conceivable that the temperature of a newly
formed cluster (or part of layer) on the film surface
decreases from a high temperature due to impinging
atoms to T; during evaporation and sputtering. So in
the case of T' < T}, it is considered that the relation
of Ty = T; holds only for electrodeposited films. For
the evaporated and sputtered films we assume that
To = T for all values of T;. The second term in the
last expression (23) is the same as that in expression
(4a) in which o is the difference in o; component be-
tween the ED and HD.

The temperature dependence of \g is not known
for most of alloys. As of 78%Ni-Fe varies with tem-
perature nearly linearly,® and the rough linear ap-

proximation of

As(T) = A(RT)(Te —T)/(Tc —RT)  (24)

will be used for all composition films except pure
Fe and Ni films for which the experimental data are
available.[®0=62] The values of E(RT)= 2x10'" N/m?
and v = 0.3 are both close to those of Fe, Co and
Ni, (%3] and they will be used for all composition films.
The temperature dependence of E is assumed to fol-
low that of Fel64 (inset in Fig.11) and v to be approxi-
mately independent of temperature for all composition
films.

3. Comparison between the the-
ory and experiment

3.1. Normalized remanence as a function
of angle between the applied field
and ED

Figure 8 shows normalized remanence J,/Js as
a function of angle 6y between the ED and an ap-
plied field direction in the film plane for a [Fe/Al]
multilayer. Let 6 denote the angle between Js and
ED. The anisotropy energy of a film composed of
strongly exchange coupled nano-crystallites is simply
the induced anisotropy energy K sin® 6, and the rema-
nence is cosfy (bold solid curve) in excellent agree-
ment with the measurements (0). The remanence of
a non-interacting crystallite is calculated by minimiz-
ing the sum of K sin®# and the crystalline anisotropy
energy (two terms of magneto-crystalline anisotropy
constants K7 and K5). Their average as a function
of Oy (thin solid curve) is not in agreement with the
measurements. The results support the strongly in-
teracting crystallite model but not the non-interacting
model.

Fig.8. J;/Js as a function of fy. O: measured in Ref.[31].
Bold solid curve: calculated from a strongly coupled crys-
tallite model. Thin solid curve: calculated from a non-
interacting crystallite model.

3.2. Spread of K as a function of compo-
sition fraction for Fe—Ni films

The values of K of the films with the same compo-
sition fraction, prepared under the same experimental
conditions, are usually very spread.!®:14:18:20,65] Fjg_
ure 9(a) demonstrates an original experimental data
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of K(RT) vs composition fraction for the Fe-Ni films
evaporated at 240°C. The different values of K for
a given composition fraction are of three films pre-
pared simultaneously at each evaporation. Figure 9(b)
shows the average spread of K,

1,2,3

AK = (1/3) Y |K() - K]

(K = (1/3)X0*° K(i)) (O) and 4.7]\(RT)| x 106
(o) as a function of Ni concentration fraction. The
coincidence between the two relations reveals that the
spread arises mainly from the spread of K which is
proportional to As. As 9A(T)As(To)E(T)/[4(1+v)] in
expression (23) is insensitive to the processing condi-
tions, it is concluded that o;(| cos ¢| — | sin ¢|) should
be very sensitive to the growing process of the film
and fluctuates in a large range around the average of
zero. Since the statistic average of || cos¢| — |sin ¢||
is || cos | — | sin @||ay = 0.53, the average value of oy,
1, is roughly estimated at 6 x 106 N/m? from the
relation of AKy = (3/2)|Xs|a1]| cos¢| — |sing||ay =
4.7|As] x 10% J/m3, which is one to two orders in mag-
nitude smaller than 10® —10? N/m? of intrinsic planar

stress.[9:23:5]
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Fig.9. Composition fraction dependences of (a) K

(RT),[') (b) AK (O) and 4.7|As(RT)| x 10° (e).

3.3. K(RT) as a function of T; for Ni
films

Figure 10 shows Ti-dependent K (RT) obtained
experimentally (separate symbols) and Ti-dependent

RT K, Ky and K = K, + K, calculated at d =
50 nm (solid symbols + line) for evaporated Ni
films. It can be seen that the experimental data are
very spread around the average values of K (RT) +
9Xs(RT)As(To) E(RT) /[4(1 + v)] with Ty = 290°C (e).
Ky > K (V). Apparently the large spread stems
from the large spread of 3As(RT)o;(| cos ¢|—| sin ¢|) /2.
The average spread is nearly independent of Ti, and
the value of 7, is estimated at 3 x 10° N/m?. K =
Ky + K in which K is calculated from expression
(4b) with Tp = T (A) is larger than the experimental
data, and the deviation increases with the decrease
of Ty below 290°C. The results show that the com-
monly accepted assumption that the magnetostriction
is freely strained at T, when Ty is lower than T (paren-
theses after expression 4(b))[%14:17:18,32,33.41] i5 wrong
for evaporated and sputtered films.
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g ‘A 40000009°°°
S 4l m . —200 0 200
B . %o AR Vil
N o O o ¢ “a
w 2 loe—o— o O -t e o o___o_|
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L 6\ e}
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RE = == E== B 2 L NS —
0 100 200 300 400
T,/ °C

Fig.10. K(RT) vs T; for Ni films. Exp. V13l U4l
4 115] ¢l18] [OM19] «([25] Al45] ml(66,17] ~I[67] Calc.: v:
K, @ : Ks+ K)\(To = 290°C), a: Ks + K)\(To = Tt,)-
Inset: As vs T. O[60:61]  e: renormalized data of Ref.[62]
to make the data coincide with the curve of O near RT.

In the following the spread is beyond our consid-
eration and the value of 3Xs(T")o;(| cos ¢| — | sin@|)/2
will be taken as the average with zero valued.

3.4. K as a function of T for Ni film

Figure 11 shows the measured (0) and calculated
(e) K vs T curves for the Ni film annealed at 400 °C
after evaporation. Since T; > T¢ ~ 360°C, we have
K,=K;,=0and K = K,. The value T, = 250°C is
obtained from the best fit. T is taken as T when T
is higher than T on the assumption that the magne-
tostriction is freely strained when the film is magne-
tized along the ED at each T before measurement.

The above analyses of the experimental data in
Figs.11 and 10 show that 7T’ for the Ni film is around



No. 11

Origin of magnetization-induced anisotropy of magnetic films 3529

250—300 °C. In the following, the value of T = 300 °C
is used in the calculations for all composition films ex-
cept that T\ = 250°C, which is also used for better
fit in Section 3.12.

4 + ©
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a.\.\o
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~ 322w .
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T/°C X
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—200 —100 0 100 200 300
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Fig.11. K vs T for Ni film. e: calc., O: exp.[15]. Inset:
E vs T. 0,64 e: extrapolation of O.

3.5. K(RT) as a function of composition
fraction for Fe—Ni films
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Fig.12. Composition fraction dependences of the calcu-

lated RT K, Ku, Ks and K (e) and measured K(RT)
(open symbols) for Fe —Ni films (a) evaporated at RT
(0[13], A9 7. average of the data of Fig.10), (b) 240°C
(o), 250°C (O8], Al9) 270°C (VI8]), and (c)
450°C (A1) and annealed at 450 °C after evaporation
at 300°C (0.13])

Figures 12(a)—(c) show the composition fraction
dependences of the calculated RT K, K,, Ks and
K = Ky + K, + K; (o) and the measured K (open
symbols) for Fe-Ni films evaporated at RT (a), around
250°C (b), and 450°C and annealed at 450°C after
evaporation at 300°C (c). The calculations are per-
formed with the fitted value of T}, = 150 °C for Fe—Ni
film system and (a) d = 20 nm, (b) Ty = 250°C and
d = 30 nm, and (¢) d = 40 nm, respectively.

3.6. K(RT) as a function of composition
fraction for irradiated Fe—-Ni films

Figure 4 shows the composition fraction depen-
dences of the measured K for the Fe-Ni films irra-
diated by 2.20 MeV 3He at RT after evaporation at
250°C (0) and the calculated RT K, K,, K, and
K with G = 12 x 10° J/(m3K) and d = 30 nm on
the assumption that the pair ordering has reached an
equilibrium state at RT (o). The calculations coincide
with the measurements in a Ni concentration fraction
range above 50%, but are apparently larger than the
measurements below 50 %. A plausible cause of the
disagreement is that the irradiation is not enough for
the films of Ni concentration fraction below 50 % to
reach an equilibrium state of the pair ordering.

3.7. K as a function of T for Fe film
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Fig.13. Temperature dependences of the measured K

(o18]) and calculated Ky, Ks and K = Ky + K; (o) for
the Fe film.

Figure 13 shows the temperature dependences of
the measured K of Fe film evaporated at RT (0) and
the calculated Ky, Ks and K with d = 5.4 nm (e).
K is much smaller than K for the film. In striking
contrast to the satisfactory reproduction of the mea-
surements by the calculations from expression (23) for
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K, the calculations from expression (3) of the non-
interacting crystallite model are in complete disagree-
ment with the measurements.[!”]

3.8. K as a function of 7 for 55%Ni—Fe
films

Figures 14(a)—(c) show the temperature depen-
dences of the measured K (0O) and the calculated K,
Ky, K and K (e) for 55%Ni-Fe films evaporated at
RT (a), annealed at 350°C (b) and 450°C (c) after
evaporation. The calculations are made with d = 5.5
(a), 22.5 (b) and 24 nm (c), separately.
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Fig.14. Temperature dependences of the calculated K,
Ky, Ks and K (e) and the measured K (OU1]) for the
55%Ni-Fe films evaporated at RT (a), annealed at 350°C
(b) and 450°C (c) after evaporation at 300 °C.

3.9. K(RT) as a function of composition
fraction for Co—Ni films

Figures 15(a)—(c) show the composition fraction
dependences of the calculated RT Ky, K,, K and
K (o) and the measured K (RT) for Co—Ni alloy films
evaporated at (a) RT (bold curve,[?%) (b) 100 °C (bold
curvel®M) and (c) 320°C (0??). The values of A\s(RT)
are cited from Refs.[69,70] and the calculations are
performed with the fitted value of T;, = 400 °C for the
Co-Ni film system and d = 10 (a), 11 (b), and 15 nm

(c), separately. The inset in subfigure (c) demon-
strates that the simulation fails if K is calculated
from expression (3) of the non-interacting crystallite

model.
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Fig.15. Composition fraction dependences of the calcu-

lated RT K, Ku, Ks and K and the measured K (RT) for
Co-Ni films. The inset in (c¢) shows composition fraction
dependences of the calculated RT Ky, Ku, Ks and K (e)
in which K is calculated from expression (3). The calcu-
lated Ky, Ks and the measured K (RT) (O) are the same
as those in (c).

3.10. K(RT) as a function of T; for
50%Co—Ni films
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Fig.16. T; dependences of the measured K (RT) (0!7])
and the calculated RT K, Ky, Ks and K (e) for 50%Co—
Ni films.
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Figure 16 shows the calculated RT K, K, K
and K (e) and the measured K(RT) (Q) for evap-
orated 50%Co-Ni films.
with d = 25 nm.

The calculations are made

3.11. K(RT) as a function of composition
fraction for Fe—Co alloy films

Figures 17(a) and 17(b) show the composition
fraction dependences of the calculated RT K, K,
K, and K (e + line) and the measured K (RT) for the
Fe—Co alloy films electrodeposited (O)(a) and evapo-
rated at around 300°C (separate symbols) (b). The
calculations are made with G = 3 x 10° J/(m3-K) and
d =40 nm (a) and Ty = 300°C and d = 13 nm (b),
separately. The large spread of the measurements of
near 52% Co films in subfigure (a) is assumed to be
due to the formation of superlattice FeCo.1?3] The in-
set in subfigure (b) shows the measured A\s(RT) vs Co
% and their average (bold solid curve) used in the

calculations.
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Fig.17. Composition fraction dependences of the calcu-
lated RT K, Ku, Ks and K (e) and the measured K (RT)
for Fe-Co films electrodeposited at RT (0[?3]) (a), and
evaporated at 320 (0[22]), 300 (><[72], AlT3] —l—[74])7 250—
300 (vl66:171) and 250 °C (O (b). The inset in subfig-
ure (b) shows the measured A\s(RT) vs Co% represented
by dotted linel™!, dashed linel76:771 A[78,79] [0[80,81] 4pg
o821,

All the alloy films analysed above are of cubic
crystal structure. It has been known that a magnetic

anisotropy is induced when a bulk Co metal or a Co-
rich Co—Ni alloy is cooled down to RT in an applied
magnetic field,®3 which originates from the crystal
texture induced by the field cooing through the cubic-

hexagonal phase transition temperatures. (54

It is rea-
sonable to consider that the anisotropy is also induced
in the films, which is also an important origin of the
magnetization-induced anisotropy for the hexagonal-
crystal structure Co and Co-rich Co—Ni and Co-Fe

films.

3.12. Effects of substrate

Theoretically, K is independent of the thermal ex-
pansion coefficient of substrate, which is confirmed by
the experimental observations that K is independent
of substrate materials with quite different thermal co-
efficients of expansion (quartz, glass, Mo, etc).[16:20,31]
The theoretical prediction that K decreases by AK =

K, if a film is detached from its substrate is confirmed

as follows.
90 r Fe-Ni q
(a) Fe-Ni ‘/é
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[e=]
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Fig.18. Composition dependences of the measured RT
AK/K (0P and the calculated RT Ky /K (solid sym-
bol+solid line). (a) Fe-Ni films. The calculations are
made with T, = 300°C (e) or T\, = 250°C (4). (b)
Co—-Ni films. e: K, and K are cited from Fig.15(b); ¥
K are calculated from expression (3) and the K values
are the measurements given in Fig.15(b).

Figures 18(a) and 18(b) show the composition
fraction dependences of RT AK /K measured for (a)
Fe-Ni and (b) Co-Ni films detached from the sub-
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strates after evaporation at 100°C (0) and the cal-
culated RT K /K (solid symbol+solid line). The re-
lations between K /K and composition fraction, cal-
culated with d = 20 (e, A) in (a) and 11 nm (e) in
(b) coincide with the relations between the measured
AK/K and composition fraction for the Fe-Ni films
and Co-Ni films, respectively.

The relation between AK/K and composition
fraction for Co—Ni alloy films has a zero valued min-
imum near 35 %Co, which is in accord with the case
of Ky = A = 0 for the alloy (Fig.15). If K is cal-
culated from expression (3) of non-interacting crys-
tallites model, K/K never becomes zero and the re-
lation between the calculated K/K and Co concen-
tration fraction (¥) in (b) does not coincide with the
measurements (O).

3.13. Kinetics of HD annealing process

Suppose that a film composed of columnar grains
is HD annealed at Ti. After annealing for a long
enough time the ED rotates to the original HD. The
number of the transferred atoms in each atomic layer
in the section of the column n and the average distance
of the transfer [ are

n = wJ2(T})d? /(152a%uoy) (25)

and roughly d/8, respectively. n is as small as 0.065
and [ ~ 4 nm if d = 10 nm, and n ~ 65 and [ ~ 40 nm
if d = 100 nm for a typical parameter of Js(T)) =1 T.
The results indicate that Kg varies very fast through
the surface diffusion even at low temperatures for a
small d film and the change rate decreases sharply
with the increase of d as was also argued about the
granular grain film in Section 2.2.1. Such kinetic char-
acteristics of Ky can explain the annealing effects at
low temperatures and the fast change of K observed
in many films at the beginning of the HD annealing
as demonstrated below.

3.13.1. Fe film

Figure 19 shows K (RT) of Fe film evaporated at
RT as a function of HD annealing time ¢ at 100 °C.
K sharply decreases to negative values, i.e. the ED
changes to the original HD within a few minutes. The
fast change is expected because K mainly comes from
K and d is small for the Fe film and K varies fast

through surface diffusion.
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Fig.19. K(RT) vs t for Fe film. O: measured;'¢]
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3.13.2. Ni film

The electrodeposited Ni film after HD annealed
for only 2.5 min at as low as 80 K decreases the value of
K (80 K) by 14 J/m3. Apparently the reduction is due
to the change of K through surface diffusion. If the
film is annealed at 400 °C in a field parallel to the ED
beforehand, the change decreases to 3.6 J/m?.12") The
slower decrease is due to the increase of d. The kinetics
of HD annealing process at 205 °C for a Ni film evapo-
rated at 205 °C is described by processes featured with
three relaxation times of 71 =9 s, o = 440 s and

3 = 4 % 10* s(HK(t) = Hj2exp(~t/7)) — 1]).

The fastest process of 71 = 9 s contributes 12 % of
K = 64 J/m®.*l The percentage is in coincidence
with the ratio of K(200°C)/(K=64 J/m3)=0.1 cal-
culated with d = 50 nm. K of the Ni film evaporated
at RT decreases to zero after a 100 h HD annealing
at RT.['] The long time required to change the ED
is expected because it occurs only when the dominant
component K, of slow process decreases to a value
smaller than 2K.

3.13.3. Fe—Ni film

The value of K of 80%Ni-Fe films evaporated at
300 °C is reduced by about 20% within a few seconds
during HD annealing at about 220 °C. The fast change
is due to the variation of K . For 81%Ni-Fe films
evaporated at 180 — 200°C the fast process during HD
annealing at the same temperature contributes about
40% of K.[?845] The ratio of K,/K calculated with
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d = 30 nm for the same film is also 40%, which shows
that the K of a film evaporated at about 200 °C still
varies very fast. After a 50%Ni-Fe film evaporated at
RT has been HD annealed for 70 h at 200 °C, K is re-
duced by about 90 %, keeping the ED unchanged.['6]
The time required to change the ED is comparable
with the time taken by the Ni film with 7} being RT
to change the ED at RT, that is, K, changes much
slower than K at the same temperature. The ability
of 80%Ni-Fe films to be annealed at low temperatures
disappears if the film is annealed above 400 °C.[26!
These phenomena can be explained by d increasing
with the increase of Tj,.[9:49,71]

4. Discussion and conclusion

The pair-strain-shape anisotropy model presented
in this paper can explain major characteristics of ex-
periments in a broad range reasonably. The simula-

tions of a series of experimental curves are satisfac-

tory though rough approximations are adopted in the
calculations and the error of Ti larger than 50°C is
expected in experiments.!'® In Table 1 listed are the
values of the fitting parameters T, and G, T, and
Ty, and d. Some experimental values of d for evap-
orated films are also listed in the table for reference.
The value of G = 3 x 10° J/(m3-K) for Fe-Co films
is expected to be smaller than 13 x 10% J/(m?K) for
the irradiated Fe—-Ni films because of pair ordering in
the deposited films poorer than in the irradiated film.
The values of T}, and T are larger than RT and in a
temperature range of slow diffusion, which seems rea-
sonable. The value of d, in general, increases with the
increase of T;, which is in coincidence with measured
one, and the value of d is also in coincidence with the
measured value of d in the order of magnitude.[49.71]
It is noticed that the value of d is dependent not only
on T} but also on the other experimental conditions
such as the pressure during evaporation.*!

Table 1. The values of the fitted parameters and the measured d. Temperature is in°C, G is in J/(m?-K) and d

is in nm. The films are evaporated unless otherwise noted.

film Fig. T Tu / (G) Ty / (To) d d (T ) of exp.
composition
Ni 10 290 ~ 10(RT)
11 400 250 ~ 50(300)[4]
Fe 13 RT 300 5.4
Fe-Ni 12 RT 150 300 20 ~ 5(RT),
250 30 ~ 25(300).
450 40 81%Ni-Fellll,
14 RT 5.5
350 22.5
450 24
18 100 250 20
300
Fe-Ni* 4 250 (12x105) 300 30
Co-Ni 15 RT 400 300 10 10 — 100(200),
100 11 10 — 100(275),
320 15 ~ 200(325).
16 25 50%Co-Nil71]
18 100 11
Fe-Co 17 300 (3x10%) 300 13
Fe-Co** RT (RT) 40

*irradiated, **electrodeposited

In conclusion, the magnetization induced an-
isotropies of Fe-Ni, Ni-Co and Co-Fe films of cu-
bic crystal structure originate from the anisotropy
of atomic pair ordering, strain anisotropy and shape

anisotropy. For Co and Co-rich Co-Ni and Co-Fe
films of hexagonal crystal structure the crystal texture
related anisotropy is also an important origin. The
anisotropy of Fe films originates mainly from shape
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anisotropy and that of Ni films mainly from strain
anisotropy. For alloy films the largest contributor to
the anisotropy is determined not only by composi-
tion fraction but also by T;. For Fe-Ni alloy films
of T'=T; = RT, the largest contributor is K for the
Ni concentration fraction larger than 90 %, while for
the Ni concentration fraction smaller than 90%, K,
becomes the largest contributor instead. The largest
contributor K for the films with a composition frac-
tion of about 60% Ni is replaced by K; if T; is in-
creased to 450 °C. For 20%—65% Co—Ni films K, plays
a dominant role. For Fe-Co alloy films evaporated

at 320°C K, is the largest contributor in a Co com-

position fraction range less than 20% and the strain
anisotropy is the largest contributor in a 20% — 70%
Co range. The large spread of K arises mainly from
the spread of intrinsic linear stress.
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