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ABSTRACT

Uniaxial magnetic anisotropy may be induced in materials of cubic
symmetry by the application of either planar stress or uniaxial
stress normal to the plane. It is proven theoretically that
either situation will produce the same result provided that the
stress is of the same magnitude but opposite sign. From theory,
the conditions for effective uniaxial anisotropy are derived for
the {001}, {110}, and {111} families of planes, and possible appli-
cations are discussed from this standpoint. Of the three families;
the {001} is the simplest and most desirable for this effect,

while uniaxial anisotropv can be achieved for {111} planes only
when the stress effects overwhelm the cubic magnetic anisotropy.

Introduction

The effect of external stress on magnetic anisotropy has been a subject
of renewed interest in recent years. Remanent magnetization is affected by
uniaxial stress in both microwave ferrites (1) and ferromagnetic metal tapes
(2). A theoretical analysis of this effect has revealed that the hard-axis
magnetostriction constant controls the changes in remanence properties (3).
Another area where stress effects have received attention is in ferrimagnetic
films for cylindrical domain device applications. In this case, the stress is
biaxial and in the plane of the film. A partial analysis of this situation
has been reported (4), and cylindrical domains have been observed in epitaxial
films grown on substrates with different thermal expansion coefficients to

create the planar stresses necessary for stress-induced uniaxial anisotropy (5)

* This work was sponsored by the Department of the Army.
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Since the uniaxial anisotropy induced by stress is produced by movement
of the easy and hard axes of magnetization, the conditions for uniaxial ani-
sotropy may be readily derived from the theory previously outlined (3). The
purpose of this paper is to set up the general solution by proving that the
planar stress situation may be simplified by treating it as a uniaxial stress
along the normal to the plane, and to determine the conditions for stress-in-
duced uniaxial anisotropy with the easy axis perpendicular ;b the three major
families of planes, i.e., {001}, {110}, and {111}.

Theory . _ .
The total magnetic anisotropy eneré& E of a single crystal may be ex-

pressed as the sum of three terms which combine the effects of magnetocrystal-
line anisotropy.(EK), stress anisotropy (Eo)’ and shape anisotropy (Es), such
that

E = EK + E o Es . (1)

For a material of cubic symmetry with magnetocrystalline anisotropy con-
stant Kl, the associated energy is given by (6)
2 .2 2.2 2 2 : : ;
iy e o B ol YRR 0 7 e &

whofe ui'represent the direction cosines of the mégnétiéation vector with ref-
erence to the (001) cubic axes. In spherical polar coordinates, Eq. (2)

becomes :
Eg = Kl(sioaesin2¢cosz¢ +'éin26cosze). ' ‘ (3)
If a wuniaxial compressive stress o is applied to the same material with

magnetostriction constants A
by (6)

100 andrklli, the stress anisotropy term in given

.3 o R cpsin. Wmrd il 2 292
P 20200t Ty T Wy g Tady T+
TAy00(%1%2Y1Y2 F 92%3YoY3 + 339Y3Yp)s ' (%
where yi'represént the direction cosines of ¢ relative to the cubic axes. A

biaxial or planar stress may be represented by two‘ortﬁogoﬁal éomponeﬁts'of

equal magnitude 0 having cosines y; and yi' (7), so that Eq. (4) becomes

12 FL5 e
Yy ) + 301111 T o0 (Yiyj.+ \ Yj )‘.

4¢j 13




Vol. 6, No. 9 STRESS-INDUCED ANISOTROPY 807

As outlined in the Appendix,

2 12 2
Yi +Yi —l_BiS

v (6)

where Bi represents the direction cosines of the normal to the plane. Substi-

tution of these relations into Eq. (5) and application of the normality con-

dition Zaiz =1 give

2 2
1002%4 By — 3%y, L a
i i<j

_3 3
E, = 501 - 50\ 158485 - )]
When Eq. (7) is compared with Eq. (5), it is evident that a planar stress

of magnitude ¢ produces essentially the same expression for Ec as a uniaxial
stress along the normal, with the same magnitude but opposite sign. The only

3
difference is an isotropic term EOAIOO'

The shape anisotropy energy arises from the demagnetizing effects of mag-
netic poles, For a thin film of magnetization 4nM, the shape energy is given
by (8)

Eg = 2ﬂM2coszc s (8)

where ¢z is the angle between 47M and the normal to the plane. Of particular
interest in this work are the principal crystallographic planes, the {001},
{110}, and {111} families, and the relations between cosf, the direction
cosines oy of 4mM, and Si of the normal may be determined from the standard

relation
cosg = alBl + a262 s a363 . 9)

Thus, it may be readily shown that

coszC = C°529 "
coszc = %Sinze + sinzesin¢C°S¢ i
cos’t = 3 3 3sin fsingcosd + 351necose(sin¢ + cos¢) (12)

for the (001), (110) and (111) planes, respectively.
For stress in the (001) plane, Bl = 82 =0, 63 =1 and

001 _ 3
a 2

2
1001723 )+ (13)

In spherical polar coordinates, Eq. (13) becomes
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001 3 2
E0 = 304 goSin"e. (14)

It is convenient at this point to define Eos = Eq + Es and combine Eqs. (14),
(8) and (10), with the result that

2
001 _ 3 At . 2
Eys = 2(0 g0 —3)sin

For stress in the (110) plane, Bl = 32 =1/V2 ; 83 = 0 and the combina-
tion of Egqs. (7), (8) and (11) expressed in polar coordinates yields

-l é1rM2)sin29

0 + 2mM2, (15)

E

3
os - 2100 ~ (100 " 3

4

3 2 2
B 5(01111 - 3™ )sin“6sin¢cosd. (16)

For stress in the (111) plane, Bl = 82 = 83 = 1//3 and the combination

of Eqs. (7),and (8) and (12) expressed in polar coordinates yields

2

el - o o~ (g - Son®) [atit

os = M 111 ~ 3 0sindcosd + sinBcosO(sind + cosd)]

+ %«MZ. an

In the analysis reported previously (4), the stress terms of Egqs. (15),
(16), and (17) were obtained by applying Eq. (5) directly after selecting
suitable sets of Yy and Yi' for the three specific cases. It should be pointed

out that a different sign convention for ¢ was used in that work.

Since each of the above equations may be added to Eq. (3) to form the
total E, the energy extrema may be determined in the usualrmanner from
9E/96 = 0 and 3E/3¢ = 0. As in the problem of determining the effects of
stress on remanence ratios (3), the major attention is focused on the movement

of these axes of extreme energy, i.e., the easy and hard axes of magnetization.

Uniaxial anisotropy induced from the application of stress will be de-
fined as any situation in which the principal easy axis is directed along the
normal and all other major extrema are in the plane. 1In the following section,
the relations that control the movement of the pertinent extrema are given, and
the conditions for stress-induced uniaxial anisotropy are determined for the

specific cases of interest.
Results

For the simplest case of 0 in the (001) plane, the energy extrema along
the three (100> axes do not rotate. However, the extrema initially (if
shape anisotropy is neglected) along the <{111) axes may be rotated either
towards the normal or into the plane as depicted in Fig. 1. Although only one
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of these axes is shown it should be understood that all four behave identi-
cally because of the fourfold symmetry of the [001] axis. For the [111]
extremum, which moves in the (110) plane, the sum of Eqs. (3) and (15) with
¢ = m/4 gives

001 _ 3 4 . 2 2 3 _ 4 2 2 2
E = K, (zsin’6 + sin"6cos”0) + 2(0)\100 3™ )sin™8 + 2mwM", (18)

By setting 8E001/86 = 0, it follows directly that the movement of this

extremum is described by

2 1 4 2
cos 0 = g™ (okloo - SﬂM )/Kl' (19)
For uniaxial anisotropy with Kl < 0, the extremum is a minimum or easy axis
_ _ 4 2 2
and must be rotated to the normal (6 = 0) and (ckloo §ﬂM )/K1 & - 3 - With
Kl > 0, the extremum is a hard axis and must be rotated into the plane
_ 4 2 1
(6 = w/2) and (oklo0 - EﬂM )/Kl 2_3 .
For ¢ in the (110) plane, the sum of Eqs. (3) and (16) gives
110 _ & 2 2 2 2 3 3 4 2. . 2
E = K1(51n fsin"¢cos ¢ + sin"Bcos 6) + §GA100 - 4(c)\loo - sﬂM )sin"®
3 4 2 2. =
- E(oklll - EﬂM )sin“fsin¢cos¢. (20)

By setting 3E110/36 = 3E110/3¢ = 0, it may be readily shown that the equa-

tions controlling the movement of the pertinent extrema are
4 2

sin2¢ = 3(0A111 - EﬂM )/2K1 for the [100] and [010] axes, (21)
and
cosze = l-+ (o + o) - §ﬂM2)/2K for the [111] axis (22)
3 100 i1y 3 1 :

In Fig. 2, the conditions for uniaxial anisotropy determined as in the (001)

plane case are presented as follows:

for Kl < 05
4 2 2 _
(ory; - 3™)I/K < -3 (0 =-3
(23)
8 .2 2 _T
(X199 + Mgy ~ 3™ /K < - 3 =3
for K1 > 0,
) 2
(o) - M) /K. > = 4 =1
111 ~ 3 123 4 253
8 2 4 _
(100 + P11 ~3™MI/K 23 . (6 =10
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FIG. 1

Movements: of important energy extrema and conditions for uniaxial anisotropy
with stress in the (001) plane, for (a) K, < 0 and (b) > 0. Only one of
the four is shown with its initial position along the [111] axis (for
negligible shape anisotropy).
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FIG.2

Movements of important energy extrema and conditions for uniaxial anisotropy
with stress in the (110) plane, for (a) K, < 0 and (b) K, > 0. 1Initial posi-
tions of extrema are shown for the case "of neglibible shape anisotropy.

It is evident from Eqs. (23) and (24) that the conditions for anisotropy

are more complicated because of the dependence on both magnetostriction con-
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stants. If shape anisotropy is ignored, uniaxial anisotropy will be obtained

only if either AlOO/Alll > 0 or A100/A111 < 0 with | lxlOOI' With com-

pressive stress, both cases would require Alll > 0 in addition to the above.

11l

For ¢ in the (111) plane, the sum of Eqs. (3) and (17) gives

E111 =K (sinaesin2¢cosz¢ + sin26cosze) + oA
1 100
4 2 2 . &
- (°A111 - SﬂM )[sin“@singcos¢d + sinBcosB(sing + cosé)]
+ %mz ) (25)

By setting 3E111/39 = 3E111/3¢ = 0, it may be shown that the pertinent extrema
move in the three {110} planes which contain the [111] axis. Since these

three situations are equivalent, the problem may be solved for only one of

E]

them (as with 0 in the (001) plane) by setting ¢ = -, The first result is

o &~

that the extremum along the [111] axis does not move. However, the movements

of the other extrema in the (110) plane (i.e., ¢ = %0 are given by

_ sin9c059(3c0529 - 1) (26)
sinfcosb + /5(c0329 - sinze)

| &

( m™2) /K

Thyng " 1

w

which is plotted in Fig. 3 as 6 is varied from zero to m. As the ordinate
increases in a positive sense, the extremum at [001] rotates towards the nor=

mal [111] direction until it meets the extremum from the [110] axis and both

4 . 2

disappear for (oA - 3™ )/K1 > 0.51. At the same time, the [111] exttremum

111
rotates into the plane at 6 * 145°, which is a pole in Eq. (26), thus requiring
4. .2 4 .2
- ot i A " Jpa
that (°x111 BﬁM )/K1 - ® in order to reach the plane. Where (O 111 3"M )/K1

increases in a negative direction,the [001] extremum rotates toward the pole
at 6 = 145°, and the [110] and [111] extrema merge and vanish at 6 = 110° for
4 2

(Ollll - 3WM )/Kl < -0.15. These conditions are depicted in Fig. 4.

For convenience,all of the conditions for uniaxial anisotropy discussed
above are listed in Table 1. In Table 2, the expressions for E along the nor-
mal and different directions in the plane are given together with the differ=
ences in energy which represent the effective uniaxial anisotropy constants Ku.
These results may be used to calculate Ku once the uniaxial anisotropy condi-

tions have been satisfied.

Discussion and Conclusions

From the results summarized in Table 1, it is evident that the effect of
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Movements of important energy extrema and conditions for uniaxial anisotropy
with stress in the (111) plane, for (a) K, < 0 and (b) K, > 0. Activity in
only one of the three pertinent {110} plafes is shown ané shape anisotropy is
assumed to be neglibible.
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TABLE 1
Conditions for Stress-Induced Uniaxial Anisotropy
Plane Kl 5 K] >0
4 2 2
oA - =M oA - =M
oy | 18—2— < 23 =31/
1 1
8 .2 Bl .2
a (N + Aq,) —=TM a(A + A,,) —=TM
100 111 3 < 100 1 3 >
K < -=2/3 K Z.4/3
1 1
(110)
o)\]” —%an a)\]” —%an
2-2/3 Z /5
K K
1 1
‘oA —ian oA —iﬂMz
11 3 111 3 >
et =0 =10.51
K K
1 1
(111)
2 - 4 1rM2 oA - 4 nM2
m 3 < 11 3
S -0.15 -
K K
1 1
TABLE 2
General Anisotropy Energy Relations for Planar Stress Situations
Axis _ gl p
PLANE £ (normal) EP (in plane) (in plane) Ku =5 =
(3/2)0 ) [100] | =(3/2)0 5 + 20M°
(001) 21IM2
K, /4 +(3/20 ), o (101 | =K, /4=(3/2a N, g0 + 2nMm2
(3/20 N, 4 [001] | K /4~(3/8)0(N g0+ Ny ) + 202
K\/4+(3/4)0 (N gg =Ny ~ 2
(110) 2 KI/4 +(3/4)o()\]00+ k]”) [110] —(3/2)0)\]” + 21M
+ 21M
K/3+ 0N g0* N py/2) O | =K, /12=(1/8)0 (N g + 5N, ) +20M
s Og0 * N11/2) (i) | ~@/20,, + 2nm2
2
(M) | og0=Nq) + 20M 5 5
u()\100 i )\]”/2) [221] —(3/2)0 )\”] + 2tM
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shape anisotropy in films must be overcome by applied stress regardless of

the crystallographic orientation or the sign of K From a quantitative

1°
standpoint, the effect may be ignored only when]gvMZ/Kll

of nearly compensated ferrimagnetism, shape anisotropy may be small in com-

<< 1. In some cases

parison with magnetocrystalline anisotropy and the effect may be neglected.
The following discussion will be focused on these situations, although the
conclusions apply qualitatively even where shape effects are significant and
the actual values of %ﬂMZ/Kl must be taken into account in the uniaxial aniso-

tropy conditions.

Based on the above theorv and results, the {001} family of planes appears
to be the most desirable for applications requiring uniaxial anisotropy

induced by planar stress. It is dependent on only the A magnetostriction

100

constant and can provide almost uniform energy in the plane if OAIOO >> Kl.

As discussed in an earlier section, the requirements for uniaxial anisotropy

10072111 > 0 °F Ay00/Py11 < O

with |A111| > IAlOOI' In addition, it may be seen from Table 2 that although

for {110} planes are complicated because either A

the basic uniaxial conditions can be satisfied, significant anisotropy will
usually remain within the plane. For the {111} planes, the uniaxial condi-

tions can be approached only if °A111 >> Kl' This fact could place

restrictions on the use of this common family of planes.

For applications involving ferrimagnetic oxides, some general observations

may be made. Most iron garnets have Kl, Aloo’ and A negative at room temp-

111
erature. According to the relations for Ku listed in Table 2, the required

uniaxial anisotropy must be obtained by tensile stress, as was recently re-

ported for-Ga3+ - substituted Y3Fe5012 (5). For spinels, the situation is

almost the same except that A is positive and compressive stress could be

UL

used in {111} planes provided °A111 2 Kl' Since magnetic oxides are not noted

for their tensile strength, one is led to consider methods of altering the

signs of anisotropy and magnetostriction constants.

For garnet materials, both AlOO and Alll may be changed to positive by

substitutions of Mn3+ ions in octahedral sites. This type of substitution is

particularly effective for A , which is the constant that controls uniaxial

100
anisotropy in the {001} planes (9,10). 1In addition, rare-earth ions such as
Tb3+, Eu3+, and Er3+ substituted into the dodecahedral sites can affect the

signs of the magnetostriction constants and could also permit compressive
stress to be employed in some cases (11). Combinations of both Mn3+ and rare

earths may allow a wide range of magnetostriction constants. Another possibil-




Vol. 6, No. 9 STRESS-INDUCED ANISOTROPY 815
ity would be to use Co2+ substitutions in octahedral sites (usually with Si4+
in tetrahedral sites for charge compensation)- to alter the cubic anisotropy
constant (12) and provide either K1 = 0 for {111} plane applications or Kl >0
for the {001} planes.

For spinels, the AlOO constant is normally large and negative
(v-20 x 10_6), while Alll is small and positive (~n+0.5 x 10_6). Trivalent
manganese may be used to change the signs of both constants (13,14) and was
effective in producing uniaxial anisotropy by compressive stress for a

Mn ,Fe epitaxial film deposited on an Mg0O substrate with a (110) orienta-

772.3%
tion (4). Divalent cobalt is known to be extremely effective in altering Kl
in spinels (13) and could be a useful additive in designing compositions with

zero or positive K. values for possible compressive stress applications.

1
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Appendix

; y
For three mutually orthogonal sets of direction cosines, Yi’ Y1 , and Bi’

1
= = = $ Al
Zyiyi Zyiyi ZYi Bi 0 (A1)

i i i
From basic analytical geometry theory, these cosines are related by

Y, = By, ' =8

Lg%~ ByYp 2¥3 = B3Yy
\J \J
Yy = By - By = B3y = B1Y3
1 ' =2 K.
=By - B = B1Yp T Bovp .

By appropriate substitution from among the relations of Eq. (A2), it may
be readily shown that

2 2 2 2 2

=0 . 2

By adding Eqs. (A3) and (A4) and simplifying by means of Eq. (Al) in
addition to the normality conditions of the cosines, it may be easily shown

that the generalized result is given by
<.

le + yi'z =1- 812 s (A5)

By similar applications of the relations in Eq. (A2),

Y1¥p = 7 B1By + Yp¥5818, - 1,7, (8,7 + 8,2) (46)
and xedi 2 2

EpHI S TaiaPs - V3 Bify ~ 11voPy #TvgR{8, 6,0 &
After reductions and simplifications of the type employed in the derivation of-

Eq. (A5), the sum of Eqs. (A6) and (A7) becomes, after generalization,
Al
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