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Solutions, Chapter 7

7.1 The potential energy of two dipoles, um a the origin and u'm a distance r away, is given
by Egs. 1.9 and 1.8. When ferromagnets are of interest, the two dipoles have the same

orientation and the second dipole moment can be expressed in polar coordinates of its position
asU'm= um(cosh e - sind ey). Theradia force between the two dipoles (now um = u'm) is
given by
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F isattractive for collinear moments (6 = 0) and repulsive for side-by-side moments (6 = a/2).
Thus one would expect strain e; < O for any direction of magnetization and e2 > 0

perpendicular to any direction of magnetization. Applying Equation 9.1 to these dipole strains

implies As< 0. But Feand Ni have very different A's in different directions and A1gg for iron

is positive not negative.

7.3 Thesix Egs. 7.6 contain six unknowns, the gjj. The coefficients ¢j; and constants B1a;j2
and Baajoj are assumed known. Solve the first three for g (i =) and the last three for g;j (i =

j)toget Eq. 7.7.
7.4 Eq. 7.16 then gives

e=(3/2) As(12B12 + 02222 + az232) +

2 [ara2B1B2 + apazfafiz + azaifapf] - 1/3)

= (3l2) As[(a1f1 + azfo + azfa)? - 13
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Since the principa axes are no longer tied to the crystal (which is isotropic), the coordinates
can be rotated so that the z axis coincides with the direction in which the strain is measured.

Then only one direction cosine survives, as? = cos?0 where 6 is the angle between M and the

strain direction.

7.5. Misfit, (acy - ani)/acy i1s n = 2.5% from lattice constants given.
a) Ki1=-4.5x 103 Jm3 and from Eq. 7.20, By = -(3/2) A100(C11 - C12) = 6.2 x 106

N/m2. For abiaxial misfit strain, the tensor components are:

10 o) (10 0
e=n/0 1 O ano 1 oJ
00 2

0 0 -
and f,,c = Bi(e11c12 + exp02? +e33:32) + Bo(e1201102 + €230003 +€3103011)

o

becomesf,,. = 1.55 x 10° ([cos?¢ + sin2¢]sin20 - cos?6) ignoring any shear strain
in the film.
Now thefirst question iswhat is the relative magnitude of the energies involved,

i.e. can the magnetization point out of plane? The magnetostatic energy of Ni,
uoMg/2, (favoring in plane magnetization) is of order 1.5 x 10° Jm3 which is
much greater than the magnetocrystalline anisotropy (which favors <111> easy
axes), but is comparable to the ME energy Bie =~ 1.55 x 10° Jm3 (whose
orientation preference has yet to determine).

f.,e = 1.55 x 10° - ([cos2¢ + Sin2¢]sin26 - cos26)

=3.1x 10°- sin20 + const.
fa = -4.5 x 103(cos?¢ sin?¢ sin?0 + sin26 cos?6)
f,s= 1.5 x 105 cos?6
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b)

d)

Clearly the ME energy density dominates (as long as the strain in the film has the
full misfit value). The magnetostatic energy is a close second and the crysta
anisotropy is but 1% of the other two.

First, f3 isthe only term that contains the angle ¢ , so even though it is the weakest
term, it should be minimized with respect to ¢ to find, as expected, ¢ = £459, +135°
..., 1.&. the azimuths containing the <111> directions are favored. Now becausef is
so smdl, it is necessasry to consider only the ME and MS terms in minimization
with respect to 6. fior = (3.1 x 10 - 1.5 x 10° Jm3 )sin26 + const. obviously
minimizesfor 6 = 0°. Thisreflects the fact that the ME energy dominates the M'S
energy and the nature of the strain and ME coefficient is such that perpendicular
magnetization is favored. So it no longer matterswhat ¢ is.

As the film grows, the in-plane biaxia strain decreases due to misfit dislocation
formation. The shear strain ey, probably remains negligible, but the biaxid, x-y
plane strain may take on a z-dependence from the Cu/Ni interface to the top of the
film, i.e. there may be shear components e, €x = 0. Inthis case it is necessary to
consider the terms Bp(ex3apasz+eziazal). Because By = 4.3 x 105 N/m2 < By
and the shear strains are probably small compared to the biaxia strains, there
should be no effect from this term. Also, unless this term is large, a1 and oo will
remain zero.

If e, = 2¢, = 0.05 then the terms Bp(eppaiop) = 21 x
10%sing cosg sin0, (By = 4.3 x 106 N/m) must be retained. This term is stronger
than the Ni magnetocrystalline anisotropy term which favors ¢ = £450, £1359 ....,
so it will dictate the equilibrium azimuth at ¢ = -450, +1350 ( - 2.1 x 10° sin20).
This new shear magnetoelastic anisotropy is negative at its equilibrium values. So
it combines with the magnetostatic term, -1.5 x 10° sin20 to compete with the ME
term, +2e, x 6.2 x 106 sin26, and now causes the magnetization to fall back in

plane assuming an orientation consistent with auniaxial easy axis ¢ = -459, +1350.
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7.7. For asample being magnetized with H = Hg, it follows that Kiot = Ky) + Kg + ... =
(/2)HaMs which is the effective anisotropy energy density, i.e. it includes AK effects as in
Eq. 7.18.

For H = Hy, auniaxial material strains by anywherefrom e=Asat 6=0to e= - Ad2
at 6 = /2 so the magnetoel astic energy density f; = F/V = Beisof order:

f1= (32) Be=(32) BAs=~ (3/2) E A f1 = (32) EAS? (seeEq. 9.19)
Now if you impose a stress swhich is great enough to give e = Ag, then,

e= o/E= A5 and

fo = Ks= (3/2)As 0 = (3/2) ALLE = (3/2) AL2E
S0 fo = (3/2) EAZ
which isthe same energy as when the material is magnetized to saturation: f; =,

But the question remains, is this energy comparable to the total anisotropy energy?
The answer isyes, only if Ky issmall:

Kiot =Ks+ Ky +.. = (312 As o+ Kyyy =fporfp only if Ky << Kg

7.8 Using a 900 hiaxia strain gauge, it is possible to measure the strains in [100] and [110]
simultaneoudly for two field directions [100] and [110]. From the strain measurements with
field paralld to the strain direction eiogll, e10gll, it is possible to caculate eqggll - 4e119ll, which
gives-4hy.

The numerical value for hp now gives A111 = /3 hy.

Using the hy valuein 1/6 hy + hy = eq10ll which is measured, gives us a value for hy and A100

= 2/3 h1. Two more independent measurements would be needed to get hz and hg.

7.9. For As>0 (B <0), oxx = 0 and dl other stresses zero, it is expected that eyy = €, = -
vexy SO the magnetoelastic free energy is
fME = -|Blew [@1? - v (@22 + a32)] ~ -[Blexx [4012 - 1]/3
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The energy is lowered if a12 > v (022 + a3?) so magnetization along + x is favored and the

random distribution of moments would become:

For application of a fidd, only M in the field direction (not opposite it) lowers the
energy. So thedistribution isunidirectional:
The M-H curves are linear and for oxx > 0, My vs. Hy saturates at lower fields (see above,

right). To plot M vs. oy, the energy density must be considered:

f = [ME + K + fZ

= -|B| exx [412 - 1]/3 + (1/2) Mg Ha a12 - MsHo

Choosing 0 between M and the x axis, solve df/f 60 = 0 for the reduced magnetization along x:

M K
X =Cosf = m= v h
M, K, +(4/3)Be,

with exx = oxE, Ky = (12)MgH and h = H/H,.
Thus My vs. H islinear with aslope of Mg/Hg for oy = 0 and an increasing slope of M¢[H3 -
(8/3) |B|of(Ms E)] as oxy increases (B < O)
In al cases, My saturates at Mswhen 6 = 0. We can write the equation for m as
m= h/(1-X)

with x = (4/3)|Ble/Ky. The result is plotted below after the Mathematica® program that gives the
plot.

m=h/(1-x)

Plot3D[m, {x, 0, 1}, {h, 0, 1},

AxesLabel->{"x", "h", "m"}, PlotRange->{ 0, 1},
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a) Alloy A has an anisotropy energy surface that is a cut through Fig. 6.6a and
that of B isacut through Fig. 6.6b.
b) For zero strain, A is easlly magnetized along <100> directions, B and C
aong <111>.
¢) The M-H, curve of A is like that of Fe in Fig. 6.1a; the remanence is
close to unity. Those of alloys B and C are like that of Ni in Fig. 6.1c; the
remanence is given from Eq. 6.6 and m(0) = (1,1,1)¥3 as m H/|H| = 13
=0.577. Takingthefield adong zfor convenience, the free energy is
f = —u,M, - H + K (a’a? +cycl.) = —u,MH cos + K, (1/ 4 + cos’ 6)
giving f'=0= y,MH = 2K, cos6
and cosf = m= u,MH/2K,.

Thus saturation occurs at H, = 2K,/u M..

d) Sample B would make the best soft materia because both K and A are

closeto zero.
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e) With afield and tensile stress along [100], the magnetoelastic energy will favor
[100] magnetization when A, > 0 (cases A and B) and favor [010] and [001]
magnetizetion when 4,,, <0. That is, the energy surfaces determined in part &)
will be supplemented with magnetoelastic energy terms shaped like oblate
spheroids with axis along [100] for samples A and B and prolate spheroids with
axisalong [100] for sample C.
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In the energy surfaces above, the solid lines represent the cubic magnetocrystalline
anisotropy energy surfaces. The magnetoelastic contribution adds an uniaxid
term with axis of symmetry along the strain direction. The dotted surface is the
resultant energy surface. The changesin MH are shown by the solid lines relative

to the unstrained |oops (dashed).
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f) B, =-(3/2) A, (cy;-Cp,) =-7.5x 10° N/m’. The strain needed to cancel the
cubic anisotropy is about &= K,/(1.3B,) =5 x 10% [1.3)(-7.5 x 10°)] =
0.51%. The factor of 1.3 in the magnetoelastic energy is the 1+v term for

uniaxial deformationin Fig. 7B.3.





