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Micromagnetic modeling of the effects of stress on magnetic properties

B. Zhu,? C. C. H. Lo, and S. J. Lee
Center for Nondestructive Evaluation, lowa State University, Ames, lowa 50011 and Ames Laboratory, U.S.
Department of Energy, lowa State University, Ames, lowa 50011

D. C. Jiles
Department of Materials Science and Engineering, lowa State University, Ames, lowa 50011 and Ames
Laboratory, U.S. Department of Energy, lowa State University, Ames, lowa 50011

A micromagnetic model has been developed for investigating the effect of stress on the magnetic
properties of thin films. This effect has been implemented by including the magnetoelastic energy
term into the Landau-Lifshitz—Gilbert equation. Magnetization curves of a nickel film were
calculated under both tensile and compressive stresses of various magnitudes applied along the field
direction. The modeling results show that coercivity increased with increasing compressive stress
while remanence decreased with increasing tensile stress. The results are in agreement with the
experimental data in the literature and can be interpreted in terms of the effects of the applied stress
on the irreversible rotation of magnetic moments during magnetization reversal under an applied
field. © 2001 American Institute of Physic§DOI: 10.1063/1.1363604

I. INTRODUCTION by minimizing its total Gibbs free energdy,,; which can be

Magnetic thin films find application in the areas of in- Written as a sum of several energy contributions:

formation storage and sensor devices. Computational micro-  E;q= Efeigt Eexcht Eanist Edemagh Eme: ()]

magnetics has proven to be a useful tool since it leads to \‘rf\‘/hereEﬁem is the energy contribution due to an external field

d_eeper understgnding pf magneti;ation processes in thiHhe Zeeman energy te)ME,,, is the exchange energy
films through visualization of the simulated reversal pro—Eanis is the magnetocrystalline anisotropy eneremagis

cesses for the magnetic moments. iy ) .
. . . the demagnetizing or stray field energy, dfg is the mag-
Although stress has an important role in magnetisin, . netoelastic energy. In general, the effective fielg; acting

e e e vt s 0ven magnetc morentcanbe defed s e dervatve
P energy with respect to magnetization,

little attention. A magnetomechanical model has been devel-
oped by Sabliket al? and by Jiled to describe the stress 1 0E
effect on magnetic properties of bulk materials. However, STV
recent experimental results obtained from n_|ckel thin ﬁlms.Differentiating Eq.(1) gives an effective fieldH ., which
showed stress dependence of the hysteresis loop propertl(cg:gnSistS of several components:

different from the predictions of that model. Such differences '

can be attributed to the different mechanisms of magnetiza-  Her= Hiiela™ Hexcri™ Hanist Hdemagt Hmes ©)

tion reversal in thin films and bulk ma_teriéi_lsln_ order 10 \yhere each term on the right-hand side of E3j.represents
investigate thg stress eff_ect in magnetic thin films, a stresg field which is the derivative of the corresponding energy
dependent micromagnetic model based on the Landaugms in Eq.(1) with respect to magnetization. At equilib-
L|fsh|tz—G|Ibe.rt (LLG) equa_ltloﬁ has been developed. The rium, the magnetization vectdd is parallel toH . and the
magnetoelastic energy tefrinduced by external stress was oo free energy reaches a minimum. The magnetization
included in the Gibb's free energy of the material. The magqnfiguration satisfying this condition is usually computed

netic moment configuration was calculated by solving theDy integration of the LLG equation which is given by
LLG equation. The modeling results show that the hysteresis

loop properties, such as coercivity and remanence, change d_M:_ M X H —ﬁMx M X H 4
with applied stress in a way which is different from that dt 4 et My ( ef): @

observed in bulk magnetic materials. These results are iWhereMs is the saturation magnetizatiop,is the gyromag-
agreement with experimental data on nickel thin films re-,atic ratio. ande is a damping coefficient.

@

ported in the literaturé. When the magnetic material is under applied stress, the
magnetoelastic energy,,. induced by the stress has to be
Il. MICROMAGNETIC MODEL OF STRESS EFFECT included in the Gibbs free energy. For cubic materials, the

_ ) - magnetoelastic enerdy,,. under applied uniaxial stregsis

In the micromagnetics approach an equilibrium magneyiyven py
tization configuration of a ferromagnetic body can be found s 52 29 2
Eme= — 3N 1000 (@11t a3yst a3y3) = 3N 1110

dElectronic mail: binzhu@iastate.edu X(arary1y2+ arazy,yz+ azayysyi), 5)
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where\ 190 and\ 11 are the magnetostriction coefficients of 6
the material along th€100 and (111) directions, respec-
tively, @1, a,, and a3 are the direction cosines &, and 4 &
v1, Y2, and y; are the direction cosines of the uniaxial — A 0
stress axis with respect to the crystal axes. The correspond- § 3 A — — — soMPa
ing effective fieldH . can be calculated from Ed2) and = f'/ ', ------ 100MPa
then incorporated into E@4) to determine how the magnetic e VBl — - - — 150MPa
moments change under the magnetic field in the presence of § 0 ' o ' ;
applied stress according to this model. _§ vl
g 2 {1
g P
lll. RESULTS AND DISCUSSION A 79
. N o 4 A
The model system is a two-dimensional grid of width
(x direction and heightb (y direction. The grid is divided 6
into a number of square cells. The magnetic moments are -80000 40000 0 40000 80000
positioned at the center of each cell. Each of these magnetic Field (A/m)

moments is free to rotate in three dimensions but its magni-
tude is kept constant. The Von Neumann type boundary con-
dition (¢M/on=0) is assumed in the calculation.

The magnetic simulation is based on the algorithm proyeyersible domain rotation and domain wall movem@rit.
vided kgy the National Institute of Standards and Technology,a5 peen pointed out that when the reversal process is domi-
(NIST) aﬂfl the material parameters of nickefls= 0_-Aé8 nated by irreversible domain rotation, the field required to
x10°Am™*, 561:_5-7X 16°Jm 3, Moo= —46X10°"  syitch the domain magnetizatiofe., the coercivity will
A1y=—24x107°) were used. A Zum wide, 0.5um high, jncrease if the easy axis induced by the external stress is
20 nm thick rectangular element with cell size of 20 nm wasprajiel to the applied fielde.g., compressive stress applied
used in the present study. The demagnetizing field was of, njckel along the field directiort® This can be explained
tained by calculating the average field in each’agtider the 1, considering the coherent rotation of domain magnetiza-
assumption that the magnetization in each cell is conStant.tion against the stress-induced uniaxial anisotropy under an

The initial pattern of magnetic moments contained seveny,jiad field. As described by other anisotropic models, such
domains arranged in a flux closure configuration so that thgg the Stoner—Wolfarth mod®ithe critical field at which
net magnetization of the model system was zero. Such ge gomain magnetization switches abruptly increases with
domain configuration was chosen arbitrarily and it shouldie anisotropy. Therefore it was expected that the coercivity
not affect the modeled hysteresis loops because the magnefig the model system, for which the magnetization reversal
field amplitude used in the simulation was found t0 bepocess involved is essentially irreversible rotation of mag-
sufficient to magnetize the system to saturation. Both thgyetic moments, would increase with increasing compressive
stress and the magnetic field were applied along the long axigress along the field direction. Similarly the coercivity was
of the rectangular elemerithe x direction. The applied  gypected to decrease when the easy axis induced by the ex-
field amplitude was 80 kA/m. When calculating the magne+e g stress was perpendicular to the applied field., ten-
tization curves the applied field was incrementedg;e sress on nickel along the field directio®n the other

(step size=1600 A/m) in a linear manner. At the end of each g, for bulk materials, the predominant mechanism is do-
field increment, when the magnetic moments attained an

equilibrium configuration, th& components of the magnetic

FIG. 1. Hysteresis loops modeled under tensile stress.

moments were summed over the grid to obtain the magneti- 6

zation component of the entire model system in xtairec-

tion which was plotted against the applied field to obtain the 4 r. ; I/

hysteresis loop. 2 L b 0
Figures 1 and 2 show the simulated hysteresis loops for < SN N B F e 20MFs
. S . . - | pos e 100MPa

a nickel thin film under different levels of tensile and com- = . Ll 150MPa

pressive stress. The hysteresis loops displayed systematic 23 5 A Col s

changes under different levels of applied stress. Figure 3 -3 R T

shows the variations of coercivity with applied stress. The g (i : b |

results show that the coercivity increased significantly with & 2 Fra] : .

increasing compressive stress and decreased slightly with in- = | : P

creasing tensile stress. The modeling results are in good =4 e ] J' :

qualitative agreement with the experimental data on nickel

film found in the literatur&but are quite different from those -6

reported on bulk nickel sampl@sSuch differences can be -80000 -40000 FieldO(A/m) 40000 80000

attributed to the different effects of applied stress on two

different mechanisms of magnetization reversal, namely, ir- FIG. 2. Hysteresis loops modeled under compressive stress.
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FIG. 3. Plot of coercivity of the Ni film as a function of applied stress.
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increasing tensile stress but was much less sensitive to com-
pressive stress. This can be interpreted based on the argu-
ment given above. Specifically, tensile stress in the field di-
rection induced anisotropy perpendicular to the applied field.
As the applied field was reduced from saturation, due to the
stress-induced anisotropy the domain magnetization partially
rotated away from the field direction in a reversible manner,
before it suddenly switched irreversibly and discontinuously
into the opposite direction. The effect of reversible rotation
became more pronounced as the stress-induced anisotropy
increased. As a result the remanence decreased with tensile
stress. Compressive stress did not change the remanence so
much because the remanence in the unstressed state was very
close to the saturation value, as shown in Fig. 2.

IV. CONCLUSIONS

Micromagnetic modeling of the effect of stress on mag-
netic properties of thin films has been carried out by includ-
ing a magnetoelastic energy term in the Landau—Lifshitz—
Gilbert equation. Magnetization curves of a nickel thin film
were calculated and the modeling results showed that the

main wall movement. Quantitative predictions of the effectsshape of the hysteresis loop and the magnetic properties
of stress on magnetic properties of bulk materials has beefe.g., coercivity and remanencehanged systematically un-
given by Sabliket al? and by Jiled and were found in good der applied stress in a manner which was in agreement with
agreement with experimental resuits.
Figure 4 shows the changes in remanence under appliaglith applied stress can be attributed to the effects of stress-
stress. The results show that the remanence decreased Witftluced anisotropy on the irreversible rotation of magnetic

Remanence (XlOsA/m)

4 4
3 .
2 4
Compression Tension
1 4
=200 -150 -100 -50 0 50 100 150

FIG. 4. Plot of remanence of the Ni film as a function of applied stress.

Stress (MPa)

200

experimental results of others. The variation of the coercivity

moments which is the dominant mechanism of magnetization
reversal in the model system used in the present study.
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