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Generalization of a two-dimensional micromagnetic model
to nonuniform thickness

D. G. Porter? and M. J. Donahue
National Institute of Standards and Technology, Gaithersburg, Maryland 20899

A two-dimensional micromagnetic model is extended to support simulation of films with
nonuniform thickness. Zeeman and crystalline anisotropy energies of each cell scale with the cell
thickness, while the exchange energy of a pair of neighbor cells scales by a weight dependent on the
thicknesses of both cells. The self-magnetostatic energy is computed by scaling the moment of each
cell by its thickness, and adding a local correction to the out-of-plane field. The calculation of the
magnetostatic field for a 010X 1 oblate spheroid is shown to be more accurate by the nonuniform
thickness model than by a uniform thickness model. With the extended model *a1380

X 10 nm film in the shape of a truncated pyramid with tapering over the 15 nm nearest the edges is
shown to have smaller switching field and different reversal mechanism compared with uniform
thickness films of similar size and shape. 2001 American Institute of Physics.
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I. INTRODUCTION dimensional model. It can also be used to explore the impact
that thickness variations may have on the properties of thin-
Micromagnetic simulation of thin-film devices fre- film devices.
quently makes use of a two-dimensional micromagnetic  Section Il describes the representation of variable thick-
model. A two-dimensional model requires less memory anchess in each of the energy terms of our two-dimensional
less demanding calculations than a three-dimensional modahodel. Section 1l records the extended model's improved
The magnetization patterns computed by a two-dimensionadbility to represent the magnetostatic fields of an ellipsoid.
model can also be more easily visualized and interpreted. S®ection IV presents some simulation results indicating that a
long as the variation of magnetization through the thicknes$ilm with a tapered edge has a significantly different reversal
of a film can be neglected, two-dimensional models can repmechanism and switching field when compared with uniform
resent the magnetic behavior of thin films acceptably well. thickness films of similar size and shape.
Any two-dimensional model is capable of solving only a
limited set of micromagnetic problems that are consistent
with the constraints of the model. More sophisticated model$l. ENERGY TERMS
can expand the limits of those constraints while retaining the ) ) ) o
two-dimensional nature of the model. In previous wonke ~We began with the two-dimensional model within the
considered a more sophisticated calculation of the effectiv@Piect-oriented  micromagnetic = modeling  framework
magnetostatic fields of a two-dimensional model. Rathef ©OMMF) public micromagnetic codend extended the ex-
than computing the magnetostatic field at a single sampl@ressions of each of its energy terms to account for a varia-
point in the center of each computational cell, we compute&'on in th|ckness_from one cell to the next. In the original
the average magnetostatic field over the entire cell, usin§'°de! the cells lie on a regular rectangular mesh where each
known formulas’ Using averaged values instead of sample ell 'has dmensmnAxAxT. !n thg modified model, each
values of the magnetostatic field, we were able to use a two(EeII ' hgs thickness; > or relatlve thicknes$ :Ti /Tma_x'
dimensional model to reproduce the accuracy of a three: Neither the applied field nor the crystalhne_anlsotropy_
dimensional modélin the solution of the micromagnetic field are dependent on the magnitude of magnetic moment in

modeling activity groug(xMAG) standard problem % the cell, so field calculations are unmodified. The Zeeman
In this article we consider another extension of a two-SN¢r9Y and the anisotropy energy in the cell are proportional

dimensional micromagnetic model as an alternative to threel® the volume of the film in that cell, so when calculating

dimensional modeling. All two-dimensional models neglect:hfst?v e?:ir% te;ms_,rhtihei enerigr;g/ IOf CEIIS tfncarl::'? t?r/] thel
the variation of magnetization through the thickness of theelat. € fcth €S9 - N tS a simple adjustment o the cal-
film. Most two-dimensional models also assume the film has'a1on Of tNese energy terms.

In our uniform thickness model, the total exchange en-

uniform thickness. In this article we present a simple exten- ) . ) . .
P P ergy is computed using an eight-neighbor cosine scteime.

sion of a two-dimensional model to approximate the effect . : . N
PP Sthe variable thickness model, we weight the contribution to

of nonuniform thickness of the film. This extension allows at al h f h pair of neighbor dedisd
two-dimensional model to be used to simulate a broade,;Oa exc ange_ energy from each pair of neighbor aedis
by the quantityw(t; ,t})

class of devices that otherwise might require a three-
A-Thax

Ee g 2 M 2 W(ti b (mi—my). ()
kenn
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HereAis the exchange stiffness constant, ame=M; /Mg is

the normalized magnetization of cell The weights reflect
the lesser exchange energy contribution from cells of thick-
ness less thai .. The corresponding expression for the
exchange energy density in celis

W(tl ltk)

A
Bou=3a2™\ 2 — g (™~ M- 2

The choice of weighting functions must satisfy the fol-
lowing properties:

W(tl 1t2)=W(t21tl)! (3)

2t,t,
t+t,

min(ty,ty) <w(t,,ty)< (4)

Our model’s representation of exchange energy assumes the
exchange energy contribution from cellandk is the mini-

mum exchange energy of any magnetization interpolation
consistent withm; and my,. The lower bound in Eq(4)
asserts that starting with two cells of equal thickness, in-
creasing the thickness of one must increase the exchange
energy. The upper bound in E¢4) is the minimum ex-
change energy among all magnetization interpolations meet-
ing the constraint than varies only along the direction from

i to k. The minimum exchange energy over all unconstrained
interpolations must be no greater.

For simulations reported in this article, the minimum
weighting functionw(t,,t,) =min(t;,t;) was used, but other
weighting functions satisfying these constraints might also
be considered.

Finally, we consider the self-magnetostatic energy of the B.
film. The magnetization in each cell is assumed to be uniFIG. 1. Comparison of the in-plane magnetostatic field of a uniformly mag-
form, so magnetic charges on the cell boundaries are thgstized 10 10x1 oblate spheroid as calculated by a uniform thickness
sources of the magnetostatic field. The average magnetorodel (A) and a variable thickness mod@). Gray scale indicates diver-
static field over each cell is computédue to the regular —9ence of the magnetostatic field.
mesh, the magnetostatic field convolution integral can be ef-

ficiently evaluated using fast Fourier transfoffFT) tech- be corrected if at each ceilthe quantity—(1—t)M, , is

niques. added to the out-of-plane component of the magnetostatic

_ Adapting the model to properly include cells of variable fiy The in-plane field is computed correctly, so any single-
thickness would destroy the regularity of the mesh, prevent:

) o . X : ell correction to the in-plane field will increase errors. A
ing the use of efficient FFT techniques. We consider InStea‘gingle-cell local correction, added after FFT calculations,

a way to retain efficiency, yet reasonably approximate thedoes not significantly hinder efficiency
effect of variable thickness on the magnetostatic energy. Note the effect of this correction on the demagnetization

The primary effect .Of .a reductmn in the thickness of fafactors of a single calculation cell. Our original approxima-
cell on the magnetostatic field is caused by the corresponding, . represents a reshaping of the cell by a rescaling of its

reduction in the magnetic moment of that cell. This SuggeStﬁwagnetization. Reshaping the cell should change its demag-

an adjustment to the magnetostatic field calculation that "€hetizing factors. By adding the out-of-plane correction, we

placesM; with t;M; as the source of magnetostatic field from do change the out-of-plane demagnetizing factor, and this

celli. In the far field, th's approxmgtlon IS reasopably aCCU-change restores the property that the demagnetization factors
rate. However, errors in the near field produce incorrect re
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sults in the important limiting case of a uniformly magne-
tized thin film.
Consider a uniformly magnetized thin film of infinite lll. MAGNETOSTATIC FIELD ERRORS
extent. The correct magnetostatic fieldHg ,= — M,z out of Even after local correction, there remain errors in the

plane andHy,,=0 in plane. Assume our full thickness magnetostatic field. As a measure of the improved ability of
model properly calculates that field. When the thickness othe extended model to represent films with nonuniform
the entire film is reduced to a fractidrof its original thick-  thickness, we computed the demagnetization factors of the
ness, our variable thickness model will compute the out-ofbest representation of a X@0X 1 oblate spheroid using the
plane magnetostatic field to b, ,= —tM,2. This error can  original model[Fig. 1(A)] and the extended mod¢Fig.
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1(B)]. For this spheroid the correct demagnetization factors 10 =
are 0.0696 in plane and 0.8608 out of plane. The calculated
values are, respectively, 0.1026 and 0.7947 using the uni-
form thickness model, and 0.0635 and 0.8730 using the ex- oSt
tended model. In Fig.(®), the in-plane relative rms error is
118%, compared to 29.1% in Fig(R). In Fig. 1(A), the
out-of-plane relative rms error is 15%, compared to 3.6% in s
Fig. 1(B). In Fig. 1B) the errors are concentrated at the

edge. Within the central region extending to a 90% radius,

the in-plane rms error is 12.7%.

We also compared our variable thickness model to a 0umx 10nm 2
three-dimensional model. Our variable thickness model is nncated pyramid 4|, s i
limited in its ability to accurately compute magnetostatic T 30 40 50 60
fields due to approximations in the interest of efficiency. Our ~ A. ol (mT)
three-dimensional model is also limited in its ability to accu- " "
rately compute magnetostatic fields due to its limited dis-
cretization through the thickness of the oblate spheroid. Our
three-dimensional model requires a discretization of at least
ten layers to obtain magnetostatic field errors comparable to
our variable thickness two-dimensional model, at a cost of

05

ten times the memory and more than ten times the amount of §“
computation.
IV. SIMULATION RESULTS
500 nmx 100 nm —8—
To explore the effects of thickness variations at the o o
edges of thin films, we computed magnetization reversal 10 . :
curves for two variations ofMAG standard problem 27 » ® i () ¥ ®

Standard problem 2 considers magnetic reversal of a thin

film with dimensions in ratio % 1 0.1 with applied fields FIG. 2. Components of average magnetization along the long in-plane axis,
; ; ; ; M, (A), and along the short in-plane axld,, (B), as a function of reverse

"’."0”9 thef1, 1, 1] axis. We specify the dimensions of the applied field magnitude, for three simulated films. The films modeled with

film as 500< 100X 10 nm, 'and mate_”al pa}ramgters F€Pre-yniform thickness exhibit a two-stage reversal. The truncated pyramid film

senting Permalloy. This yields a ratio of film width to ex- has only one switching event in its reversal.

change lengthd/l .~ 19. All simulations used a cell siz&

=2 nm. From the standard problem 2 results, we know them ations, the reversal takes place in two stages, as we
long axis component of magnetizatiohy switches when the a6 gpserved befofeThe end domains switch at a small
applied field magnitudg.oH is about 54.5 mT. reversed field magnitude, then at a larger applied field the
For comparison, we also simulated the reversal of a Pelgnq gomains propagate inwards and annihilate, completing
malloy film with dimensions 538130 10nm. We found  hq reversal. The two-stage reversal is most apparent in Fig.
for the larger film thatM, switches whenuoH is about 44 5 whereM, shows two discontinuities in opposite direc-
mT. The 20% drop in the switching field is due to the largeryions The hysteresis loop for the film with a truncated pyra-
size and different aspect ratio of the second film mid shape shows no evidence of such a two-stage reversal.

Finally, using the extended model, we simulated the resjmjation of the truncated pyramid with our three-
v_ersal qf a filmin the shape of a truncated pyramid. The basgimensional model confirmed these results.
dimensions of the film were 530130 nm and the top dimen-
sions of the f_'lm were 508 100_nm- T_he maX'mL_Jm thick- IM. J. Donahue, D. G. Porter, R. D. McMichael, and J. Eicke, J. Appl.
ness of the film was 10 nm with a linear tapering to zero Phys.87, 5520(2000.
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about 37 mT. This drop of about 30% in the SWItChIng field 4R. D. McMichael, J. Eicke, and M. J. DonahyeMAG Website (URL:
compared to standard problem 2 exceeds that which can benttp://iwww.ctcms.nist.govkdm/mumag.html
explained by the change in film size and aspect ratio. 5M. J. Donahue and D. G. Porter, NISTIR 6376, National Institute of
St Standards and Technology, 100 Bureau Drive, Gaithersburg, MD 20899.
E_xam|nat|on_ of the reversal curves reveals clu_es about;M_ J. Donahue and R. D. McMichael, Physica2B3 272 (1997.
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2(B) shows the reversal d¥l, . For both uniform thickness  Phys.85, 5816(1999.
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