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Influence of boundary roughness on the magnetization reversal
in submicron sized magnetic tunnel junctions

D. Meyners,a) H. BrXckl, and G. Reiss
Nano Device Group, Department of Physics, University of Bielefeld, P.O. Box 100131,
33501 Bielefeld, Germany

~Received 30 August 2002; accepted 18 December 2002!

The reproducible magnetic switching of submicron magnetic tunnel junctions~MTJ’s! is an
important requirement for their application in highly integrated magnetic memory devices. We have
investigated the switching of small MTJ’s by atomic and magnetic force microscopy~AFM/MFM !
combined with micromagnetic numerical simulations. The latter are carried out with the real~AFM!
shape as input mask, including the boundary roughness of the MTJ’s. MFM reveals S-, C-, and K-
shaped magnetization patterns for rectangular submicron sized junctions in saturation. In general,
the magnetization loops and switching fields are different for individual junctions. The simulations
show that the detailed boundary shape, which is specific for each junction, has a significant influence
on the nucleation and location of domain walls and vortices, and hence, on the magnetic switching.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1544424#
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I. INTRODUCTION

In recent years, the interest in magnetic tunnel junctio
~MTJ’s! has increased due to their high potential as mem
cells in magnetic random access memories or read hea
hard disk drives.1–3 Nevertheless, the magnetic switching b
havior of MTJ’s with lateral extensions below 1mm is not
yet understood in detail. Distorted switching curves~as-
troids! obtained from magnetoresistance curves were
ported by, e.g., Klostermannet al.4 Moreover, identically
prepared tunnel junctions show different junction spec
switching behavior.5,6 On the one hand, the physical origin o
these variations is unknown up until now, on the other ha
they limit the technical applicability of the MTJ’s.

In this work, we present investigations of sub-m mag-
netic tunnel junctions by atomic force microscopy~AFM!
and magnetic force microscopy~MFM! in combination with
micromagnetic numerical simulations. The lithographic ste
in the fabrication process inevitably lead to imperfect rou
boundaries of the MTJ’s on the nanometer scale. The imp
of these structural imperfections on the magnetic switch
behavior will be discussed.

II. EXPERIMENT

The preparation of the film stack and the lithograph
electron-beam~e-beam! procedure was described in deta
elsewhere.7 The magnetically hard layer of the tunnel jun
tions consists of an artificial antiferromagnet CoFe 1
nm/Ru 0.9 nm/CoFe 2.2 nm. The 6 nm thick Ni81Fe19 soft
electrode is separated by a 1.5 nm thick Al2O3 barrier. Junc-
tions with different shapes and sizes were investigated: R
angular junctions ranging from 700 nm3700 nm to 700 nm
31400 nm and elliptical patterns with 500 nm short axes a
850 nm long axes. The patterns were covered by a 15
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thick Ta layer which minimizes stray field effects of th
MFM tip and, hence, tip induced perturbations of the s
layer magnetization. Furthermore, the magnetic momen
the home made MFM probes was adjusted by varying
thickness of the magnetic coating. A stack of 5 nm Ta/15
... 90 nm CoCr/2 nm Co/5 nm Ta was deposited by sputter
onto commercially available probes for the dynamic AF
mode.8 The Ta layers serve both as a seed layer and ox
tion protection. The thin Co layer increases the reman
magnetization of the probe without a significant decrease
its anisotropy field.9 Sufficient signal-to-noise ratio and sma
perturbations were obtained for a CoCr thickness of 30 n

For the MFM investigations, a modified Nanoscope
from Digital Instruments was operated in the Lift-Mode™
The magnetic field was generated by two pairs of coils s
rounding the microscope. MFM images of the magnetizat
of the patterned NiFe electrodes were recorded at diffe
external fields.

Figure 1 shows the AFM topography of typical tunn
junctions with rectangularly patterned electrodes of 700
3700 nm and 700 nm31400 nm sizes. The roughness of th
boundary and the round corners are clearly visible. As th
imperfections originate from film crystallinity and e-bea
resist granularity after exposure, their appearence is sta
cal and different for each junction. The influence of the
irregular boundaries on the magnetization dynamics of
NiFe electrodes can be simulated by the numerical solu
of the Landau–Lifshitz equation. For this special task,
junction specific boundaries from AFM measurements
taken as input for theOOMMF program ~release1.1! devel-
oped at the National Institute for Standards and Technol
~Gaithersburg, MD.!.10 The calculations, which neglect th
magnetically hard layer, are carried out with the followin
material parameters for Ni81Fe19: Exchange stiffnessA
56.5310212J/m, bulk saturation magnetizationMS

5860 kA/m, uniaxial anisotropy constantK15270 J/m3,
which was determined from experiment. The uniaxial anis
6 © 2003 American Institute of Physics
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ropy directions are randomly distributed in the calculati
cells (cell size55 nm ... 6.3 nm). In order to simulate a m
nor loop, solutions are computed successively for differ
external magnetic field values, starting with a remanent s
and switching on the maximum field used in the simulatio
The convergence criterion is MAXi$uuMi3Heffi /MS

2uu%
,1025. Mi is the magnetization andHeffi the effective field
of cell i.

III. RESULTS

A. Micromagnetic numerical simulations: Rectangular
junctions

The rectangular electrodes develop S, C, or K state
the beginning of the minor loops~Fig. 2!. Small deviations
of these basic states arise from roughness and the deta
the individual shape. These deviations strongly influence
detailed switching behavior of the junctions, as will b
shown in the following.

In junctions with initially S-shaped magnetization, th
nucleation and stability of domain walls are significantly i
fluenced by boundary roughness. The calculated minor lo
for two junctions with different boundary roughness a
compared in Fig. 3. If the boundary roughness is small,
magnetization switches rotation like at magnetic fie
smaller than 6 kA/m without nucleation of stable doma
walls ~crosses in Fig. 3!. The central magnetization is re

FIG. 1. AFM topography of MTJ’s with rectangularly patterned Ni81Fe19

electrodes.

FIG. 2. Typical magnetization configurations near saturation of rectang
junctions. The external magnetic fieldH is 6 kA/m. The shape of the junc
tions varies due to lithographic imperfections and is about 700
3700 nm.
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versed prior to the magnetization in regions close to
boundary. The size and stability of the resulting edge
mains depend obviously on boundary roughness. Their s
cessive annihilation leads to the small steps observed in
minor loop close to saturation. On the other hand, a rou
boundary with a 20 nm deep cleft acts as a pinning center
a Néel domain wall. A direct consequence is the increase
the switching field to around210 kA/m ~solid circles in Fig.
3!. Wall nucleation and pinning at the cleft is illustrated
Fig. 4: Starting with an S-shaped configuration similar to t
MTJ with smooth boundaries, the lateral extension of
edge domains increases with decreasing magnetic field
order to reduce the stray field, the magnetization alig
nearly parallel to the boundary. At the position of the cle
this gives rise to a disturbance of the magnetization@Fig.
4~b!#. If the external magnetic field is increased in the opp
site direction, the magnetization on the left- and on the rig
hand side of the cleft rotates in different directions. Th

ar

FIG. 3. Minor loops of two rectangularly patterned junctions.MX /MS is the
magnetization of the NiFe electrodes parallel to the external fieldH. Both
loops start with a S-shaped magnetization atH511.9 kA/m. Corresponding
magnetization configuration for the rough boundary element~circles! are
shown in Fig. 4.

FIG. 4. ~a!–~c! Examples of calculated magnetization configurations o
tained in the minor loop of Fig. 3 illustrating domain-wall pinning at a 2
nm deep cleft in the upper boundary@thick arrow in~b!#. ~d! Magnified view
of the marked areas in~c!. The positions of the two nucleated Ne´el domain
walls coincide with the location of two clefts in the boundaries.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



t
e

em
1

n
fe
d
ce
tly
lp

ne
d
es
fo
n

es
n

o
ss
gu

ng
tio
tio
th
a

d,

uses
his

o

c-
n,
ion
In
00

ht,
the

-
ast

al-
ti-
was

-
and

e

re

al
sier

ns
M

2678 J. Appl. Phys., Vol. 93, No. 5, 1 March 2003 Meyners, Brückl, and Reiss
leads to the nucleation of two 180° Ne´el walls and switching
occurs at a magnetic field of210 kA/m. During subsequen
reduction of the external field, a vortex appears, whose c
ter moves through the electrode leading to nearly zero r
anent magnetization and a saturation field larger than 1
kA/m ~Fig. 3!.

As shown, although both junctions start with a
S-shaped magnetization configuration, the completely dif
ent switching behavior has its origin in their different boun
ary shapes. Rough boundaries and clefts act as pinning
ters which decrease wall mobility and lead to significan
larger switching fields whereas a small roughness can he
nucleate walls and promote switching.11 Zhenget al.12 com-
puted magnetization reversals for rectangularly patter
electrodes and showed that the switching fields of electro
with initial S states are definitely lower than for electrod
with initial C states. These simulations were carried out
patterns with ideally smooth boundaries. Our calculatio
show that for junctions with realistic, i.e., rough, boundari
initially S-shaped magnetization is not sufficient for reaso
ably small switching fields.

Although the detailed magnetization reversal in a min
loop is strongly influenced by junction specific roughne
some features are common. Junctions with initial C confi
ration always show the nucleation of stable 180° Ne´el walls
and high switching fields, which is in agreement with Zhe
et al.12 Figure 5 shows examples of calculated magnetiza
patterns and the according magnetization curve of a junc
with initial C state, which deviates from the ideal state at
left-hand side upper corner due to the round boundary sh

FIG. 5. Wall nucleation from initially C-shaped magnetization~element
size: 700 nm3700 nm). ~a! Magnetization curve.~b!–~d! Typical magneti-
zation configurations.
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@Fig. 5~b!#. After sign reversal of the external magnetic fiel
a stable wall is generated@Figs. 5~c! and 5~d!#. The deviation
from a perfect rectangle and the related ideal C state ca
their asymmetric location with respect to the center. T
wall leads to a large switching field of about210 kA/m @Fig.
5~a!#. The total loop, again, is not symmetric and has tw
different switching fields.

B. Domain observation by magnetic force
microscopy: Rectangular junctions

Figure 6 shows a MFM image of the rectangular ele
trodes of Fig. 1 at a field of 2 kA/m and, for compariso
simulated MFM images calculated using the magnetizat
configurations given by the micromagnetic simulations.
this calculation, the point probe is scanned in a height of 1
nm to 125 nm, which is twice the real tip scanning heig
because the position should be chosen in the center of
magnetically active volume of the MFM probe.13

All junctions in Fig. 6~a! show edge contrast with vary
ing lateral extension of 140 nm to 350 nm. The contr
between the electrodes is mainly due to thermal noise,
though a partial contribution from the buried artificial an
ferromagnet cannot be excluded. Its magnetic behavior
reported in detail elsewhere.14 By comparison with the cal-
culated images in Fig. 6~b! C, S, and K states can be attrib
uted to the junctions, i.e., C state to 3 and 4, S state to 6
7, and K state to 9.

The further development is illustrated in Fig. 7. Th
MFM image was taken at an external field of21.5 kA/m
@Fig. 7~a!#. Junctions 6 and 9 show configurations, which a

FIG. 6. ~a! MFM image of the NiFe electrodes shown in Fig. 1. The extern
magnetic field is 2 kA/m. The electrodes are marked by numbers for ea
reference.~b! Calculated MFM images from magnetization configuratio
found in the micromagnetic numerical simulations. All experimental MF
images are processed by a lowpass filter.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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reproduced by the micromagnetic simulations@Fig. 7~b!#.
The external magnetic field causes a rotation of the mag
tization in the edge domains. This leads to the nucleation
180° Néel walls giving the typical light and dark contrast
the MFM image. There is a good correspondence betw
the experimental and the calculated MFM image@Fig. 7~c!#.
Because electrode 9 started with a K-shaped magnetiza
there is an additional bright contrast in the lower left-ha
side corner of the junction due to an additional small ed
domain.

Usually, at identical junctions, the results of the micr
magnetic simulations do not quantitatively agree with
MFM images. There are at least two reasons for this de
tion. First, the influence and the stray field of the artific
antiferromagnet is neglected in the calculations due to li
tations of theOOMMF program. Second, despite of the ra
dom local fluctuations of the crystalline anisotropy in t
NiFe layer, there is a possibility of a preferential uniax
anisotropy direction in the electrodes due to the prepara
by magnetron sputtering, which is not correctly described
the random distribution in the calculation.

The magnetic contrast of the electrodes 4 and 7 chan
and nearly disappears during imaging@Fig. 7~a!#. These elec-
trodes were macroscopically switched by the stray field
the probe. Such perturbations appear, if the magnetiza
configurations are close to switching, i.e., sensitive to sm
changes in the external magnetic field. We thus can use
effect for an additional characterization by defining the fie
where the tip–sample interaction starts to perturb the im
ing as onset fieldHon. As shown in Table I,Hon is junction
specific and ranges from21.5 to23.1 kA/m for the reversal

FIG. 7. ~a! MFM image of the rectangular NiFe electrodes of Fig. 1 illu
trating a further stage of the magnetization loop.~b! Calculated magnetiza-
tion configuration: The reversed external field leads to a rotation of
magnetization in the edge domains of the electrodes with aspect ratio
~c! The calculated MFM contrast from~b!.
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from the parallel to the antiparallel configuration. During t
reversal from the antiparallel to the parallel state, the per
bations take place at significantly lower magnetic fields
tween 0 and 0.5 kA/m. This asymmetry with respect to z
field originates from the ferromagnetic Ne´el coupling be-
tween the NiFe layer and the underlying antiferromagne15

Continuous films showed a Ne´el coupling field of HN

51 kA/m...2 kA/m, fitting well to the shifts observed for th
patterned junctions. The reason for the large value ofHon5
23.1 kA/m in junction 2 could be resolved by MFM an
arises from a domain wall in the center, which is extrem
stable and prevents the junction from switching.

The investigation of rectangular MTJ’s with 360 n
3650 nm dimensions gave similar results as obtained for
larger junctions, except for a poorer quality of the MF
images due to the smaller magnetic moment and a tende
to a smaller Ne´el shift. This can be related to dipole couplin
across the edges.5

C. Micromagnetic numerical simulations: Elliptical
junctions

In the calculations for elliptical patterns, a common fe
ture is found~Fig. 8!. Elliptically patterned electrodes ofte
show a high remanent magnetization@MX /MS'0.98, Figs.
8~a! and 8~c!#. The shape, however, favors vortex formatio
due to minimalization of the stray field energy. Cons
quently, the magnetization reversal of elliptical junctions
often dominated by vortex nucleation and vortex moti
with high saturation fields@Fig. 8~b! and 8~c!#.

D. Domain observation by magnetic force microscopy:
Elliptical junctions

The results of the simulations are experimentally prov
by MFM investigations of the elliptically shaped MTJ’s
where the complete layer stack including the antiferromag
was patterned. In saturation or near saturation, the NiFe e
trodes show a high magnetic contrast at their end points@Fig.
8~d!#. At H521 kA/m, the magnetization shows four oppo
site regions with bright or dark contrast, which is typical f
a vortex state@Fig. 8~e!#. Thicker films with higher contras
show similar patterns more pronounced due to the lar
stray fields@Fig. 8~f!#.

IV. CONCLUSIONS

In summary, structural imperfections on the nanome
scale as imperfect corners and rough electrode bounda

TABLE I. Magnetic fieldsHon with initial perturbations of the magnetiza
tion of some electrodes during the magnetization reversal process from
parallel to the antiparallel configuration~P to AP! and vice versa~AP to P!

Hon (kA/m) Hon (kA/m)
Junction P to AP AP to P

2 23.1 0.5
4 21.5 0.5
7 21.5 0
8 21.8 0
9 22.6 0.5

e
:2.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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cause junction specific magnetic switching behavior. Mic
magnetic numerical simulations with the real AFM sha
show that these individual details significantly influence
nucleation, location, and mobility of domain walls. As a co
sequence, the overall switching fields strongly depend
boundary roughness. Initially, S-shaped magnetization is
not sufficient for reliability and small switching fields in rec
angular patterns. Boundary roughness determines the

FIG. 8. Vortex nucleation in 500 nm3850 nm elliptical junctions.~a! and
~b! Typical magnetization configurations.~c! Related magnetization curve
~d! to ~f! MFM images of elliptically patterned magnetic tunnel junctio
recorded at different stages of the minor loop. Additionally, an experime
MFM image of a vortex state in a 35 nm thick NiFe ellipse is shown.
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and stability of edge domains, which nucleate during
minor loops. Successive annihilation of them leads to st
in the magnetization curves.

Some features of the magnetic switching behavior
common, i.e., the nucleation of 180° walls in rectangu
junctions with initially C-shaped magnetization and t
nucleation of magnetization vortices in elliptical junction
With regard to applications, an induced uniaxial anisotro
in the soft magnetic layer would help to reduce the influen
of the boundary roughness.
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