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The magnetic switching behavior in continuous NiFe films patterned with IrMn gratings is investigated
experimentally and with micromagnetic simulations. The samples made by a two-step deposition process
consist of a 10-nm-thick NiFe layer on which is placed 10-nm-thick IrMn stripes with width from 100 to
500 nm and period from 240 nm to 1 ym. Exchange bias is introduced by field cooling in directions parallel
or perpendicular to the IrMn stripes. The samples display a two-step hysteresis loop for higher stripe width
and period, as the pinned and unpinned regions of the NiFe reverse independently but a one-step loop for
lower stripe periods. The transition between these regimes is reproduced by micromagnetic modeling.
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I. INTRODUCTION

Exchange bias between a ferromagnet (FM) and an
antiferromagnet (AFM) is important in understanding
magnetic exchange and its applications in devices such
as magnetic random-access memories and hard disk read
heads [1,2]. Exchange bias leads to a unidirectional
anisotropy, a shift of the hysteresis loop, and often an
increase in coercivity [3,4]. Size effects in exchange-biased
FM or AFM bilayers have been studied in several systems
in which both layers were deposited sequentially then
patterned to have the same lateral dimensions [5-9]. For
example, in bilayer FM and AFM stripes consisting of
ferromagnetic metals coupled to CoO, NiO, FeMn, or [rMn
antiferromagnetic layers, exchange bias along the stripe
axis decreased as the stripe width decreased [6,7,10,11], but
in another example of NiFe/NiO stripes, the exchange bias
increased with decreasing stripe width [12].

The magnetic behavior of locally-exchange-biased thin
films in which the FM and AFM have different dimensions
and the exchange bias is limited to only part of the FM,
differs qualitatively from that of patterned FM or AF
bilayers. The reversal mechanism of the FM depends on
the length scales of the pinned and unpinned regions and
the strength of the exchange bias in the pinned regions.
Locally-exchange-biased structures are not only essential
for certain domain-wall memory or logic devices [10,13]
but also provide insights into exchange-bias phenomena
[14,15]. For example, continuous NiFe films with overlaid
FeMn stripes of micrometer-scale period showed asym-
metrical hysteresis loops [16,17] suggesting the pinned and
unpinned regions reverse at different fields. Exchange bias
parallel to the stripes produced switching in two steps,
whereas exchange bias perpendicular to the stripes
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produced switching in one step [18]. Understanding and
manipulating the reversal process of a magnetic film with
local exchange bias is, therefore, a key part of magnetic
device design, providing, for example, the ability to trap a
domain wall or to initiate reversal in a magnetic nano-
structure. However, despite its importance, the behavior of
magnetic films patterned with submicron antiferromagnetic
features and how the regions interact at smaller dimensions
has not been explored.

This study analyzes the switching behavior of NiFe
continuous films patterned with stripes of IrMn as a
function of both the period and width of the IrMn stripes.
The structures are made by a two-step deposition process
and subsequently field cooled. Phase maps describe the
reversal process as a function of pattern geometry, and
the results are compared to micromagnetic predictions. The
results show the interplay between interface exchange bias
and the exchange coupling within the bulk of the NiFe film
in determining the hysteresis behavior.

Magnetic films with local exchange bias can be prepared
subtractively, i.e. the removal of regions of the AF from an
AF or FM bilayer. This can be accomplished by ion-beam
etching [16], but this is a nonselective etch which can also
damage the FM [19]. Ion bombardment of an AF or FM
bilayer through a resist mask can locally alter magnetic
properties [14,15,17], for example, by oxidizing an AFM in
select portions of the film [18]. However, the lateral
resolution of this technique is limited by ion straggle,
and it has been limited to introducing exchange bias into
features larger than 1 ym. Alternatively, additive methods
have been developed, such as the deposition of FM nano-
dots onto a continuous AFM layer through a porous
membrane used as a shadow mask [7]. However, contami-
nation of the AF or FM interface between the two separate
deposition steps can degrade the exchange bias. To improve
the interface coupling, we previously presented a hybrid

© 2015 American Physical Society
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method [20] in which a predeposited NiFe film was etched
back by 1 nm to remove any surface oxides, followed by
growth of 1 nm additional NiFe then an IrMn film. This
produced exchange bias similar to that found in NiFe/IrMn
grown without a vacuum break.

II. METHODS

The patterned samples are prepared using a modification
of a process presented earlier [20]. Ta (5 nm)/NiggFey
(10 nm) is deposited on top of a Si wafer using triode
sputtering at 2 x 1078 Torr base pressure and 1 m Torr Ar
pressure with a growth rate of 0.132 nm s~'. A grating
pattern mask is then fabricated on the NiFe using inter-
ference lithography [21]. A trilayer stack of antireflective
coating (ARC) (315 nm)/SiO, (20 nm)/PS4 negative
resist (Ohka) (215 nm) is first deposited, as shown in
the schematic in Fig. 1. The thickness of the ARC is chosen
to minimize reflections of the laser from the substrate to
prevent vertical standing waves. The ARC layer is made by
spin coating and baking, then the silica layer by electron-
beam evaporation, and a thin layer of hexamethyldisilazane
is spun to promote adhesion of the PS4 resist onto the
silica. The PS4 resist is spun at 3 krpm and baked at 90 °C
for 90 s. The resist is then exposed to two beams from a
325-nm wavelength HeCd laser source whose interference
produces a grating pattern exposure with periodicity of
240 nmto 1 ym. The resist is then developed, and a two-
step RIE process is performed to transfer the pattern into
the ARC: CF, to etch the SiO, and then O, to etch the ARC
to form a grating. Figure 1(b) shows a scanning electron
microscope (SEM) image of the resulting mask.

1. Spin the trilayer 2. Expose and develop

4. lon-beam etch 3s

(b)

ARC

500 nm

5. Redeposit NiFe 1 nm, IriVin 10 nm

The samples are then ion-beam etched for 3 s (Ar pressure
2 x 10~* Torr, beam current 5.5 mA, voltage 500 V, etch
rate 0.256 nms~!) to clean the exposed surface of the NiFe.
A 1-nm layer of NiFe is then deposited followed by IrMn
(10 nm) deposited at 1 mTorr Ar pressure at a rate of
0.2 nms~!, then a layer of Ta (5 nm) to prevent oxidation of
the magnetic layers. Last, the remaining ARC stack is lifted
off using N-methyl-2-pyrrolidone. A SEM image of the
final structure is shown in Fig. 1(c). This procedure results
in a film of NiFe exchange coupled to overlaid stripes of
IrMn. The IrMn stripe periodicity varies from 240 nm to
1 ym while the stripe width varies from 100 to 500 nm.
Unpatterned control samples of IrMn/NiFe are also made
for comparison. The interference lithography process pro-
duces samples of area 5 x5 mm? with large enough
magnetic moment to be measurable using vibrating sample
magnetometry (ADE model 1660) at room temperature.

To exclude effects from the ion-beam etch on the
magnetic properties of the NiFe, the hysteresis loop of
an as-grown 10-nm NiFe film is compared with a 10-nm
NiFe film that is subjected to 3 s of ion-beam etching,
followed by redeposition of 1-nm NiFe. The loops are
measured up to 1000 Oe, with increments of 1 Oe near the
switching field. The films have the same coercivity,
switching field, and magnetization to within the resolution
of the measurement.

The exchange bias is initially set by field cooling at
10 kOe from a temperature of 520 K. The exchange bias is
set either parallel to the IrMn stripes or in plane
perpendicular to the IrMn stripes. Because of significant
training effects [22] as seen in NiFe/IrMn dots [20], the
samples are field cooled from 550 K after each hysteresis
measurement.

FIG. 1. (a) Sche-
matic of the sample
fabrication procedure.
In steps 1-3 the resist
mask is made; in steps
4-6 the AFM is pat-
terned. (b) SEM im-
age of a resist mask
with period 500 nm.
(c) SEM image of a
patterned sample with
period 500 nm show-
ing IrMn stripes of
width w separated by
regions of unbiased
NiFe of width s.

3. Reactive ion etch in CF,and O,

w= 100 500 nm

10 nm 5

“Z00-10007m
6. Lift-off in NMP
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The Object Oriented MicroMagnetic Framework
(ooMMF) package [23] is used to model the switching
behavior as a function of the IrMn stripe width and
spacing. The OOMMEF time driver is based on the
Landau-Lifshitz-Gilbert ~ equation  [24], dM/dt =
—y[M X Ho] —a(M /M) x (dM/dt), where y is the elec-
tron gyromagnetic ratio, M is the magnetization, H . is the
effective field which includes the external magnetic field
and the demagnetizing field, and « is the damping factor. A
damping factor of 0.5 is used in these simulations for fast
convergence. A saturation magnetization of 800 emu cm ™3,
exchange stiffness of 1.3 x 107 erg cm™', and an
anisotropy energy of 8000 erg cm~ are used [23]. The
cell sizeis 5 x5 x 5 nm?, as used in prior simulations of
NiFe [23] and consistent with the exchange length of NiFe
(approximately 5.7 nm) [25]. The simulation size in the
direction parallel to the stripes is 2 ym to minimize the
influence of edge effects. The exchange bias is modeled as
a fixed external field present in the regions of NiFe covered
with the IrMn stripes. This is a simplification of the
exchange bias, which affects only the NiFe at the NiFe/
IrMn interface, but it is justified here because the film
thickness corresponds to only two layers of cells which
have almost identical magnetization directions. Periodic
boundary conditions in the in-plane direction perpendicular
to the stripes are used to model an infinite stripe array.

III. RESULTS AND DISCUSSION
A. Exchange bias parallel to grating

We first discuss in Fig. 2 the experimental results for
samples with exchange bias and applied field parallel to the
stripes, with s (the width of the unbiased regions of NiFe)
and w (the width of the biased regions of NiFe) in the range
of 100 to 500 nm. At small w and s, the hysteresis loops
show a single step [Fig. 2(b)], but as the dimensions
increase, the loops show two steps attributed to the
switching of the pinned and unpinned regions of the film
[Figs. 2(c)—(e)]. The criterion to identify a two-step reversal
is the existence of a kink or plateau on at least one branch of
the hysteresis loop occurring at a magnetic moment close to
the value expected from the relative widths w and s of the
stripes. In some cases, the plateau is only evident on one
branch of the hysteresis loop, as in Fig. 2(c), because on the
other branch, the offset of the loop due to exchange bias is
counteracted by an increase in coercivity.

The type of hysteresis loop of all the samples is plotted
on a phase diagram, Fig. 2(a), showing a region of one-step
reversal for values of w and s below 300 nm; i.e., for these
dimensions, the pinned and unpinned regions reverse
within a few Oersteds of each other.

In the samples that show two-step reversal, we expect the
magnetization at the plateau to be simply related to the ratio
of s and w. For example, in Fig. 2(c), the geometry of the
sample (w = 200 nm, s = 300 nm) suggests the first step of
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FIG. 2. (a) Experimental phase diagram of the switching
behavior. (b) An example of one-step switching, for
s =w = 120 nm. Example loops for two-step switching:
(¢) s =300 nm, w =200 nm; (d) s =400 nm, w = 300 nm;
(e) s = 500 nm, w = 300 nm.

the descending branch of the hysteresis loop will correspond
to 0.6 of the total change in magnetization. However, the
measured step height is 0.67; i.e. the effective width of the
pinned region is 167 nm. This effective width is consistent
with part of the pinned region, in this case 17 nm, reversing
with the unpinned region due to exchange coupling in the
NiFe film. Samples with other dimensions show similar
results with the effective width of the unpinned region given
by the nominal width plus 15 nm £+ 2 nm.

Figure 3 shows the trends in coercivity and exchange
bias with pattern dimensions. The coercivity of two-step
loops is defined as the field at which the unpinned region
magnetization reverses, measured halfway up the step. The
coercivity increases from 60 to 150 Oe as s decreases, but
there is no systematic variation with w. The coercivity of
unpatterned NiFe/IrMn samples varies from 100 to 170 Oe.

The exchange bias is 25-70 Oe. As a comparison,
unpatterned NiFe/IrMn bilayer films show exchange bias
of 80-120 Oe. A reduction of exchange bias in patterned
structures compared to continuous bilayers is consistent
with other studies [26,27]. The exchange bias increases
slowly with s. It shows little variation for 100 nm < w <
350 nm but is larger for w = 500 nm. Prior work [3] shows
that a reduction of feature size can cause an increase,
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FIG. 3. Measured exchange bias and coercivity versus IrMn
stripe width w for four different values of s. For samples that
show two-step switching, the coercivity is for the unpinned
region.

decrease, or no change in the exchange bias. The magnitude
of the exchange bias has been associated with the AFM
domain size [27], which is limited by the size of the features
in patterned samples. In our system, the 10-nm-thick [rMn
is expected to have a domain size of approximately 320 nm
[27], wider than the narrowest values of w, suggesting that
exchange bias will increase with decreasing w. On the other
hand, features with narrower w are more vulnerable to
thermal instability of the moments near the edges of the
structures [11].

To interpret the results, micromagnetic simulations are
performed with the magnetic field and the exchange bias of
100 Oe both parallel to the stripe length y, Fig. 4. The
schematic in Fig. 4(a) shows a unit cell used in the
simulation. Each data point in the modeled hysteresis
loops indicates the magnetization along y calculated after
initializing the moments to random directions then allowing
them to relax in the corresponding applied field. This
method is used to produce ground-state magnetization
configurations as a function of field. Calculations in which
the magnetic configuration is allowed to evolve as a
function of field without reinitializing at each field step
lead to very high switching fields due to the high symmetry
and the periodic boundary conditions, trapping metastable
configurations. This behavior is the case even when
notches, a field offset of 2°, or a spread in magnetic
anisotropy between cells is introduced.

Examples are shown in Figs. 4(b)-4(e) for several
combinations of w and s. For smaller dimensions, the
magnetization in the relaxed state is aligned along either 4y
or —y with high remanence [Fig. 4(b)], but for larger
dimensions, a limited range of fields produces a state in
which the magnetization of the pinned and unpinned
regions of the NiFe is antiparallel, and the net magnetiza-
tion takes an intermediate value [Figs. 4(c)-4(e)]. These
cases represent one-step and two-step reversal, respectively.
Figure 4(a) shows a phase diagram that summarizes the
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FIG. 4. (a) Phase diagram for switching behavior of the

patterned structure with both exchange bias and applied field
parallel to the stripe length. T indicates the phase boundary.
(b) An example of one-step switching, and [(c)—(e)] examples of
two-step switching. The dimensions correspond with the points
labeled (b)—(e) in the phase diagram. The numbers in the
hysteresis loop (c) refer to the micromagnetic images in Fig. 5.
(f) The values of w for s =200 nm at the transition 7 as a
function of exchange bias.

results as a function of s and w. The phase boundary
between one-step and two-step reversal is labeled 7 and
resembles the experimental results, Fig. 2(a). For two-step
reversal, the value of magnetization at the plateau is field-
dependent, showing that the width of the reversed region
does not simply correspond to the width of the unpinned
region but increases with increasing field.

The reversal process can be seen in more detail from the
micromagnetic configurations vs field. Figure 5 shows an
example from the descending branch loop of Fig. 4(c)
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(w =100 nm, s =200 nm) with positive magnetization
direction in red and negative in blue. The unpinned region,
as well as 14 nm width of the pinned region, reverse in
panel 2 at —5 Oe. This distance is about twice the exchange
length of NiFe (approximately 5.7 nm) [25]. Similar
behavior is seen for other model geometries exhibiting
two-step loops. As the reverse field increases to —55 Oe,
panel 3, the pinned region gradually reverses from the
edges and reduces in width, with reversal completed at
—60 Oe, panel 4. In contrast, complementary behavior is
seen in simulations with w > s [Fig. 4(d)] (w = 200 nm,
s = 100 nm). At the switching field of —45 Oe, only the
center part of the unpinned region switches. Increasing
negative fields lead to a gradual expansion of the reversed
region and reversal is complete at —100 Oe.

The pinning is simply modeled as a region subject to a
different effective field. During the reversal, exchange
coupling causes part of the narrower region to switch with
the wider region. In the case of w = s, increasing the
negative field first reverses the center of the unpinned
region which expands into the pinned region as the field
increases, and the midpoint of the plateau corresponds to
zero net magnetization [Figs. 4(b) and 4(e)].

In contrast, for combinations of s and w within boundary
T, both pinned and unpinned regions reverse together
without the formation of 180° walls. As the exchange bias
in the model decreases, 7| moves to larger values of w and
s. Figure 4(f) shows the change in T with exchange bias.
For example, when s = 200 nm, 7' occurs at w = 100 nm
for 100-Oe exchange bias and at w = 150 nm for 40-Oe
exchange bias.

100 nm 200 nm
I — |

IrMn
+
NiFe

&
R

NiFe

Field and EB T
direction

FIG.5. ooMMF micromagnetic images under fields correspond-
ing to Fig. 3(c), for s = 200 nm, w = 100 nm. Panels 1, 2, 3, 4
depict the equilibrium configuration at 0, —5, —55, and —60 Oe,
respectively.

The model, therefore, shows that one-step switching is
promoted at lower stripe dimensions both by the increased
energetic cost per unit area of forming the 180° domain
walls and by the reduction in exchange bias in structures
with lower dimensions. The agreement with the experiment
is quite good considering the simplifications of the model,
which include zero temperature, periodic boundary con-
ditions in only one direction, and the treatment of exchange
bias as a fixed Zeeman field in the film. More realistic
treatment of exchange bias, such as modeling the AF as a
fraction of pinned and rotatable magnetic cells representing
uncompensated moments [28], may produce better quanti-
tative agreement with the experimental observations.

B. Exchange bias perpendicular to grating

When the field cooling and applied field are in plane,
perpendicular to the stripe length, two-step switching is
observed in samples with larger w and s, summarized in the
phase diagram in Fig. 6(a). The boundary 7', between one-
step and two-step switching regimes occurs at higher w and
s compared with 7'} described above for samples with
exchange bias parallel to the lines. Moreover, the measured
exchange bias in the two-step loops is 20 to 35 Oe, lower
than for the parallel case (25 to 50 Oe). This result differs
from a study of wider stripes [19], which observed no two-
step switching, even up to 20- um periodicity.

(a) 600 T T T T T T T T
c
so0 | T2 ( )® = i
400 | ° ® u s
L L}
— 300 | ° ® 4
| . :
«» 200 | ° .
- L
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" 800F (b) | i (o)
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2 400¢ [/ ] f ’
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Applied field (Oe)
FIG. 6. (a) Experimental phase diagram of the switching

behavior in the samples exchange biased and measured
perpendicular to the wire length. (b) An example loop for
one-step switching. (¢) An example loop for two-step switching.
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The simulations, however, predict one-step switching for
all combinations of w and s tested in the range of 100 to
500 nm [Fig. 7(a)]. This result is obtained for hysteresis
loops calculated with no offset or with a 1° offset between
the applied field and the direction transverse to the lines in
order to break the symmetry of the simulation and also for
relaxation from a random magnetization state. Images of
the equilibrium magnetic configuration are shown at fields
of —170 and —180 Oe, just below and just above the
switching field [Figs. 7(c) and 7(d)], as well as a dynamic
intermediate state calculated from the state at Fig. 7(c) by

@ 500
400
30 - - ©
200
100

s(nm)

0 200 400 600
w (nm)

(b)

YIo@r

‘ 5 =300 nm
(d) | w=300nm

-1 .

-400 -200 0 200 400
Applied field (Oe)

— |

- T

FIG. 7. (a) Phase diagram for switching behavior of the
patterned structure with exchange bias in plane along x,
perpendicular to the wire length. All the modeled dimensions
result in one-step switching. (b) Example of a loop showing one-
step switching. Magnetic configurations are shown at 170 Oe
before the switch (c), and at 180 Oe after the switch (d), along
with an intermediate state calculated dynamically by applying a
field of 180 Oe to (c). The figures represent 600 nm width.

applying a field of —180 Oe with damping parameter
a = 0.01. The switching proceeds incoherently with the
unpinned region reversing first, producing a head-to-head
180° domain wall.

A larger simulation with an increased exchange bias of
1000 Oe and s = w = 2000 nm produces two-step switch-
ing, which shows that for sufficiently large exchange bias
and wire widths, two-step switching can take place.
However, for the smaller dimensions and lower exchange
bias in Fig. 7(a), the energetic cost of the head-to-head 180°
domain walls, which have greater stray field and greater
width than the walls formed when the exchange bias and
field are parallel to the stripes, preclude two-step reversal in
the model.

In comparison, 30-nm NiFe patterned with (2-20)-um
IrMn stripes [18] shows only single-step reversal for
exchange bias and field perpendicular to the stripes. The
lack of two-step switching is attributed to the interstripe
extension of domain walls and overlapping tails of the Néel
walls. Furthermore, the greater thickness of the NiFe (and,
hence, the domain-wall size) and the modest exchange-bias
values (a few oersteds) will promote single-step switching
behavior at much larger stripe dimensions.

IV. SUMMARY

Local exchange bias is obtained in continuous 10-nm-
thick NiFe films overlaid with arrays of 10-nm-thick IrMn
stripes. The samples are fabricated using interference
lithography combined with an etch and sputter deposition
process to yield stripe widths of 100-500 nm and periods of
240-1000 nm. The magnetic switching behavior is mapped
out as a function of dimensions both experimentally and by
micromagnetic modeling. In the patterned samples, at low
wire widths and spacings, the pinned and free regions
switch together, but as the width and spacing of the wires
increases, the pinned and unpinned regions reverse at
different fields giving a two-step loop. Micromagnetic
modeling provides insight into the reversal process, repro-
ducing the change in reversal process with stripe width for
exchange bias and field parallel to the stripes. However, the
simulations predict single-step reversal for exchange bias
and field perpendicular to the stripes unless the exchange
bias and period are large, which disagrees with the
experiments.

Although the fabrication method and magnetic proper-
ties are demonstrated for a continuous film of NiFe, these
results can be extended to structures in which the FM layer
is also patterned, such as magnetic memory devices
consisting of magnetic wires with AF pads at the ends
[13] or to exchange-biased materials with perpendicular
anisotropy. These results demonstrate the effect of pattern
dimensions on the magnetic properties and reversal mech-
anisms of locally-exchange-biased thin films.
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