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Exchange bias and its thermal stability in ferromagnetic/antiferromagnetic

antidot arrays
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The exchange bias (EB) effect and its thermal stability in nanoscale Co/NiO antidot arrays and
sheet films have been investigated. The EB field Hf increases with increasing Co thickness (z¢,)
and reaches a maximum at 7, = 8 nm in the antidot arrays, whereas H decreases with 7., in the
sheet films. Compared with the sheet films, Hr in the antidot arrays is either enhanced or
decreased, depending on the thickness of the ferromagnetic Co layer, which is due to the
three-dimensional effects in the antiferromagnetic NiO and ferromagnetic Co layers caused by the
nanopores. A higher thermal stability is observed in the antidot arrays due to the out-of-plane
anisotropy constant K; of the misaligned antiferromagnetic magnetization component. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4733341]

The exchange bias (EB) effect, originating from the
interfacial coupling between ferromagnetic (FM) and antifer-
romagnetic (AFM) bilayers, has attracted considerable inter-
est.! As the dimensions of nanostructured magnetic materials
become comparable to their characteristic length scales (e.g.,
domain-wall width, exchange length), their magnetic proper-
ties will be different from sheet films.>> Recently, there has
been considerable interest in the EB effect of patterned mag-
netic nanostructures, because of the many applications in
high-density magnetic recording, magnetic sensors, and
magnetic random access memories.* Various routes, such
as electron-beam lithography,® block copolymer templates,’
and nanoporous ZrO, membranes,8 have been used to fabri-
cate patterned magnetic nanostructures. Among the various
nanofabrication methods, an easy and low-cost way is to de-
posit magnetic materials onto porous anodic aluminum oxide
(AAO) templates. It has been reported that for antidot arrays,
which consist of an array of pores in the sheet EB films, the
coercivity field H and the EB field H are enhanced.” How-
ever, also the opposite has been reported. It has been found
that in CoFe/IrMn EB nanostructure, Hy can be either
enhanced due to the pinning of AFM spins or suppressed
because of the misalignment of AFM and FM spins at the
edge of the pores, depending on the pore density.'® In Co/
CoO EB antidot arrays, a three-dimensional magnetization
profile and multi-axes EB have been found due to the locally
crescent shape of the Co films."!

In this work, we investigate influence of FM layer thick-
ness and thermal-activation effects on EB phenomenon in
Co/NiO antidot arrays and sheet films. It is found that the EB
field Hy in the Co/NiO antidot arrays can be either larger or
smaller than in the sheet films, depending on the FM thick-
ness. In addition, the blocking temperature of the antidot
arrays is higher than that of the sheet films. These results can
be explained by an anisotropy distribution in the FM/AFM
layer that has been modified by the membranes. This also
explains the controversial previous reports on enhanced vs
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decreased EB field and on the thermal stability of patterned
nanostructures.

AAO templates with pore depth of 30 um, Si(001), and
Al,053(0001) were used as substrates. Nanoporous AAO
templates were made by anodizing high-purity aluminum
foils in a two-step anodization process in a sulfuric acid solu-
tion."”>  Ag(10 nm)/Co(z¢,)/NiO(5 nm)/Ag(5nm)  antidot
arrays on AAO templates and the corresponding sheet films
on Si and Al,O; substrates were prepared by means of using
DC and RF magnetron sputtering of Ag, Co, NiO targets
with 99.99% purity.13 The base pressure was better than
3x 107" Torr and the Ar pressure during deposition was
4 % 107> Torr. The morphological characterization was car-
ried out with high-resolution scanning electron microscopy
(SEM) and Tecnai G* F20 transmission electron microscopy
(TEM). The magnetic properties were measured at different
temperatures after field cooling (FC) from 300K in a field of
5kOe in a superconducting quantum interference device
(SQUID) magnetometer.

A SEM image of Ag(10nm)/Co(8 nm)/NiO(5nm)/
Ag(5nm) antidot arrays is shown in Fig. 1(a). The pore di-
ameter is about 40 nm and the edge-to-edge spacing about
50 nm. Due to the high aspect ratio (pore depth/diameter), a
sawtooth shape of the films is found. The cross-sectional
TEM image in the inset of Fig. 1(a) shows that the materials
are mainly on the top and the inner wall of the templates,
and no materials reach the bottom of the pores. Figure 1(b)
presents a three-dimensional sketch of the films deposited on
top of the AAO templates. The direction of the FM and
AFM moments at the edge and at the inner wall of the nano-
pores deviates from the in-plane direction.

The in-plane hysteresis loops at 10K of Ag(10nm)/
Co(tc,)/NiO(5 nm)/Ag(5nm) EB antidot arrays and sheet
films on Si with 7-,=2, 3, 5, 8, 12, 15nm after FC are
shown in Fig. 2. All hysteresis loops display a shift along the
magnetic-field axis. The magnetization curves of the sheet
films with ¢, <5nm reveal an asymmetric hysteresis loops
and large loop shift. A small shoulder appears in the de-
scending branch of the magnetization curves of the sheet
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AAO

FIG. 1. (a) SEM image of Ag(10nm)/Co(8 nm)/NiO(5 nm)/Ag(5nm) anti-
dot arrays. Inset: cross-sectional TEM image of the antidot arrays. (b)
Three-dimensional sketch of the antidot arrays, the arrows indicate the mag-
netization direction of magnetic films at remanence.

films with #-, < 5nm, which may origin from the asymmet-
ric magnetization reversal mechanism or reversal of a partly
unbiased Co layer. For -, = 1.5nm, a small coercivity field
Hc of 0.32kOe and EB field Hg of 0.15kOe are observed in
the antidot arrays. As shown in the inset in Fig. 2(a), irre-
versible magnetization hysteresis loop can be seen in the thin
antidot arrays. As shown in Fig. 2(b)), a small loop shift and
a two-step magnetization reversal process are observed in
the antidot arrays with 7, =3 nm, which suggests a three-
dimensional magnetization effects in the antidot arrays.
Since no materials are found at the bottom of the pores, the
formation of vortex state at the bottom of the pores is
excluded. The hysteresis loops of the films with antidot
arrays are canted and more asymmetric than the loops of the
sheet films, which is another indication of three-dimensional
magnetization effects in the films, similar to Cu/Co/Cu tri-
layers deposited on nanoporous alumina membranes."'
Moreover, the entrance of the pores may be filled in the anti-
dot arrays with the thickest Co layer, which may also cause
the similar hysteresis loops in antidot arrays and the sheet
films with thick Co layer. Magnetic moments along the inner
wall of the nanopores are aligned perpendicularly to the film
plane, whereas the moments between the nanopores are
aligned within the film plane, as sketched in Fig. 1(b).
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FIG. 2. (a)-(f) In-plane hysteresis loops of Ag(10nm)/Co(tc,)/NiO(5nm)/
Ag(5nm) antidot arrays on AAO (solid squares) and sheet films on Si (open
circles) with 71, =1.5, 3, 5, 8, 12, 15nm. Inset in (a): the enlarged view of
hysteresis loop of antidot arrays with ¢, = 1.5nm. The two additional hys-
teresis loops in (d): out-of-plane hysteresis loops of antidot arrays (half-filled
circle) and of sheet films on Si (open triangle).

The antidot arrays and the sheet films exhibit an interest-
ing variation of Hc and Hp with ¢, (Fig. 3). For the sheet
films, H- and Hg decrease with ¢.,, which is characteristic
for EB sheet bilayers and thus suggests a mainly interfacial
character of the FM-AFM coupling in the sheet films.'* The
substrates may affect Ag underlayer’s texture slightly and
modify the anisotropy of the magnetic layers, which may
induce the differences between the amplitudes of H- and Hy
for the sheet films on Si and Al,O3; substrates with
tco < 5nm, whereas the effect is small for the sheet films on
Si and Al,O; substrates with thick 7¢,. The larger H¢ of the
antidot arrays with 7., > 5 nm compared with sheet films can
be attributed to domain-wall pinning in the vicinity of the
nanopores. The pinning centers, introduced by the presence
of the nanopores, impede the domain-wall motion and
increase H¢ correspondingly, which has been confirmed by
experiments and micromagnetic simulation.'>'® The smaller
Hc of the antidot arrays with 7, < 5nm may be caused by
misaligned magnetic moments of the FM and AFM compo-
nents at the edge of the nanopores. With increasing Co thick-
ness, Hp of the antidot arrays increases, reaching a
maximum at f-,=8nm and then decreases with further
increasing f¢,. In addition, for ¢, > 5nm, Hy of the antidot
arrays is larger than Hy of the sheet films, which is attributed
to pinning in the antidot arrays.'” Similar behavior of Hy is

Downloaded 22 Sep 2012 to 210.72.130.85. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



012407-3 Gong et al.

4! —l— Antidot arrays on AAO

—(O— Sheet films on Si
— 4\ Sheet films on A1203
3
A
S
< 2r
\
=
==
1 1 L

O F g’g I g v NiO
N ,Y f\) < O Ag
I o
6 7 ‘lm\"ﬂ
= \ ‘.‘|‘J“\;‘|\\»'*'r‘»"‘* “‘)’v\'.“}ﬂ)ﬂ fi
@ O *qé v “”'”*‘*““f"“\*"\"‘f'ﬁ'va'ﬂe!‘w‘”“,‘f»"ﬁ;w“e'*‘vﬁ""“*
2400
N’
- n2 20
5| - <OEGE
Y, (b)

t., (nm)

FIG. 3. Variation of Hg (a), Hc (b) with the Co thickness #c, of antidot
arrays on AAO (solid squares), of sheet films on Si and Al,O5 (open circles
and triangles, respectively). Inset: XRD patterns of Ag(10nm)/Co(8 nm)/
NiO(5 nm)/Ag(5 nm) antidot arrays (I) and sheet films on Si (II).

observed in the sheet films on Si and on Al,O5 substrates,
which means that different substrates are irrelevant to the or-
igin of the different EB behaviors. The XRD results of the
inset in Fig. 3(b) show the NiO (111) texture is observed in
the antidot arrays and the sheet films. The spins of NiO show
ferromagnetic order within the (111) plane while adjacent
(111) planes are antiparallel aligned. Using values for the
exchange stiffness A;=1.6 x 107" erg/cm for the nearest
neighbors and A, =6.7 x 10" erg/cm for the next-nearest
neighbors, and using the magnetic-anisotropy constants
K, =2.9 x 10°erg/cm® perpendicular to the (111) plane and
K, =15x 10 erg/cm3 parallel to the (111) plane,'® the AF
domain-wall width parallel to the (111) plane can be
estimated to be J4r=m(A/K>)>=66nm. The small
nearest-neighbor exchange stiffness A; has been neglected in
the calculation of the domain-wall width. When the films are
deposited on the AAO templates, the nanopores reduce the
domain size of NiO, which results in a larger interface
exchange coupling. According to the random-field model,"”
the domain size is mainly determined by ferromagnetic

Appl. Phys. Lett. 101, 012407 (2012)

exchange interaction within the FM layer and the random
field acting on the FM layer due to interfacial exchange cou-
pling. In this static model, the exchange field is inversely
proportional to the AF domain size. In the antidot arrays, the
nanopores reduce the FM domain size more than in sheet
films and also increase the random field, which is essential
for an increased Hg. However, for the antidot arrays with
tco <5nm, Hg is smaller than for the sheet films, which is
attributed to the misalignment of FM and AFM spins at the
edge and wall of the nanopores. The Co/NiO layers aligned
along the inner wall in the antidot arrays have a perpendicu-
lar preferential orientation of magnetization. The slanter hys-
teresis loops for all antidot arrays and the step in the
hysteresis loop for 7-,=3nm are indications of a special
magnetization distribution in the antidot arrays. For both the
sheet films and the antidot arrays with #-, = 8 nm, the out-of-
plane EB field H is smaller than the in-plane EB field Hy
(Fig. 2). For small #¢,, more FM magnetic moments in the
antidot arrays deviate from the in-plane direction, causing
that Hy and H¢ of the antidot arrays are smaller than of the
sheet films.

To investigate the effects of thermal activation on the
EB of the antidot arrays and the sheet films, the temperature
dependence of Hj has been measured. Figure 4 shows the
variation of Hy and H. with temperature of the antidot arrays
and sheet films. Hy and H decrease with increasing temper-
ature because the thermal energy prevails over the exchange
coupling between the AFM and FM layers. Interestingly, the
blocking temperature (7}, the temperature where the EB field
completely disappears) of the antidot arrays is higher than of
the sheet films on Si and Al,Os, which indicates a larger
effect of thermal activation in the sheet films. It is clear from
the inset in Fig. 4 that the blocking temperature varies with
the pore diameter (d) and the higher blocking temperature is
observed in the antidot arrays compared with sheet films,

3 —{ 1+, —— Antidot arrays on AAO
—O—, —@— Sheet films on Si
o 2 —/\—, —#— Sheet films on A1,0,
o
=
N’
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FIG. 4. Temperature dependence of Hp and H- of Ag(10nm)/Co(8 nm)/
NiO(5 nm)/Ag(5 nm) antidot arrays with pore diameter of 40 nm (squares),
and sheet films on Si and Al,O; (circles and triangles). Inset: variation of 7},
with pore diameters d for Ag(10 nm)/Co(8 nm)/NiO(5 nm)/Ag(5 nm) antidot
arrays and for sheet films.
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and the largest blocking temperature enhancement appears in
the antidot arrays with d=40nm. In comparison with the
antidot arrays with smaller diameter of pores, the decrease of
quantity of the pores and ratio of materials on the wall/top of
AAO templates in the antidot arrays with d =128 nm may
reduce the contribution of the perpendicular magnetization
component, causing the decrease of 7). This effect of ther-
mal activation is more pronounced in the sheet films than in
the antidot arrays, which has rarely been reported. In Co/
CoO and [Co/Pd],,/CoO antidot arrays, there exists a crossing
temperature in the temperature dependence of Hy, leading to
temperature ranges in which Hy for the antidot arrays can be
either smaller or larger than in the sheet films.*?® This is
attributed to a strong competition between constraints
imposed on the AFM domain size by reduction of the lateral
dimensions of the antidot arrays, which favor an enhance-
ment of Hg, and thermal activation effects that favor a reduc-
tion of Hy in antidot arrays. However, Hy of the antidot
arrays of the present results is larger than that of the sheet
films at temperatures below the blocking temperature. The
perpendicular magnetization component of the FM/AFM
bilayers is attributed to the enhanced in-plane blocking tem-
perature of the antidot arrays. The FM/AFM magnetization
direction lies along the inner wall of the AAO, causing a per-
pendicular magnetization component. According to the
random-field model for FM/AFM systems, the domain wall
in the AFM layers plays an important role in the EB effect.
The competition between the interfacial exchange-coupling
energy and the AFM domain-wall energy breaks the AFM
layer into multidomains.'®*' According to the model, the EB
field Hg is related to the energy stored in the AFM domain
wall by Hf oc (AarKar)">. Assuming that A, is not depend-
ent on temperature and that KAF:KAF(O)(l-T/TN)2 for the
cubic anisotropy of the AF layers, the model gives Hp

o \/AarKar(0)(1 — T/Ty) for the temperature dependence

of Hp. Substituting T}, for Ty results in Hg o< \/AxrKar(0)
(1 —T/Tp). Taking into account both the out-of-plane and
the in-plane anisotropy, the NiO domain-wall energy can be
expressed by'® g4p=2v/A,rK] cos o+ 2/3v/2A,rK; cos 6,
where A, is the exchange stiffness, o the coherent angle out
of NiO(111) plane, f the coherent rotation angle from
the easy axis [121]within NiO(111) plane. The temperature
dependence of Hg can be expressed as Hp o C (1)(1

—1/1)"Y @1 —T/TP)y@ 2 where (11",7(1)) and
(T}()2>7 9(?)) are determined by the temperature dependence of
K, and K,, respectively, and C (U and C@ are constants. In
the sheet films, the NiO domain-wall energy is dominated by
the in-plane anisotropy constant K,, while the out-of-plane
anisotropy constant K; plays a minor role. The temperature
dependence of Hp is mainly controlled by the temperature
dependence of the in-plane anisotropy constant K,. However,
in antidot arrays, the out-of-plane anisotropy constant K;
plays a more important role due to the misaligned magnetic
moments at the edge and at the inner wall of the nanopores.
The much larger K, leads to a higher blocking temperature

Appl. Phys. Lett. 101, 012407 (2012)

T, in the antidot arrays than in the sheet films. The higher
blocking temperature in the antidot arrays, indicating an
excellent thermal stability of these nanostructures, is attrac-
tive for modern spintronics applications.

In conclusion, we have studied the EB effect in Co/NiO
antidot arrays and sheet films. The largest Hy of the antidot
arrays is observed at 7, =8 nm. Compared with the sheet
films, Hg of the antidot arrays can be enhanced or decreased
by varying the thickness of Co layer, which is due to the mis-
alignment of the FM and AFM layers at the edge and at the
inner wall of the nanopores. The antidot arrays have excel-
lent thermal stability for application in spintronics devices.
The obtained results explain the controversial reports in
literature’ ™" on the behavior of the EB field and its thermal
stability in patterned nanostructures.
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