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Abstract

Unusually large magnetization loops shifts along the field axis, of the same order as those observed in the
archetypical exchange biased system Co/CoQO, have been measured in a Co/MnO thin film made using reactive ion
beam assisted deposition. These large loop shifts are unexpected for a system with an antiferromagnetic anisotropy that
is two orders of magnitude less than that of CoO. This magnetic behavior is attributed to the nanoscale nature of the
crystallites that constitute the film, where the surface area to volume ratio is large enough so that a sizable surface
magnetic contribution provides the necessary antiferromagnet to ferromagnet coupling for the large measured exchange

bias.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Exchange coupling between the common inter-
face of a ferromagnet and antiferromagnet leads to
unidirectional anisotropy, commonly observed as
a loop shift (Hg) of the magnetization curve away
from the zero field axis. This loop shift is believed
to stem from order in the antiferromagnet being
established in the presence of the ferromagnet. The
antiferromagnet is weakly coupled to external
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fields so that its magnetization retains its direction
even when the ferromagnet’s magnetization is later
rotated. The torque at the interface results in the
loop shift, referred to as exchange bias [1-3].
Thin films of MnO nanocrystallites dispersed in
nanocrystalline Co were deposited using the
unique sample preparation technique of reactive
ion beam assisted deposition (RIBAD) [4] from a
target of nominal composition CogsMn4. RIBAD
uses a focused Ar ion beam from a deposition
source to sputter metal atoms from a target onto a
substrate surface while simultaneously a second
ion beam from an assist source produces a
controlled O,/Ar mix beam. The sputtered metal
becomes supersaturated with oxygen resulting in
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the precipitation of the oxide phase via nucleation
and diffusion. By controlling the O,/Ar mix, the Mn
can be oxidized in preference to the Co [5].
Magnetometry studies indicate that unusually large
loop shifts occur in this system (similar to those
observed in the archetypical exchange biased system
Co/Co0) for films deposited with an assist beam mix
ratio greater then 5% O,/Ar as shown in Fig. 1.
Typically, the interface coupling responsible for
exchange bias is observed in systems where the
ferromagnet’s Curie temperature (7¢) is greater then
the antiferromagnet’s Néel temperature (7n). Ex-
change bias occurs when the material is field-cooled
from above Ty to a temperature (called the blocking
temperature, 7g) where thermal effects no longer
dominate over exchange effects, resulting in a shift,
Hg >0, of the hystersis loop. Simple intuitive
models, as well as more sophisticated theories,
indicate the magnitude of Hg tracks with the size
of the antiferromagnetic magnetocrystalline aniso-
tropy, Kap, such that Hg = M]%IF\/(JAFKAF)/('Z
where Mg and t¢ are the ferromagnet’s saturation
magnetization and thickness, Jar the antiferromag-
net’s exchange constant, and « its lattice parameter

2.0

1.5

1.0

M (emu) (107%)

Field shift (Oe) (10°)

0.0 === : !
24f .

1.6 o 1

0.8 a -

3
H, (0e) (107)

0.0

0 80 160 240

Temperature (K)

Fig. 1. Field shift and coercivity (H.) as a function of
temperature for the CogsMnyg + 6%0;/Ar film (O) and the
CoygsMny + 2%0,/Ar film (A). Inset shows typical magnetiza-
tion loops for the CogsMny + 6%0;/Ar film at 200K ([J) and
SK (D).

[2,3,6-8]. This expression reflects the measured trend
of increasing Hg with decreasing ferromagnet layer
thickness or crystallite size [3], although the linear
dependence of Hg on the antiferromagnet thickness
is not directly accounted for. Exchange bias theory,
however, correctly predicts a linear dependence of
Hg with temperature [2,8].

The large Hg values in the Co/MnO system are
counterintuitive when we consider that the large
HE values in Co/CoO systems have been attributed
to the high antiferromagnetic anisotropy com-
pared with other exchange biased systems [2,3].
However, it is clear from comparing the magne-
tocrystalline  anisotropy of CoO  [9,10,2]
(Kapm = 6 — 2 x 105 erg/cm®) to that of MnO
[11] (Kapm = 6 x 10% erg/cm’) that the large He
values we measure are inconsistent with the idea
that Hg simply tracks with Kapy. Furthermore,
for %0, /Ar mix ratios x > 5, Hg no longer exhibits
a linear dependence with temperature (Fig. 1), and
Tg > Tn. These remarkable results appear to be
due in part to the unique geometry of these thin-
film systems, i.e. nanometer sized antiferromag-
netic crystallites embedded in a matrix of nan-
ometer sized ferromagnetic crystallites, that is in
contrast to the usual planer interface of layered
systems. Additionally, a marked decrease in MnO
crystallite size with x > 5 results in an increase in
the ratio of surface area to volume and a
concomitant increase in the number of uncompen-
sated interfacial spins [2,12], providing the large
number of antiferromagnet to ferromagnet cou-
plings necessary for the large observed Hg.

2. Experimental methods

The RIBAD system [13] used two ion sources
and gas lines for mixing of the process gases (Ar
and O,) with a backside water-cooled target of
150 mm diameter, 6 mm thick Co (99.999% pure)
that had an array of 6 mm diameter Mn pellets
made by sintering commercial 300 mesh Mn
powder (99.99%) in a 4% H/Ar gas mix. The area
ratios were set so that a nominal composition of
CogsMny resulted. After an initial pump-down to
~107° Pa, all films were deposited on backside
water-cooled single crystal Si substrates that were
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Fig. 2. Left: ZFC () and FC (A) magnetization (M) vs. temperature for the CogsMny + 2%0,/Ar film (bottom pannel) and 6%
O,/Ar film. Right: yc versus temperature data for the 2% O/Ar film (bottom panel) and 6% O,/Ar film (top pannel).

sputter cleaned and rotated during deposition at a
30° tilt with respect to the target. With the
deposition chamber at ~10~! Pa, a bias voltage
of 700eV and drive current of 200mA were
used for the ion sources. Samples of approximately
5 x 5mm? pieces of film with a 50nm average
thickness, determined with an o-step surface
profiler, were examined using a commercial
SQUID magnetometer. Magnetization data were
collected in fields up to 50kOe, and AC suscept-
ibility (yac) data were collected in 10, 100 and
1000 Hz oscillating fields of 3.50e. Cu K, X-ray
diffraction (XRD) was used to characterize sample
phase composition and crystallite sizes. Transmis-
sion electron microscopy (TEM) and -electron
energy loss spectroscopy (EELS) were performed
on films deposited on TEM grids positioned next
to substrates during film deposition. Auger elec-
tron spectroscopy (AES) was used to confirm
elemental composition and depth profiling the
films. We describe results on films deposited with
assist beam mix O;/Ar ratios of x = 2 and 6%.

3. Results and discussion

Typical magnetization curves for the
CogsMny + 6%0,/Ar film as well as the coercivity

(Hc) and field shift as a function of temperature
for both Cog¢Mny +2%0O;,/Ar and 6%0;/Ar films
are shown in Fig. 2. The samples were zero field-
cooled from 300K to the measuring temperature.
Examining the loop-shift values for the
CogsMny + 2%0,/Ar (x = 2) film, we measure
the expected Hg values considering the low Kapm
of MnO. Hg >0 at temperatures below 100K,
consistent with a Tg ~90 K that is marked by the
temperature where the zero field-cooled (ZFC) and
field-cooled (FC) magnetization separate with
decreasing temperature [12,14], shown in Fig. 2.
A T~ 150K for the MnO is indicated by the y,c
measurements (Fig. 2). XRD and TEM electron
diffraction data indicate the film is composed of
both FCC and HCP Co and MnO, with no
evidence of CoO or CoMnO compounds in the
bulk of the film. Measured L3;/L, ionization edge
area ratios from the EELS data of 2.67+0.29 and
3.4140.30 are also consistent with Co and MnO,
respectively [15,16]. AES data indicates a CoO
oxide layer on the surface of the film that is 2-5nm
thick, in good agreement with the expected passive
oxide layer of Co [17] and is also seen in the y,c
data of Fig. 2 (x = 2) where Ty ~290 K. Scherrer
analysis of the XRD peaks indicate Co crystallite
sizes of 12.3+ 1.3 nm and MnO crystallite sizes of
14.8+ 1.1 nm, in agreement with TEM images.
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On the other hand, the CogsMny + 6%0O,/Ar
(x = 6) film marks Hg >0 below 200K. A Tg of
around 200 K is denoted by the separation point of
the ZFC and FC 1000e magnetization data
(Fig. 2). Additional evidence that this marks a
blocking temperature rather then a magnetic
transition temperature (e.g. 7n) is denoted by the
shift of the ZFC/FC separation temperature with
increasing bias field, shown in Fig. 2, consistent
with the blocking temperature behavior of nano-
crystallite and single-domain particles [12].
Further confirmation of blocking behavior about
this temperature range is given by the frequency
dependence of the temperature when a slope
change occurs in the y,c data shown in Fig. 2
around 200K, in contrast to the frequency
independent changes marking 7. Likewise, simi-
lar to the x =2 film, a Ty~ 150K of the MnO is
indicated in the y,- data of the x =6 film in
Fig. 2. XRD and TEM electron diffraction data
indicate the film is composed of both fcc and hep
Co and MnO. Measured L;/L, ionization edge
area ratios from the EELS data of 2.8040.23 and
3.6040.27, also consistent with Co and MnO,
respectively [2-5]. AES data indicates a CoO oxide
layer on the surface of the film that is 2-5nm
thick, similar to the x =2 film. XRD Scherrer
analysis and TEM images (Fig.3) indicate Co
crystallite sizes of 6.1 +0.5 nm and MnO crystallite
sizes of 7.7+0.5nm. Fig. 4 shows the saturation
magnetization (M) as a function of temperature
for the x = 6 film. The fitted solid line is in good
agreement with M (T) of Co, and the amounts of
Co and Mn calculated from M (300K) are in
accord with the AES data and target configura-
tion. The increase of M at temperature below
~100K signifies a large surface magnetic con-
tribution from the crystallites [12,18].

To understand the differences between the two
films, we see that for the CogsMny + 2%0,/Ar film
the usual situation for an exchange biased material
exists [2,3]. That is, T (~90 K) is lower then Ty
(~150K) of the MnO (Fig. 2) and Hg > 0 below
T. Since the magnetic coherence length goes as
1/(T — Tc)" where n~1 [19], and Tc = 1388K
[20], at the temperatures where Hg >0 the
assumption that the crystallite size is representa-
tive of the depth to which magnetic coupling can

Fig. 3. Typical TEM brightfield image of CogsMny + 6%0,
film at 40 kX.
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Fig. 4. Saturation magnetization (M) versus temperature for
the CogsMny + 6%0;/Ar film (Hpax = 30 kOe). Inset shows the
normalized M and H, as a function of T'/Tx.

occur seems reasonable. For a rough estimate
(as the film geometry is not planer), if we take the
Co crystallite size to be representative of the
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ferromagnet thickness, and using published values
of Jar [21], Kar [11] and M at 5K (Fig. 4) [20],
we find that Hg~80 Oe, in good agreement with
Hg(5K) = 95+4 Oe. The situation is very differ-
ent for the CoggMny + 6%0;/Ar film, T is higher
than Tn (Fig. 2), unusual for an exchange biased
material. Furthermore, using the same mean-field
argument for the magnetic coherence length, and
confirming this argument with an estimation of the
MnO nanocrystallite density from M (300 K) that
substantiates the approximation that the Co
nanocrystallite size can represent the ferromagnet
thickness, we find Hg~1300e at 5K, in stark
contrast to the measured Hg = 1992+ 18 Oe.

Clear evidence of the much stronger exchange
bias in the CogsMny + 6%0;,/Ar (x =6) film
compared to that of the CogsMny + 2%0,/Ar
(x = 2) film is shown by the temperature depen-
dence of the magnetization (Fig. 2). For the x = 2
film, field cooling (FC) in a 500 Oe field is enough
to substantially change the low temperature M(T)
compared to the ZFC M(T), until enough thermal
energy is present to overcome the unidirectional
exchange anisotropy, marking 7. For the x =6
film, due to the much stronger unidirectional
exchange anisotropy [14], the perturbative fields
have small effect (compared to the x = 2 film) on
the low-temperature ZFC and FC results, as
shown by M(T) remaining basically unchanged
up to ~100 K.

Initially, one might suppose that the large Hg
values observed in the x = 6 film is due to the
passive CoO layer on the surface of the film since
CoO has a sufficiently high Kapym to account for
Hg(T). However, both films have the same
thickness of surface CoO according to the AES
depth profiling results, yet the x = 2 film does not
exhibit anomalously high Hg values. Moreover,
the EELS data, which is exquisitely sensitive to
differences in ionization edge energies and pro-
vides a measure of the oxidation state of the Co in
the whole film, shows the same Co L;/L, edge
ratios between the x = 2 and x = 6 films, indicat-
ing that the nature of the Co oxide is the same in
both films. This consistent Co L3/L, edge ratio
between the two films is strong evidence that the
x = 6 film has not formed other Co mixtures such
as CoMnO relative to the x =2 film that could

explain the anomalous Hg values. Furthermore,
XRD data only shows evidence of Co and MnO in
both x =2 and x =6 films, and the y,c data
shows the same Ty for the MnO and surface CoO
in both x=2 and x =6 films. If there was a
significant difference in the phase compositions
between the two films, 7y would be different, and
it is not (Fig. 2).

The nanoscale nature of the Co and MnO
crystallites is the likely cause for the exceptional
magnetic behavior of the x = 6 film. For exchange
biased materials with antiferromagnetic compo-
nents smaller then ~ 10 nm [22], the size regime of
the MnO nanocrystallites in the x=6 film,
enhanced 7N has been observed, corresponding
the elevated TN~ 150K (compared to the bulk
Tn~120K [20]) of the MnO component, and is
attributed to proximity effects from the ferro-
magnet component [22]. Also, an enhanced Ty has
been seen in neutron diffraction studies of 7nm
MnO nanocrystallites where finite size effects
cause collective spin freezing at the surface from
competition between the exchange and anisotropy
energies [23].

It is clear that the decrease in the average Co
and MnO nanocrystallite size from the x =2 to
x = 6 film is responsible for the drastic change in
magnetic exchange properties. The much stronger
exchange coupling in the x = 6 film is mirrored in
the Hg(T) results shown in Fig. 1. While Hg(T) is
linear for the x = 2 film, standard exchange bias
behavior [2], Hg(T) is exponential for the x =6
film (solid line in the Hg(T) plot of Fig. 1 is a fit to
an exponential) and around 20 times larger at low
temperatures than in the x =2 system . This
Arrhenius-type behavior would indicate tempera-
ture-dependent moment fluctuations are driving
the exchange coupling. Although Hg is known to
increase with decreasing ferromagnet component
thickness [2], in general Hg also decreases with
decreasing antiferromagnet component thickness
[2,3]. Since both components crystallite sizes
decreased, presumably these effects were nullified.
Nevertheless, if we examine the surface area to
volume ratios of the MnO nanocrystallites (ap-
proximately 0.4nm~! for the x =2 film and
0.75nm™! for the x = 6 film), for the x = 6 film
(with large Hg(T)) there should be a greater
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number of uncompensated interfacial spins [2].
Since the magnetic sublattices that constitute the
antiferromagnetic crystallites cannot be exactly
compensated due to the small size [12], this large
number of interfacial spins allows stronger ex-
change bias. Basically, a large part of the magnet-
ism in the film seems to be from surface
contributions, where more ferromagnet to anti-
ferromagnet coupling is possible with the increase
of uncompensated surface spins. This is supported
by the Tg > T for the x = 6 film where the large
number of surface interfacial spins, with decreas-
ing temperature, begin to freeze at around
~200 K, and start to couple to the ferromagnetic
component that results in weak exchange bias
(denoted by the small Hg starting at 200K in
Fig. 1). As the film cools, more spins freeze and
couple, resulting in stronger unidirectional aniso-
tropy as shown by the strong increase of Hg(T).
With larger nanocrystallite sizes, the x =2 film
posses a smaller number of surface spins, resulting
in a smaller Hg that agrees with theory.

This increased surface spin contribution in the
x = 6 film is also marked by the exponential-like
increase of My(T) at temperatures below ~ 100K
(Fig. 4) [18]. The normalized M (T) for the MnO
nanocrystallites as a function of reduced tempera-
ture (7/Tn—150 ) is shown in the inset of Fig. 4.'
The magnetization versus temperature behavior in
Fig. 4 is in good qualitative agreement with Monte
Carlo simulations of uncompensated spins in
antiferromagnetic nanoparticles with a z-axis core
anisotropy and small radial surface anisotropy
[24]. Additionally, the coercive field versus tem-
perature behavior of the x = 6 film (shown in the
inset of Fig. 4) is in good agreement with similar
Monte Carlo simulations of exchange biased
nanocrystallites with a small number of core spins
and attendant large number of surface spins [25].

Subtracting the Co M(T) values with a linear fit
to the higher-temperature data where only Co is
magnetized (the fitted line shows the expected

" M(T) of the MnO component was calculated by subtract-
ing the extrapolated Co M(T') using a least-squared fit to high-
temperature data where only Co is magnetized, from the
measured M(T) in Fig. 4. The fitted line shows the expected
~4% increase between M (300K) to M (5K) for Co [20].

~4% increase between M (300 K) to M (5 K) for
Co [20]), the resulting normalized My(T) for the
MnO nanocrystallites as a function of reduced
temperature (7'/Tn=1s50 k) is shown in the inset of
Fig. 4. The magnetization versus temperature
behavior in Fig. 4 is in good qualitative agreement
with Monte Carlo simulations of uncompensated
spins in antiferromagnetic nanoparticles with a z-
axis core anisotropy and small radial surface
anisotropy [24]. Additionally, the coercive field
versus temperature behavior of the x =6 film
(shown in the inset of Fig. 4) is in good agreement
with similar Monte Carlo simulations of exchange
biased nanocrystallites with a small number of
core spins and attendant large number of surface
spins [25].

In summary, a thin film dispersion of MnO
nanocrystallites in Co demonstrate unusually large
loop shifts when the component’s crystallite size
results in a large surface to area ratio with the
consequence of a large surface magnetic contribu-
tion. This system is unique since it does not agree
with the established trend of large Hg correspond-
ing to large Kapym. In this system, at low
temperature, measured Hg is comparable to Co/
CoO systems [3] that have a Kapv that is two
orders of magnitude larger [9,2] then the present
system [11].
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