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Abstract. Exchange-coupled wedged-permalloy (Py)/FeMn bilayers are studied by ferromagnetic reso-
nance (FMR) technique at room temperature. In comparison, Py single layer films were also made. For
Py single layer films and Py/FeMn bilayers, only one uniform resonance peak was observed at high mag-
netic fields, indicating no interfacial diffusion at the Py/FeMn and Py/Cu interfaces. Negative isotropic
in-plane resonance field does exist in Py /FeMn bilayers and its magnitude increases with decreasing Py layer
thickness. In order to explain above phenomena, interfacial perpendicular anisotropy must be considered si-
multaneously, in addition to irreversible rotation of spins in FeMn layers. This is because the perpendicular
resonance field of the bilayers is larger than that of Py single layer films.

PACS. 75.70.-i Magnetic properties of thin films, surfaces, and interfaces — 75.70.Cn Magnetic properties
of interfaces (multilayers, superlattices, heterostructures) — 76.50.+g Ferromagnetic, antiferromagnetic,
and ferrimagnetic resonances; spin-wave resonance — 75.30.Gw Magnetic anisotropy

1 Introduction

Ferromagnet /antiferromagnet (FM/AF) exchange biasing
has attracted much attention because of its importance in
both basic research and applications, such as giant mag-
netoresistance devices [1-3]. Several distinguished features
have been found for the exchange-biased FM/AF bilayers,
including the exchange field and the coercivity enhance-
ment, rotational hysteresis loss, asymmetrical magnetiza-
tion reversal process, and isotropic in-plane resonance field
shift Hiso [1,2,4,5]. First, after establishment of the ex-
change biasing, the hysteresis loop of the pinned FM layer
will be shifted away from the zero magnetic field with the
shift amount denoted as the exchange field Hg and the
coercivity is usually enhanced, in comparison with corre-
sponding free FM layer. The exchange field is inversely
proportional to the FM layer thickness tgy and the en-
hanced coercivity usually decreases with increasing tpy.
In this case, the FM layer has a unidirectional anisotropy.
Secondly, in magnetometer measurements, the magneti-
zation reversal process is different for the ascent and de-
scent branches, denoted as asymmetry of magnetization
reversal. Thirdly, in torque measurements, the angular de-
pendence of the torque displays an additional sin ¢y com-
ponent, where ¢y is the angle of the applied field and the
unidirectional anisotropy axis. Finally, in ferromagnetic
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resonance (FMR) measurements, the in-plane resonance
field Hyes of the pinned FM layer is shifted towards to
lower or higher magnetic fields, in comparison with corre-
sponding free FM layer. The shift in the average value of
the in-plane resonance field Higo is not equal to zero.

Although Higo has been observed in several groups, it
has not been understood very well [6,7,10-12]. Earlier the-
oretical work attributed Hiso to a surface perpendicular
anisotropy because it is inversely proportional to tgym [6,7].
Actually, a positive or negative interfacial perpendicular
anisotropy was found in permalloy (Py)/CoO multilay-
ers and Co/FeMn bilayers [8,9]. Therefore, the effective
demagnetization field 4r Mg in FM/AF bilayers might
be different from that of single layer films. For exam-
ple, if the interfacial perpendicular anisotropy is nega-
tive, the in-plane resonance field H,qs of bilayers is smaller
than that of single layer films and the perpendicular Hyeg
should be larger than that of single layer films. One can
find that Higo is negative. For Py/NiO bilayers, how-
ever, H,.s was found to be smaller than that of Py sin-
gle layer films in all orientations from Oy = 0 to 90 de-
grees, where 0y is the angle between the normal direction
and the external field. Higsp was interpreted as a result
of irreversible transitions of AF spins by Stiles et al. [10]
Another theoretical work argued that the irreversible ro-
tation of the AF spins produce nonuniform Higo [11].
A positive Higo has recently been observed in Py/FeMn
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bilayers and argued to arise from either specific geometry
of Py layer thickness or an interfacial diffusion [12].

As discussed above, the interfacial perpendicular
anisotropy at FM/AF might be of great influence on the
in-plane H,.s. Moreover, the g-factor should be taken
into account because it also has an effect on the in-
plane H,es. In order to clearly investigate the mechanism
of Hiso, Hyes of FM single layer films and FM/AF bilay-
ers should be measured at all orientations and the effects
of 4nMeg and the g-factor must be considered. In this
paper, we prepared wedged-Py/FeMn bilayers and stud-
ied the relaxation characteristics for as-prepared samples.
In comparison, Py single layer films with wedge shape
were also prepared and studied. No field cooling procedure
was made for Py/FeMn bilayers to avoid any interfacial
diffusion.

2 Experiments

Two large samples (5 cm x 0.5cm) of substrate/Cu/Py/
FeMn/Cu and substrate/Cu/Py/Cu were fabricated on
Si(100) substrates by DC magnetron sputtering system
using targets of Cu, NigiFejg, and FesoMngg. The base
pressure is typically 1078 torr and Ar pressure 5 mtorr
during deposition. The deposition rates of constituent lay-
ers were about 0.2 nm/s. A magnetic field of 130 Oe was
applied perpendicular to the wedge direction and paral-
lel to the film plane during deposition. To facilitate the
observation of FM layer thickness effect, a wedge-shaped
Py layer with tpy from 0 to 25 nm was used, whereas the
FeMn and Cu layers have a uniform thickness of 15 nm
and 30 nm, respectively. Each large sample was cut into
small pieces (0.3 cm x 0.2 cm) along the wedge direction,
thus providing many small samples prepared at the same
time but varying in tgy.

Before measurements, no field-cooling procedure was
performed for all the bilayers. FMR measurements were
carried out at room temperature, using a Bruker ER
200D-SRC EPR spectrometer, with a fixed microwave fre-
quency of 9.78 GHz and swept external static magnetic
field. The samples were mounted on the side of a quartz
rod and a goniometer was used to vary the angle. All mea-
surements were made at room temperature.

3 Results and discussion

Figure la shows typical in-plane FMR spectra, i.e., field
derivative of absorbed power for Py/FeMn bilayers. First,
one can find that the resonance field H,es changes with
the azimuthal angle of the applied magnetic field ¢y.
Secondly, there is no interfacial diffusion in the present
Py/FeMn bilayers and Py single layer films because only
one intense uniform resonance peak is observed at high
magnetic fields for all bilayers and single layer films. It
is noted that no post-annealing treatment was made for
Py/FeMn bilayers. The shape of the resonance peak has
an asymmetry in all orientations, which was argued to
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Fig. 1. In-plane (a) and out-of-plane (b) FMR spectra of
Py/FeMn bilayers with ¢ty = 6.5 nm. The inset numbers re-
fer to the orientations of the external magnetic field ¢u in (a)
and 0y in (b).

be caused by the magnetic inhomogeneity in the Py lay-
ers [13,14]. The resonance line shape can be approximately
described by the Lorentzian function and therefore Heg
can be fitted. Additionally, a small step is observed in
the low magnetic field region for FM/AF bilayers, around
¢n = 180 degrees. Similar phenomena were observed in
other FM/AF systems, in which the field of the step was
found to be close to the sum of the exchange field and
the coercivity, i.e., the switching field of the FM magne-
tization [12,15]. Figure 1b shows the typical out-of-plane
FMR spectra for Py /FeMn bilayers with 6.5 nm. The out-
of-plane resonance field shifts towards low magnetic fields
with increasing 60y.

Figure 2a shows typical angular dependence of the in-
plane H,¢s for Py single layer films and Py/FeMn bilayers.
For single layer films, in-plane H,.s have the same values
at ¢ = 0, 180, and 360 degrees and thus the angular de-
pendence can be fitted by considering uniaxial anisotropy.
For Py/FeMn bilayers, Hyes at ¢ = 180 degrees is larger
than that of ¢ = 0 and 360 degrees, indicating the exis-
tence of the exchange biasing, and thus the angular depen-
dence can be fitted by considering the unidirectional and
uniaxial anisotropies. The exchange field, approximately
taken as the difference of the in-plane resonance field be-
tween ¢g = 0° and ¢ = 180°, increases with decreas-
ing tpy. Figure 2b shows the typical experimental and
simulated results about the angular dependence of the out-
of-plane H,s for the Py single layer and the Py/FeMn bi-
layer with 6.5 nm thick FM layer, where ¢y = 90° in order
to suppress the effect of the exchange biasing on the out-
of-plane angular dependence of the resonance field [5]. The
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Fig. 2. Angular dependence of the in-plane (a) and out-of-
plane (b) H;es for Py single layer films and Py/FeMn bilayers.
All the solid and dashed lines are fitted results. The inset mu-
bers refer to the FM layer thickness.

resonance field decreases with increasing 6y, demonstrat-
ing the signature of the magnetic hard axis in the film
plane.

Figure 2a also shows that at the same tpy the in-
plane H,s of Py/FeMn bilayers is smaller than that of
Py single layer films at all orientations ¢yg. Therefore, the
average value of the in-plane resonance field of bilayers is
smaller than that of Py single layer films. Without com-
parison in the perpendicular H..s between bilayers and
single layer films, however, it is difficult to correctly an-
alyze the mechanism of the resonance field shift because
the in-plane resonance field shift in the FM/AF bilayers
can be induced by two major reasons. First, an additional
interfacial anisotropy can be induced at FM/AF bilay-
ers and has an influence on the effective demagnetization
field 4w Meg. The g factor of the FM layer might also be
influenced by the neighboring AF layer. In this way, the in-
plane resonance field might be altered by the neighboring
AF layer. This can be seen from the results in Figure 2b.
At 0y = 0°, the out-of-plane resonance field of the bilayer
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Fig. 3. Dependence of the perpendicular H.es at 05 = 0 (a)
and in-plane Hyes (b) on tpum for Py single layer films (square)
and Py/FeMn bilayers (circle). In (b) solid squares and solid
circles refer to the in-plane Hyes at 0g = 90° and open squares
and open circles to the average values of the in-plane one. The
dashed line matches the perpendicular H,.s of bilayers without
irreversible rotation of AF spins.

is larger than that of the single layer film with the same
FM layer thickness, and vice versa for 8y = 90°. Sec-
ondly, an isotropic in-plane resonance field shift can be
induced by the irreversible rotation of AF spins [5,6]. In
order to see the second effect on the resonance field shift,
it is essential to measure the angular dependence of the
out-of-plane Hies.

Figure 3 shows the perpendicular H.s and the par-
allel one for Py single layer films and Py/FeMn bilay-
ers as a function of tgy. For specific Py layer thickness,
the perpendicular H,.s and the parallel one of Py/FeMn
bilayers are larger and smaller than corresponding val-
ues of single layer films, respectively. This phenomenon
can be attributed to a negative interfacial perpendicular
anisotropy at Py/FeMn bilayers [6]. For Py single layer
films and Py/FeMn bilayers, the perpendicular H,es in-
creases sharply with initially increasing tpy and ap-
proaches a constant with further increasing. However,
the in-plane H,.s has different variation trends for sin-
gle layer films and bilayers. For Py single layer films, the
in-plane H,.s increases with decreasing tgyr, matching the
variation of the perpendicular H,.s while for Py/FeMn bi-
layers the in-plane H,es decreases sharply with decreas-
ing tpyv. Only with the additional interfacial perpendicu-
lar anisotropy at Py/FeMn, the in-plane H,s of bilayers
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should vary with a trend marked by the dashed curves
in Figure 3b, which matches with the out-of-plane Hs.
The difference between the value provided by the dashed
line and that of the single layer films, denoted as Higo(1),
is induced by the difference of the effective demagnetiz-
ing field and the g factor. Unambiguously, the difference
between the experimental value of the in-plane H,. of
Py/FeMn bilayers and that of the dashed curve, denoted
as Hiso(2), decreases with increasing FM layer thickness.
In order to account for Higo(2), the irreversible rota-
tion of AF spins must be considered [5,10]. The variation
of Higo(2) indicates the interfacial nature of the exchange
basing. Therefore, the isotropic resonance field shift Higo
consists of Hiso(1) + Hiso(2).

Let the FM/AF bilayer lie in the z — y plane, with
the z axis normal to the film plane. The uniaxial and uni-
directional axes are aligned along the z direction. The

>
orientations of the magnetization Mgy and the external

magnetic field H are defined by the angles 6 and ¢, 0y
and ¢y in spherical coordinates, where ¢/¢y is the angles
between the magnetization or the external field and the
axis x. /60y is the angles between the magnetization or
the external field and the axis z. The total free energy per
unit area can be written as follows [11].

Er = (ZwMEMtFM — Kg)cos® 0 — Kytpum sin? 6 cos? ¢
— Hg Mgniteym cos ¢ — H Mpniteu

X (sin Oy sin 6 cos(¢ — ¢m) + cos Oy cos b)) (1)

where the first and the second terms represent the sum
of the shape anisotropy and the interfacial perpendicu-
lar anisotropy, and the in-plane uniaxial anisotropy ener-
gies, respectively. The third term is the FM/AF exchange
coupling energy. The last term refers to the Zeeman en-
ergy. Kg and Ky are interfacial and in-plane uniaxial
anisotropies, respectively. One can have the following dis-
persion relationship for the in-plane configuration.

(%)QZ[Hgﬁmd@q—¢)+fﬁaﬂn

+H§MR cos ¢ + Hyk cos 241)}
X |:47TMeH + HISO(Q) + Hyes COS(¢H — ¢)
+HEMR cos ¢ + Hy cos? (b} (2)

where w is the resonance frequency and ~ is the
magnetogyric ratio, the in-plane uniaxial anisotropy

field Hg = if;;, the effective demagnetization field

dr Mg = dwMpy — 2Ks /tpmaMpen. Hiso(2) comes from
the irreversible rotation of the AF spins. As shown be-
low, for Py/FeMn bilayers, 4w Mcg ~ 8 kOe, the in-plane
Hes ~ 1.0 kOe, and Hx and HEMR ~ 0.1 kOe. Therefore,
A7 Meg > Hies > Hy, HEMR, equation (2) can be further
simplified [15].

2

w
— Hiso(2) — EMR cos ¢ — Hyk cos 20

Hres =
A Mogy?
(3)
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Fig. 4. For Py/FMn bilayers, dependence of the exchange field
on the FM layer thickness can be fitted as a linear function
of 1/tpm. The dashed line refers to the fitted results.

where % and Hiso(2) are independent of the an-

gle ¢y. The former one can be obtained by fitting the

angular dependence of the out-of-plane Hyes. Hiso(1) is

m between bilayers and single layer

films. As shown in Figure 2a, the experimental angular de-
pendence of the in-plane H,.s can be fitted by using equa-

tion (3), and the HEMR Hy and 4771\‘/‘[’7;72 — Hiso(2) can
be determined. The resonance field shift is isotropic with
respect to the orientation ¢y. This is controversial to the
theoretical prediction by Xi et al., in which the resonance
field shift was argued to be non-uniform [11]. Therefore,
Xi’s model cannot be used to explain the results of present
Py/FeMn bilayers.

With equation (1), one can also obtain the dispersion
relationship of the out-of-plane H,.s, which can be ex-
pressed below.

the difference of

2
(%) = [Hyes cos(0u — 0) — 47w Mg cos 26)]

X [Hres cos(fg — 0) — 47 Mg cos? 9] . (4)

In this equation, the so-called rotational hysteresis
loss and any effect related to the irreversible rotation of
AF spins are not considered. As shown in Figure 2b, the
simulated and measured results are in good agreement
with each other. The g-factor and 4m Mg of single layer
and bilayers can be obtained. For 6.5 nm thick Py sin-
gle layer film and Py (6.5 nm)/FeMn bilayers, g = 2.1
and 2.24, 4dnMeg = 8024 Oe and 8527 Oe, respectively.
Figure 4 shows the fitted values of the exchange field Hg
from the angular dependence of the in-plane resonance
field in Figure 2a. One can find that the exchange field
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decreases with increasing FM layer thickness and scales
as a linear function of the 1/tpy, displaying an interfacial
nature of the exchange biasing.

Figure 5a shows the tgpy dependence of 4wMeg for
Py single layer films and Py/FeMn bilayers. For Py single
layer films, 4w M.g decreases with decreasing tgy, which
can be explained as follows. First, the magnetization of the
FM layers decreases with decreasing tgy, due to finite size
effect. For small tgyg, the Curie temperature of the FM lay-
ers might become lower, resulting in a reduction of the
room temperature magnetization. Secondly, the interfa-
cial perpendicular anisotropy at Py/Cu and Cu/Py might
also have an influence on 4w M.g. If the interfacial per-
pendicular anisotropic energy is positive and magnetiza-
tion is independent of tgy;, 47 Meg will also decrease with
decreasing tyy. Figure ba also shows that 4mMeg of bi-
layers is larger than that of single layer films, leading
to a positive Higo(1). It can be attributed to a nega-
tive interfacial perpendicular anisotropy in Py/FeMn bi-
layers. For positive interfacial perpendicular anisotropy,
however, the in-plane H,es of bilayers will be larger than
that of single layer films, resulting in a positive Higo(1).
The positive Higo was observed in field-cooled Py /FeMn
bilayers [12], in which a positive interfacial perpendicu-
lar anisotropy might be introduced during field cooling
procedure.

Figure 5b shows the tpy dependence of the g-factor
for Py single layer films and Py/FeMn bilayers. For thick
Py single layer films, the g-factor is close to 2.0, indi-
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cating that the unquenched orbital angular momentum
of Py films is negligible. The g-factor changes slightly
with tgy. This is because the atomic environment of Fe
and Ni atoms at Py/Cu interface is different from the in-
ner one. For Py /FeMn bilayers, the g-factor is much larger
than that of single layer films, especially for small tgy.
The unquenched orbital angular momentum and thus cor-
responding magnetic contribution of bilayers are much
larger than those of Py single layer films. The present sim-
ulation was argued to be misleading because the g factor
is too large [5]. Another kind of simulations about the an-
gular dependence of the out-of-plane Hyes for Py/NiO bi-
layers was carried out, in which the g-factor and 4w Mg
were assumed to be the same as those of single layer films.
Up to now, no ideal theoretical work has been proposed to
calculate the angular dependence of the out-of-plane H,eg
in FM/AF bilayers. New theoretical model must be pro-
posed, in which the interfacial perpendicular anisotropy
at FM/AF bilayers and the contribution from the irre-
versible rotation of AF spins must be considered simulta-
neously [5,10].

4 Conclusions

Py/FeMn bilayers and Py single layer films were pre-
pared by DC magnetron sputtering and are studied by
FMR technique at room temperature. For Py single layer
films and Py/FeMn bilayers, only one uniform resonance
peak was observed at high magnetic fields. Thus no inter-
facial diffusion exists at the Py/FeMn and Py/Cu inter-
face. For Py/FeMn bilayers, the in-plane resonance field
is smaller than that of the single layer films with the same
FM layer thickness. More remarkably, the difference is in-
creased with decreasing FM layer thickness. Apparently,
isotropic in-plane resonance field shift does exist. In order
to explain above phenomena, both interfacial perpendicu-
lar anisotropy and irreversible rotation of AF spins must
be considered. This is because the perpendicular H,s of
bilayers is larger than that of corresponding single layer
films.
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