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Using cavity ferromagnetic resonance and vector network analyzer ferromagnetic resonance unidirectional,
uniaxial and rotatable anisotropies were determined in permalloy(30 nm)/NiMn(56 nm). Resonance field
dependence on in-plane angle clearly shows unidirectional and uniaxial anisotropy. Rotatable anisotropy, which
acts as internal magnetic field independent of a direction of external magnetic field, is observed on vector network
analyzer ferromagnetic resonance as upward shift of the resonance frequency of Py/NiMn compared to Py film.

Even for a small exchange bias field, this shift is significantly large.

PACS: 75.70.—i, 75.30.Et, 75.30.Gw, 75.70.Cn, 76.50.+g

1. Introduction

Well known phenomenon of exchange bias (EB), dis-
covered more than fifty years ago [1], is still actively in-
vestigated for its importance for spintronic devices as well
as for deeper understanding of fragile interactions at fer-
romagnetic/antiferromagnetic (FM/AFM) interfaces [2].
Films with FM/AFM interfaces may be also attractive
for microwave devices, because of the observed upward
frequency shift [3, 4]. In the second aspect, some of im-
portant issues concerning magnetization dynamics of an
FM layer exchange coupled to AFM are not fully under-
stood [5] including rotatable anisotropy that describes
an enhancement of the coercive field for magnetization
reversal measurements and a negative line shift in ferro-
magnetic resonance (FMR) measurements [6].

The aim of the present contribution is to show that
even for weak EB effect (shift of hysteresis loop) the ro-
tatable anisotropy is substantial in permalloy/NiMn bi-
layers. For this purpose we have employed novel tech-
nique of broadband FMR with vector network analyzer
(VNA-FMR).

2. Experimental and results

Thin film permalloy/NiMn (Py/NiMn) structures were
prepared by magnetron sputtering with base pressure
better than 2 x 1077 Torr and Ar pressure 8 mTorr.
The films: Py(30 nm) and Py(30 nm)/NiMn(56 nm)
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were deposited on single crystalline Si(100) substrates.
The Py(30 nm)/NiMn(56 nm) bilayer was annealed in
magnetic field of 800 Oe at temperature T, of 300°C
in 107 Torr for several hours. Hysteresis loop was ac-
quired by vibrating sample magnetometer (VSM). Dy-
namic measurements of the magnetization were carried
out by standard FMR X-band spectrometer and VNA-
-FMR.

The frequency domain measurements were performed
using a coplanar waveguide. It has a 50 € character-
istic impedance to match the impedance of VNA. The
sample was placed upside down on top of coplanar wave-
guide with the film on a center conductor. The direc-
tion of cooling field, which is easy direction, was parallel
to external dc magnetic. The frequency was swept up
to 15 GHz. The resonance frequency was obtained from
Lorentzian fit to |S21| component of scattering matrix |7].

Figure 1 shows the resonance field dependence on
in-plane angle between external magnetic field and
anisotropy direction at 9.18 GHz. It is seen that the
Py/NiMn bilayer exhibits both unidirectional (Hep) and
uniaxial (H,) anisotropy. The difference between res-
onance field at two local minima is twice the EB field
(Hep), which corresponds to a field-shift of hysteresis
loop.

Fit to experimental data yields the values of He}, and
anisotropy field H,. Continuous line represents a fit to
the experimental data using the standard resonance con-
dition with the total free energy comprising magneto-
static shape anisotropy energy, uniaxial anisotropy en-
ergy in-plane, Zeeman energy, unidirectional exchange
energy, and the rotatable anisotropy energy [6]. Only
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Fig. 1. In-plane angular distribution of the resonance
field in permalloy(30 nm)/NiMn (56 nm) measured with
FMR. The dots are experimental points and the curve
is a fit.

Hy, = 5.4 Oe and H, = 9.1 Oe can be undoubtedly
extracted from fitting procedure. Rotatable anisotropy
H,, cannot be obtained because it is related to magneti-
zation M.
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Fig. 2. VNA-FMR measurement of Py(30 nm)/
NiMn(56 nm). The dots represent experimental points
and line is a fit with Kittel formula. The square, blue
marks are FMR points at angles, which correspond to
VNA-FMR directions of measurement.

Figure 2 shows the resonance frequency as a function
of the external magnetic field investigated with VNA-
-FMR. The experimental data was fitted with the Kittel
formula [3, 8].

fr = 5= [(Hu + Hya + | H = Ha])

% (Hy + Hya + |H — Hop| +4Mm)]",

Fitting procedure yields the following parameters:
H, + H,,, Ho,, and M. To calculate H,, value of H,
was taken from FMR in-plane measurement and set con-
stant during fitting procedure. All values of the extracted
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parameters are listed in Table. Both the magnetization
M and the uniaxial anisotropy H,, which describe Py
layer, are similar for both samples. The unidirectional
and rotatable anisotropy describe NiMn layer and the
FM/AFM interface. In Fig. 2 there are also shown two
points from FMR for comparison. Values of FMR reso-
nance field are taken for angles which correspond to di-
rection of exchange bias field and antiparallel to it.

. . . TABLE
Comparison of magnetic properties.

Sample M | Hy | Hw | Heo

[nm] [Oe]
Py(30) 792.3 | 7.2 0 0
Py(30)/NiMn(56) | 800.8 | 9.1 | 58.3 4.4

In Fig. 3 Py/NiMn sample is compared with a Py film
with magnetic parameters listed in Table. Exchange cou-
pled film is shifted to higher frequency due to rotatable
anisotropy. It acts as internal field, which adds to exter-
nal dc field. It is independent from in-plane angle.
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Fig. 3. Low magnetic field region. VNA-FMR in
Py/NiMn (red circles and blue triangles for two di-
rections of changing the external field) compared with
VNA-FMR in Py (black squares). Hysteresis loop
(dashed line) of Py/NiMn bilayer is inserted for com-
parison.

Changing external magnetic field from positive to neg-
ative results in different experimental data for Py/NiMn
than changing the field in the opposite way. Figure 3
shows the dispersion relation in more detail in the low
field region. Hysteresis of the resonance frequency as a
function of the external magnetic field seen in this region
is due to reorganization of FM/AFM interface. There-
fore Bilzer et al. [8] suggest that Hep, field changes dur-
ing magnetization reversal of FM film. For comparison,
a hysteresis loop is inserted in Fig. 3. It is seen that
this ambiguity in dispersion relation occurs in field re-
gion limited with coercive fields.

Resonance frequency dependence on the external field
has two local maxima in vicinity of the fields correspond-
ing to magnetization reversals. In this region the Py mag-
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netization rotates and experiences metastable behavior.
The Lorentzian peak in VNA-FMR broadens largely and
therefore the fit is not perfect.

From the above discussion and from Table one can
see that there is a significant upward frequency shift.
Probably AFM layer consists of grains, which are cou-
pled to FM layer. Some of these grains are pinned and
have influence on H, field. The rest of them can ro-
tate during reversal of magnetization and induces the
rotatable anisotropy. These rotating grains cannot re-
spond to microwave magnetic field of high frequency.
Their anisotropy direction takes the same direction as
the external dc magnetic film, but are rigid for the mi-
crowave field. Therefore the AFM grains act as micro-
scopic source of anisotropy which has an easy direction
always parallel to magnetization direction.

3. Conclusions

Magnetic parameters (uniaxial anisotropy H,, unidi-
rectional exchange Hep, and the rotatable anisotropy H,.,)
were determined using VNA-FMR and FMR. Even for
small Hep, field (it correspond to field-shift of hysteresis
loop) there is a significant rotatable anisotropy (Hya). It
is responsible for an upward frequency shift independent
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of the in-plane angle. It originates from reorganization
of magnetic moments of AFM grains at interface.
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