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Ferromagnetic resonance (FMR) spectroscopy, x-ray magnetic circular dichroism (XMCD) spectroscopy
and magnetic transmission soft x-ray microscopy (MTXM) experiments have been performed to gain
insight into the magnetic anisotropy and domain structure of ultrathin Co|Ni multilayer films with a
thin permalloy layer underneath. MTXM images with a spatial resolution better than 25 nm were
obtained at the Co L; edge down to an equivalent thickness of Co of only 1 nm, which establishes a new
lower boundary on the sensitivity limit of MTXM. Domain sizes are shown to be strong functions of the
anisotropy and thickness of the film.

© 2012 Elsevier B.V. All rights reserved.

Ultrathin ferromagnetic films with perpendicular anisotropy are
of interest for novel spin-based devices, such as spin-transfer torque
magnetic random access memories and spin-torque nano-oscillators
[1,2]. In many cases, layer stacks that consist of magnetic layers with
different easy axis directions can improve spin-transfer device
performance and are therefore the focus of current device physics
studies [3,4]. Practical devices need low current for magnetization
switching as well as stability against thermal noise; devices with
perpendicular magnetic anisotropy combine both. Multilayers of
Co|Ni have perpendicular magnetic anisotropy and high spin
polarization and are thus suitable for spin current devices.

State-of-the-art characterization methods are needed to deter-
mine the properties of individual magnetic layers in the compo-
site layer stacks to directly resolve magnetic behavior of each
individual layer. This is essential to understand the interplay
between magnetic interactions (e.g., exchange, magnetostatic,
and magnetic anisotropy) in determining the layers magnetic
response and domain structure. Magnetic domain structures and
magnetic-moment dynamics are complex and rich in ferromag-
netic thin films—and so are they in devices using ferromagnetic
thin films. Magnetic domain structures and vortices may effect
the efficiency of devices. Imaging techniques are thus essential to
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complement the broad set of electronic transport techniques used
in studying nanomagnetic devices.

The inherent element-specificity of x-ray magnetic circular dichro-
ism (XMCD) based spectroscopies and microscopies provides a
unique and direct means to monitor the magnetic behavior of
individual layers within a complex and multicomponent stack of
layers. In this letter we demonstrate that XMCD microspectroscopy in
combination with ferromagnetic resonance (FMR) spectroscopy
allows us to gain insight into subtle changes of the magnetic proper-
ties and magnetic domain structure of an ultrathin magnetic layer
with perpendicular magnetic anisotropy in a composite system.

We have deposited Co|Ni multilayers, capped with Pt, on a
permalloy (Py), Cu base layer by evaporation in an ultra high
vacuum chamber. The samples, with a complete layer stack
|3Ta|50Cu|3Ta|10Py|10Cu|[0.2C0|0.6Ni] x n|0.2Co|5Pt|  (thick-
nesses in nanometers), were deposited on silicon nitride (Si3N4)
membranes supported by Si substrate frames to allow for x-ray
transmission. The thickness of the Cu spacer layer, 10 nm, was
chosen to magnetically decouple the in-plane magnetized Py
layer from the out-of-plane magnetized Co|Ni multilayer. A
Co|Pt capping layer was used to further enhance the interface-
induced perpendicular magnetic anisotropy of the Co|Ni multi-
layer [7]. To address the influence of the number of bilayers, three
different samples with n=4, 6, and 8, repeats were studied.

In order to determine the magnetic anisotropy of the films we
conducted FMR spectroscopy with frequencies ranging from 4 to
40 GHz as a function of the applied field at room temperature. To
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Fig. 1. FMR results: frequency dependence of the resonant field versus applied
field perpendicular to the film plane. The dashed lines are fits using Eq. (1). The
inset shows a schematic of the sample layer stack and the magnetic moments
orientations of Co|Ni and Py layers.

record the weak signals of the ultrathin magnetic layers we used a
coplanar waveguide (CPW) with a smooth signal transmission
within this frequency range. The absorption signal was recorded
by sweeping the magnetic field at constant frequency with the
sample mounted ‘flip-chip’ on the CPW [5,6]. Fig. 1 shows the
frequency dependence (f) of the resonant field (H,) for a config-
uration of an applied field perpendicular to the film plane, as
shown in the inset of Fig. 1. The resonant condition is given by [5]

£ = o (obhr oM+ 37 )
where 7 is the gyromagnetic ratio, M; is the saturation magneti-
zation and K is the perpendicular magnetic anisotropy constant.
The f=0 intercept of the resonance curve enables a determination
of the magnetic anisotropy (i.e., #oM;—(2K/Mjs)) and the slope of
the resonance curve gives the gyromagnetic ratio.

We have estimated M, from nominal bulk magnetizations of Ni
and Co accounting for the extra Co layer: M ~7.57 x 10,
M; ~7.45 x 10° and M; ~7.38 x 10° A/m for 4, 6, and 8 repeats,
respectively. Perpendicular anisotropies of the three films slightly
differ: K~3.89+0.05x 10° J/m3, 4.14+0.03 x 10°J/m3, and
3.42 +0.02 x 10° J/m3 for 4, 6, and 8 repeats, respectively. The
gyromagnetic ratio 7y is ~1.84+0.035x 10" Hz/T (ie,
g~2.09 +0.04) for the three samples (which is a bit lower than
those found for Co|Ni in [5]). The anisotropy of a multilayered
structure remains nearly constant with the number of bilayer
repeats (if the repetition unit is constant). Our multilayer struc-
tures have two extra interfaces-Co and Pt-that break the repeti-
tion unit of Co|Ni because they do not scale with the number of
repeats. Previous research has established that there is a perpen-
dicular magnetic anisotropy associated with Co|Pt interfaces for
ultrathin Co thicknesses ( < 1.4 nm) [7]. The extra Co|Pt interface
enhances perpendicular magnetic anisotropy and their relative
importance is expected to decrease with increasing number of
Co|Ni bilayer repeats. Thus, the anisotropy is expected to decrease
somewhat with the number of bilayer repeats. Variations of 5-
10% of nominal thicknesses—-and thus, of their anisotropies - may
arise from fabrication conditions in such ultrathin multilayers.

Samples with n=4 and n=6 have perpendicular anisotropy that
overcomes the shape anisotropy of the film (uoMs < 2K/Mjs); the
other one, n=8, does not (in this case y,Ms = 2K/M;). However, the
thin film with n=8 still has a preferred out-of-plane axis because
magnetic moments form stripe domains that reduce the

magnetostatic energy of the out-of-plane configuration (i.e., mag-
netization of the sample n==8 will only be isotropic if we consider it
to behave as a single magnetic domain). Note that for large fields
(approx 1T) the Py magnetization will rotate out of the film plane
and may effect the FMR measurement of the Co|Ni multilayer.
However, no or very few domains are present in such a magnetiza-
tion process so the magnetization in the Py is uniform and the
resulting fringe fields in the Co|Ni multilayer will be very small. We
have performed in-plane field ferromagnetic resonance measure-
ments to observe the Py behavior and we have found there is no
observable change in the Py resonance frequency that we can
associate with interlayer coupling.

To understand better the microscopic origin of the perpendicular
magnetic anisotropy in these systems, XMCD spectroscopy and
element-specific hysteresis loops were measured at beam line U4B
at the National Synchrotron Light Source (NSLS). X-ray absorption
spectroscopy (XAS) and XMCD spectra taken across the Co L3 and L,
edges (see Fig. 2(a)) indicate clean, unoxidized Co layers; similar
results were obtained for the Fe and Ni edges (not shown). Element-
specific hysteresis loops shown in Fig. 2(b) and (c) were measured
by tuning the photon energy to the L; edges of Co, Ni, and Fe and
sweeping the out-of-plane magnetic field from an initial value of
+700 mT (substantially larger than the saturation field of
~ 100 mT). The loops for Co and Fe isolate the magnetic contribu-
tions from the Co|Ni and Py layers, respectively, while loops for the

Table 1

Comparison of the anisotropies, K, coercive fields, H,, and magnetic domain sizes D
at the coercive field for different multilayer repeats. Data obtained from FMR,
element specific hysteresis loops and XMCD images respectively.

n K (J/m3) LoHc (mT) D(H.) (nm)
4 3.89+0.03 x 10° 40+4 210
6 414 +0.05 x 10° 85+6 280
8 3.42+0.02 x 10° 2542 100

a

6 e T :
e Fe,n=6
2
22 I ]
£

0

-0.5 0.0 0.5
Energy (eV) toHa (T)

(@)

Normalized Intensity
o

-0.4 -0.2 0.0 0.2 0.4
oHa (T)

Fig. 2. (a) Energy scans of the XAS and XMCD spectra for n=38. (b) Element specific
hysteresis measurements for n=6 obtained at the Fe L; edge with an out-of-plane
applied field, showing a hard axis magnetic response. (c) Element-specific
hysteresis loops for different bilayer repeats obtained at the Co L3 absorption
edge using out-of-plane applied magnetic fields.
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Fig. 3. Evolution of the magnetic domain structure in samples with different number of bilayer repeats as a function of the external applied magnetic field. The MTXM images
were recorded at the Co L3 edge with the field applied perpendicular to the film plane. The dots indicate the coercive fields determined from XMCD hysteresis loops (cf. Fig. 2).

Ni (not shown) display a composite picture with contributions from
both the Py and Co|Ni layers. As expected, the Fe hysteresis loops
shows a hard axis behavior consistent with the in-plane anisotropy
of the Py layer. The Co hysteresis loops show that the n=4 and
n=6 Co|Ni films have a large remanence and coercive fields (zyHc)
of 40 mT (n=4) and 85 mT (n1=6). The n=8 film, on the other hand,
has a smaller piyH. of 25 mT as well as a lower susceptibility around
H.. The Co hysteresis loops and H, correlate well with K determined
from our FMR measurements (see Table 1).

These results were correlated with the microscopic magnetic
domain structure by performing magnetic transmission soft x-ray
microscopy measurements at beamline 6.1.2 (XM-1) at the Advanced
Light Source in Berkeley. X-ray images with a spatial resolution of
better than 25 nm were obtained at the Co L; absorption edge [8].
To reduce non-magnetic background and to account for non-uniform
illumination the x-ray images have been normalized to a magne-
tically flat image (i.e., images show differences from an initial image
taken at the beginning of each magnetic loop under a large negative
perpendicular magnetic field). Fig. 3 shows the evolution of the
magnetic domain structures at various applied magnetic fields for
the multilayered samples. It can be seen that the dominant
magnetization reversal mechanism is governed by domain nuclea-
tion, growth, and annihilation. We note that the magnetic domain
patterns observed over a microscopic field of view directly correlate
with the element specific hysteresis loops derived from XMCD
spectroscopy, which cover a macroscopic area of the sample of
0.5 mm in size. The measured contrast in images shown in Fig. 3
was 3-4%, 5-6% and 7-8% for n=4, 6 and 8 respectively. It is worth
noting that the clear observation of the magnetic domain pattern
down to an effective Co thickness of 1 nm demonstrates a high
sensitivity of the XMCD contrast in full field soft x-ray microscopy.

We determined an averaged value for the domain sizes (listed in
Table 1) by repeatedly measuring the domain width across domains
(10-90% change in intensity of the filtered images) along different
directions. We found that the characteristic domain size is sig-
nificantly smaller in the film with the largest number of bilayer
repeats, n=8. This is associated with the competition between
magnetic interactions. Specifically, the dipolar or magnetostatic
interactions favor subdivision of the film into small-scale domains
while the exchange and anisotropy interactions favor uniformly
magnetized states [9-11]. Qualitatively, in a film with perpendi-
cular anisotropy, increasing the film thickness increases the impor-
tance of the magnetostatic energy relative to the exchange and

anisotropy energies and leads to reduced domain size; conversely,
increasing the magnetic anisotropy decreases the importance of the
magnetostatic energy and leads to larger domain size. More quanti-
tatively, there is a characteristic length scale that depends on the ratio
of the domain wall to the magnetostatic energies: Dy = 8+/AK/
(1oM?), where A is the exchange constant [12]. Films with thickness
less than Dy are in a limit in which the zero-field equilibrium domain
size decreases rapidly (D(H = 0)~ t exp(nDg/2t)) with increasing
film thickness t. Taking A~10"!! J/m we estimate Dy~ 22 nm,
putting our films in this ultrathin limit. Thus the appearance of
small-scale domains near zero field (Fig. 3, n=8 with t=6.4 nm)
correlates well with the film’s increased thickness and reduced
anisotropy. The other films n=4 and 6 have a high remanence and
submicron scale domain subdivision is not observed in zero field.
To summarize, this study highlights the power of combining
macroscopic and microscopic analytical techniques to understand
the magnetic properties of ultrathin magnetic films. FMR provided a
quantitative measurement of the anisotropy fields, whereas ele-
ment specific hysteresis loops determined the coercive fields and
the evolution of macroscopic magnetization. A link to the micro-
scopic origin was obtained with high resolution XMCD microscopy
allowing observation of the evolution of the domain structure as a
function of the applied field and a measurement of the change in
characteristic domain widths. We have shown sensitivity of x-ray
microscopy for layers down to 1 nm effective thickness, which
establishes a new lower boundary on the sensitivity limit of MTXM.
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