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The static and microwave magnetic properties of soft nanogranular (Fej,Coy 3)7;B,,Ni films with a
2 T saturation magnetization are presented as functions of thickness, ranging from 136 to 235 nm.
Microwave permeability values from 60 to 260 are measured and ferromagnetic resonance
frequencies up to 6.8 GHz are found using a vector network analyzer, connected to coplanar/
microstrip structures loaded with the ferromagnetic films. Topographic and magnetic structures
down to 20—40 nm were observed by atomic/magnetic force microscopy. The combination of
reasonable values of the permeability and high ferromagnetic resonance frequency makes these
nanogranular materials useful in the development of inductive microwave components. © 2006

American Institute of Physics. [DOI: 10.1063/1.2165926]

I. INTRODUCTION

In recent years there has been a growing interest in the
development of inductive elements based on conductive fer-
romagnetic materials for operation in the microwave region.
This interest derives from tighter requirements on power sav-
ing, size reduction, and higher-frequency operation of micro-
wave circuits intended for portable communication devices.
Recently, Fe—Co-based thin films with a nanogranular struc-
ture have been shown to satisfy the above requirements. Im-
proved microwave properties are obtained with a combina-
tion of high soft magnetic
features.'"™ This paper addresses the characterization and

saturation induction and
analysis of the static and microwave magnetic properties of
(Fep7Cog3)71B»,Ni; nanogranular ferromagnetic films with
a saturation magnetization M¢=2 T and a resistivity p
~(8-9)x 1077 QO m. The dc and high-frequency character-
istics are presented as functions of thickness ranging from
136 to 235 nm. Permeability and ferromagnetic resonance
(FMR) are measured up to 20 GHz with a vector network
analyzer (VNA) connected to coplanar/microstrip structures
loaded with ferromagnetic films.>
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Il. EXPERIMENT

(Feg7Coq3)71B4,Ni; nanogranular films with thickness ¢
=136-236 nm were prepared on 200- um-thick Si substrates.
An Fe—Co target with additional Ni and B chips was used for
deposition by radio-frequency magnetron sputtering in an Ar
atmosphere. The different thicknesses were obtained by
varying the deposition time and were measured with a Ten-
cor P10 profilometer. During the film preparation the back-
ground vacuum was maintained at a pressure less than 9.3
X 1073 Pa. In order to induce an in-plane uniaxial magnetic
anisotropy, the films were deposited in a static magnetic field
of 80 kA/m produced by two permanent magnets positioned
at the sides of the substrate. The films were finally cut
into square samples (4 mm X4 mm X200 wm) for further
analysis.

The domain structures and topographies of the films
were measured with an atomic/magnetic force microscope
(AFM/MFM) with a spatial resolution better than 20 nm.’
The AFM/MFM used for the imaging was a Digital Instru-
ments multimode NanoScope scanning probe microscope
operated in tapping and lift modes, with lift height ranging
between 10 and 20 nm. The MFM tips (Veeco MESP-LC)
used are coated with a soft Fe film of 50 nm nominal thick-
ness and coercivity less than 80 A/m. The electrical resistiv-
ity p was measured using the four-probe method, along the
direction transverse to the induced anisotropy. Magnetic
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TABLE I. Summary of the sample data: sample thickness ¢; saturation magnetization M ; anisotropy field H;
derived from in-plane hard-axis AGFM measurements; in-plane easy-axis coercivity H..qy; in-plane hard-axis
coercivity H,. p,q; de permeability ug. computed from M,/ uoH,; real part of the high-frequency permeability u/;
measured with an impedance meter (Lg-Rg measurement); ferromagnetic resonance (FMR) derived from S},
measurements; and resistivity p (four-point measurement).

M H, H c-casy H_ FMR p
Sample 7 (nm) (T) (A/m) (A/m)  (A/m)  ug=M//H, w;(Lg) (GHz) (1077 Qm)
OAN5-4 136 2.12 28000 96 920 60 57 6.81 8.43
OAN4-6 180 2.08 7840 96 400 212 201 4.2 8.1
OANG6-6 195 2.05 8320 112 504 197 191 3.95 9.26
OAN3-6 236 2.06 5920 40 168 278 264 3.8 8.97

properties were measured with different techniques. A
Princeton MicroMag 2900 alternating-gradient field magne-
tometer (AGFM) was used to measure the out-of-plane and
in-plane hysteresis loops, along the easy and hard axes. Sur-
face magnetic properties were characterized using a longitu-
dinal magneto-optical Kerr-effect setup (MOKE). The
MOKE measurements were performed in the film plane us-
ing a polarized He-Ne laser light source with a 1 mm? spot
size. The complex permeability was measured performing a
differential Lz-Rg measurement from 40 Hz to 110 MHz, in
the presence and absence of the films, using an impedance
analyzer (Agilent 4294A) and a 10-mm-long nine turns so-
lenoid. At higher frequencies (f<<8 GHz) the permeability
was extracted from two-port VNA (Anritsu 37397C,
40 MHz-65 GHz) measurements of the S parameterss’6 us-
ing a microstrip/coplanar line deposited on an alumina sub-
strate. The films were positioned face down on a
20- um-thick dielectric foil covering the microstrip, with the
easy axis oriented along the line. The microstrip was con-
nected to the VNA using a universal test fixture (Anritsu
3680V). The ferromagnetic resonance frequency was tuned
by varying the applied dc field (in-plane easy axis) from
0 to 8 kA/m with a pair of Helmholtz coils.

lll. RESULTS AND DISCUSSION

Four different (Fe,,Coq3)7;B2,Ni; film samples were
characterized as a function of thickness with the techniques
described in the previous section. The results are summa-
rized in Table L

AGFM measurements, performed in-plane along the
easy axis, show coercivities as low as H.=50 A/m. The
magnetization curves of Figs. 1 show that a definite magnetic
softening occurs in both the easy and hard in-plane directions
with increasing thickness. The softening is particularly im-
portant along the hard axis, and the values of H,. .4 become
comparable to the easy-axis values H.. .,y [see the data sum-
mary in Figs. 2(a) and 2(b)]. The analyses of in-plane mag-
netization curves lead to estimates of the anisotropy fields of
the order of H;=~6-8 kA/m, indicating that the strong mag-
netocrystalline anisotropy associated with Fe—Co is partly
suppressed by the magnetic domain structure encompassing
several nanograins.8 The anisotropy field suppression is sig-
nificantly smaller in the case of the 136 nm film, where a
much higher value of H;~28 kA/m is observed, a result
already obtained in other nanostructured Fe—Co films.” The
high saturation magnetization values M¢~2.0-2.1 T are di-

rectly connected to the high Co content, which hinders the
M decrease associated with the addition of B and Ni. The
in-plane AGFM curves are confirmed by surface MOKE
measurements, within the uncertainties due to the different
technique and observation area.

The analysis of topographic tapping-mode AFM mea-
surements show that the average grain size is close to 40 nm
for all the films analyzed, independent of film thickness. The
MFM images measured with a soft Fe tip (Fig. 1) reveal a
well-defined in-plane domain nanostructure consisting of
small chains of nanograins elongated in the easy-axis direc-
tion and also a small out-of-plane magnetization component
compatible with the observed out-of-plane hysteresis loops
[Fig. 1]. The magnetic domains and the underlying nan-
ogranular structure, observed on the 136-nm-thick film, are
shown in Fig. 1. The dark/light stripes indicate the presence
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FIG. 1. Magnetization curves measured by AFGM in-plane and out-of-plane
on the thinnest and thickest Fe-Co-B-Ni thin films. Inset: MFM lift mode
image (frequency) showing a nanogranular magnetic structure. Scan size
500 X 500 nm. The lighter/darker regions, elongated in the induced aniso-
tropy (up-down) direction, are connected magnetization components mag-
netic domains.
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FIG. 2. (a) (Left): Anisotropy field Hg (open triangles, left y axis); dc
permeability derived from Fig. 1 (open dots, right y axis); resistivity (black
squares, right y axis); and rf permeability (black triangles, right y axis). (b)
(Right): Anisotropy field Hg (open triangles, left y axis); hard axis in-plane
coercivity (open dots, left y axis); easy-axis in-plane coercivity (black
squares, left y axis); and ferromagnetic resonance frequency (black tri-
angles, right y axis).

of an in-plane component of the magnetization associated
with a domain. The domains are spatially correlated to the
grain topography: each dark/light region typically encom-
passes a few nanograins aligned in the induced anisotropy
direction. Equivalent domain structures were found in all the
films, a result associated with the similar AGFM magnetic
behavior. The measured resistivity values range between p
=8X 1077 and 9.3X 10”7 A m due to an incomplete electri-
cal isolation of the nanograins.7 It is particularly interesting
to note that there is at least a partial correspondence between
the fluctuations observed in the resistivity and the anisotropy
field H;, as determined from hard-axis in-plane magnetiza-
tion curves [Fig. 2(a)]. This effect is related to the superpo-
sition between the nanostructure and the domain structure,
and it is an additional evidence of the close relation between
the topology of the metallic nanograins and the magnetic
properties.

The variations of the low-field FMR frequency (Fig. 3),
which is proportional to (M H,), closely match the changes
of the anisotropy field H, with thickness, as shown in Fig.
2(b). A maximum FMR frequency of 6.8 GHz is found in the
case of the 136-nm-thick film, which possesses a particularly
high value of anisotropy. As expected, the FMR frequency
shifts to higher values when a dc magnetic field up to
8 kA/m is applied in the field plane along the easy direction.
The observed field dependence of the frequency shift corre-
sponds to Kittel’s formula for the thin-film geometry.w

The relative permeability, determined from the static
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FIG. 3. Complex permeability (u’' continuous lines and u” dashed lines)
of two Fe—Co-B-Ni nanogranular films of different thicknesses. Top:
136-nm-thick film with a 6.8 GHz ferromagnetic resonance; bottom:
197-nm-thick film with a resonance of 3.95 GHz.

AGFM magnetization curves, shows values between u,~ 60
and 278, while MHz-range inductance measurements made
with an impedance meter lead to slightly lower values of the
real part of the permeability u, between 57 and 264 (see
Table I and Fig. 3). The particular combination of the mea-
sured values of permeability and high FMR frequency show
promise for the use of these nanogranular materials in the
development of microwave circuit components in a band up
to 5-6 GHz.
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