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ABSTRACT

An ultra-thin (~2.5 nm) non-magnetic Cu underlayer was found to have a significant effect on the microstructure, magnetic softness, and magne-
tostriction of sputter-deposited Feg; Ga;o (FeGa) thin films. Compared to the experimental control where FeGa was deposited directly on Si with-
out an underlayer, the presence of Cu increased the in-plane uniaxial anisotropy of FeGa and reduced the in-plane coercivity by nearly a factor of
five. The effective Gilbert damping coefficient was also significantly reduced by a factor of four, between FeGa on Si and FeGa on a Cu underlayer.
The FeGa films on Cu also retained a high saturation magnetostriction comparable to those without an underlayer. The enhancement of the desir-
able magnetic properties for microwave applications is attributed to the Cu underlayer, promoting the (110) film texture and increasing the com-
pressive film strain. The results demonstrated that the structural control is viable to simultaneously achieve the necessary magnetic softness and
magnetostriction in FeGa for integration in strain-mediated magnetoelectric and microwave devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0007603

The efficient control of magnetism at the nanoscale via voltage in
magnetoelectric (ME) composites has a potential impact in several
technologically important areas, such as next-generation memory and
logic devices as well as microscale antenna devices.' ~ One of the
major material design challenges in the coupling and efficiency of
strain-mediated ME devices is the lack of ferromagnetic materials that
exhibit both high magnetostriction and magnetic softness to achieve a
high magnetomechanical coupling.

Fe,Ga;_ is a ferromagnetic material that exhibits fairly high
magnetostriction in bulk and polycrystalline alloys, which makes it
promising for strain-mediated ME devices." * One of the barriers for
high frequency applications of FeGa films has been their large ferro-
magnetic resonance (FMR) linewidth, which is typically observed in
the range of ~620-700 Oe at the X-band for the [100] easy axis.”'’
However, more recent works have shown that the fabrication of high
quality epitaxial films can exhibit greatly enhanced high frequency
properties achieving narrower FMR linewidths in the range of
~80-220 Oe at the X-band along the [100] easy axis.'"'* Indeed, the

deposition parameters can have a significant influence on the struc-
ture, magnetic softness, and magnetostrictive properties of FeGa thin
films and have been well documented.”” " Along that line, researchers
have also explored the addition of C, B, and N to FeGa thin films to
promote soft magnetic properties by reducing their grain size and
diminishing their magnetocrystalline anisotropy.”'*'”

A number of studies have previously explored the effect of under-
layers (such as Ru, NiFe, Cu, Co, etc.) between the substrate and sput-
tered FeCo thin films on their soft magnetic properties.”” " The
observed enhancement in the soft magnetic properties of FeCo has
been attributed to the effect of the underlayer on the interfacial magne-
toelastic energy.””*" " Similarly, in this work, the strategy of using a
non-magnetic underlayer (Cu) was explored to study its effect on the
microstructure and texture of the FeGa film, which dictates the attain-
able magnetic softness and magnetostriction.

The FeGa and Cu films in this study were grown via DC magne-
tron sputter deposition using an ULVAC JSP 8000 sputter system with
a base pressure of 2x 10 " Torr at room temperature. Si (100)
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substrates were used for all the depositions without any initial removal
of the native oxide. The FeGa films were formed using a target with an
Fe to Ga ratio of 80/20 at a DC bias power of 200 W and an Ar pres-
sure of 0.5 mTorr; the Cu underlayer was sputtered at a DC bias power
of 100 W and an Ar pressure of 0.5 mTorr. Scanning electron micros-
copy (SEM) imaging was used to calibrate the growth rate of the films.
The thickness of the FeGa films was measured to be 100.3 = 1.7 nm
(see Fig. S1); the nominal value is henceforth referred to as 100 nm.
The relative composition of the FeGa films was measured at Fe:Ga
(81.4 £3.0):(18.6 = 0.5), which was determined via x-ray photoelec-
tron spectroscopy (XPS) with a mono-chromated Al Ko source (see
Fig. S2). The structures of the films were characterized via x-ray dif-
fraction (XRD) using a Panalytical X'Pert Pro X-ray Powder
Diffractometer with a Cu K source and Fityk software package.”'

The room temperature magnetic properties of FeGa thin films
were measured via superconducting quantum interference device
(SQUID) magnetometry using a Quantum Design MPMS3. The high-
frequency FMR linewidth was measured using a short-circuited strip
line connected to a vector network analyzer (VNA). For these mea-
surements, the samples were placed facing the strip line and a large
saturating magnetic field was first applied parallel to the strip line to
establish a baseline for the measurement. The reflection coefficient
(S11) was then measured as a function of bias magnetic field
(0-600 Oe) and frequency (100 MHz to 6 GHz).™”

Magnetostrictive characterization was performed by depositing
FeGa, with and without a Cu underlayer, on thin Si cantilevers
(100 um thickness). An MTI-2000 fiber-optic sensor was used to
detect the deflection of the cantilever tip due to changes in the internal
stress of the FeGa thin films, with details described elsewhere.'®

In this work, thin films of Feg;Gajg (100nm) were deposited
either directly onto Si substrates or with a thin 2.5 nm Cu underlayer.
Figure 1 shows the in-plane magnetic hysteresis (MH) loops for the
100 nm FeGa films deposited on Si with and without a Cu underlayer
normalized to the saturation magnetization (see Fig. S3 for the full
MH loops at high fields). The FeGa film deposited directly onto a Si
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FIG. 1. In-plane magnetic hysteresis loops of 100 nm FeGa sputtered on a Si sub-
strate with and without a Cu underlayer.
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substrate, without the Cu underlayer, shows a coercivity of 84 Oe. For
an FeGa film deposited onto a 2.5 nm Cu underlayer, a much smaller
coercivity of 17 Oe was achieved. These results are consistent with
those previously observed for FeCo films in which a Cu underlayer
promotes a large decrease in in-plane coercivity.””***’ Additionally,
the FeGa films deposited with a Cu underlayer displayed an enhanced
uniaxial anisotropy, as observed from the increase in remnant
magnetization.

The high-frequency characteristics of FeGa films deposited on Si
with and without a Cu underlayer were studied using broadband FMR
spectroscopy. Figure 2 shows the S;; absorption as a function of mag-
netic bias field (0-600 Oe) at a fixed frequency of 6 GHz. These S;;
absorption spectra are cross sections of the entire FMR spectra over
the frequency range of 100 MHz-6 GHz (inset).

For a 100 nm FeGa film deposited without an underlayer, the
FMR spectra are characterized by a very low peak absorption and very
broad FMR linewidth (>600 Oe at 6 GHz) that extends beyond the
maximum magnetic field applied. In contrast, the FeGa film deposited
on a Cu underlayer is characterized by a significant enhancement in
the FMR response with a narrow linewidth of ~190 Oe at 6 GHz.

The effective Gilbert damping coefficient, o, was calculated by
fitting the FMR linewidth of the absorption as a function of frequency
for the FMR spectra from 3GHz to 6 GHz to the equation:
AH = 20,50 /y 4+ AHy, where o is the frequency, y is the gyromag-
netic ratio (~2.8 MHz/Oe), and AHj is the frequency-independent
linewidth broadening (see Fig. S4). The value of o for FeGa on Si was
021 £ 0.11 but decreased to 0.05=* 0.01 when grown with a Cu
underlayer.

The enhanced soft magnetic properties of the FeGa film grown
on an underlayer originated from the effect of the underlayer on its
microstructure. Structural characterization of the FeGa films was first

3
Underlayer: 600 :
2.5-nm Cu - '
None / S |
—_
X freq: 6 GHz . ,
~ 2+t 0 Freq (GHp ©
o=
9 105
~—
£
o
B8
<
':‘ 1 B 0 o 0.0
m'—' Freq. (GH2)
| L Il I 1 s 1 L | L | L |

O f L
0 100 200 300 400 500 600 700 800
Magnetic Field (Oe)

FIG. 2. Sy, absorption spectra as a function of magnetic bias field at 6 GHz for
100nm FeGa films sputtered with and without a Cu underlayer. The insets show
FMR spectra as a function of both frequency (100 MHz-6 GHz) and magnetic bias
(0-600 Qe).
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investigated using XRD. Figure 3 shows the spectra highlighting the
bee (110) diffraction for a 100 nm FeGa film sputtered with and with-
out a Cu underlayer. The films deposited onto a Cu underlayer display
a large shift of the (110) diffraction line position, which is caused by
relative changes in the strain of the films. The shift in the peak position
represents a relative increase of 0.28% compressive strain for the FeGa
film on Cu compared to FeGa deposited directly onto a Si substrate.

The FeGa film deposited with a Cu underlayer also showed an
increase (~30%) in the intensity of the (110) diffraction peak as com-
pared to that without an underlayer, indicating an increased (110)
polycrystalline texture. This enhancement can be attributed to the close
lattice match of the FeGa (110) film texture (d=2.058 = 0.001 A)
during growth to the underlying Cu (111) film texture (d=2.087
+0.001 A), which is highlighted in supplemental Fig. S5. This is con-
sistent with a previous study that used Cu as a buffer layer to achieve
epitaxial growth of FeGa films by encouraging a (110) crystalline tex-
ture along the growth direction.”* However, a broader comparison of
the impact of Cu as a buffer layer for sputtered FeGa films on their soft
magnetic and magnetostrictive properties has not been studied, which
is the focus of this work. Furthermore, it is expected that there is a
reduction in the grain width for the FeGa films with a Cu underlayer
(evidenced by the underlayer studies for FeCo films””*"*"); however,
while the trends in the full-width at half-maximum of the peaks can
generally provide insight into the grain size, the XRD data only capture
the lattice spacing for out-of-plane diffraction and would not be appro-
priate for examining changes in the width of the grains that would be
in-plane to the film.

In order to obtain magnetostriction measurements for FeGa films,
a perpendicular AC magnetic field is applied along the short axis of the
silicon cantilever during the measurement, while a 100 Oe bias field is
initially applied and held constant in the long axis in order to saturate
the magnetization and assess the full magnetostriction. The magnetic
field-induced stress, b, is calculated from the deflection at the cantilever
tip using the following relation from Ref. 35: b = —di?E /3t (1 + vy),

Underlayer: FeGa bcce (110)

L © None
o 2.5nm Cu

Intensity (cps)

43 44 45
20 (degrees)

FIG. 3. XRD spectra of the main bcc (110) FeGa peak when grown with and with-
out a Cu underlayer. Solid lines are the best voigt fit of the data in circles. Vertical
dashed lines are used to highlight the shift in the (110) peak across samples.
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where d is the deflection, t, and trare the substrate and film thicknesses
(100 m and 100 nm, respectively), [ is the distance between the clamp-
ing edge and the probe location (27 mm), and E; and v are the Young’s
modulus and Poisson ratio of the Si substrate (169 GPa and 0.069,
respectively, along the [110] in-plane direction for a Si (100) substrate™).
Note that the elastic properties of the Cu underlayer are neglected from
the calculation as the behavior of the underlayer is dominated by the
bulk of the Si substrate.

For thin films, the magnetic field-induced stress is considered the
more relevant parameter to describe magnetostrictive effects since the
lateral deformation is blocked by the substrate, and one can measure
only the stress. This also avoids the need to measure the elastic proper-
ties of thin films, which can be difficult. For comparison to other litera-
ture studies on magnetostrictive thin films, the magnetostriction in
terms of strain can be assessed from the relation of

i=1(5)

Poisson ratio of the FeGa film, which are approximated following the
E 37
;) = 50GPa.’

From the data in Fig. 4, it is found that the FeGa film deposited
without an underlayer reaches a maximum magnetic field-induced
stress of 7.4 MPa, corresponding to a magnetostriction of 99 ppm. The
film grown on the Cu underlayer largely maintains a comparable level
of magnetostriction (95 ppm), displaying a maximum magnetic field-
induced stress of 7.2 MPa. The importance of the results here is to
highlight that the soft magnetic properties of the FeGa films can be
enhanced without trade-off of the high magnetostriction values.

In summary, in order to enhance the soft magnetic properties of
sputtered FeGa thin films, a strategy of using a thin 2.5nm Cu under-
layer between FeGa and the Si substrate was explored. It was found
that an 80% decrease in coercivity and a 75% decrease in the effective
Gilbert damping coefficient can be achieved by using Cu as an under-
layer. It is observed that an underlayer serves to influence the

x b, where E¢ and v¢ are the Young’s modulus and
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FIG. 4. (Left axis): calculated magnetostriction for 100 nm FeGa sputtered with and
without a Cu underlayer as a function of the AC magnetic field (along the short axis
of the cantilever sample). (Right axes): directly measured cantilever deflection and
corresponding calculated stress. An initial bias field of 100 Oe was applied to satu-
rate the magnetization along the long axis of the cantilever sample and held con-
stant during the measurement.
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microstructure of the FeGa films, resulting in an increased (110) poly-
crystalline texture and an increase in compressive film strain for the
FeGa films. The saturation magnetostriction is largely retained for an
FeGa film grown with a Cu underlayer (95ppm) compared to the
FeGa film without an underlayer (99 ppm).

These results demonstrate that the underlayer strategy is effective
at providing structural control to simultaneously enhance the mag-
netic softness of FeGa while retaining its desirable magnetostrictive
properties. High magnetostriction, low effective Gilbert damping, and
low coercivity of FeGa grown on a lattice-matched underlayer such as
Cu make it an attractive material for strain-mediated ME and other
microwave device applications.

See the supplementary material for SEM imaging, XPS scans, full
scale in-plane MH loops for the FeGa films, and complete XRD spec-
tra of FeGa, Cu, and Si substrate materials.
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