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ABSTRACT

Materials with high magnetoelectric coupling are attractive for use in engineered multiferroic heterostructures with applications such as
ultra-low power magnetic sensors, parametric inductors, and non-volatile random-access memory devices. Iron-cobalt alloys exhibit both
high magnetostriction and high saturation magnetization that are required for achieving significantly higher magnetoelectric coupling. We
report on sputter-deposited (Feo5Coos5)1-xHfx (x = 0 — 0.14) alloy thin films and the beneficial influence of Hafnium alloying on the magnetic
and magnetostrictive properties. We found that co-sputtering Hf results in the realization of the peening mechanism that drives film stress
from highly tensile to slightly compressive. Scanning electron microscopy and x-ray diffraction along with vibrating sample magnetometry
show reduction in coercivity with Hf alloying that is correlated with reduced grain size and low film stress. We demonstrate a crossover
from tensile to compressive stress at x ~ 0.09 while maintaining a high magnetostriction of 50 ppm and a low coercive field of 1.1 Oe. These
characteristics appear to be related to the amorphous nature of the film at higher Hf alloying.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0168112
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I. INTRODUCTION

Materials that possess high magnetostriction and low coercive
fields have wide ranging applications, including actuators, magnetic
field sensors, gyrators, and transformers, and have been employed
extensively in multiferroic systems displaying high magnetoelectric
coupling.” * In artificial magnetoelectric systems built on the com-
bination of ferromagnetic magnetostrictive materials structurally
coupled to piezoelectric and ferroelectric materials, the desired mag-
netic properties often require implementation of a soft magnetic
material with large magnetostriction to produce a high piezomag-
netic response that is directly proportional to the magnetoelectric
coupling coefficient. Magnetoelectric microelectromechanical sys-
tems (ME-MEMS) are used to construct devices such as ultra-low

power magnetometers, miniaturized antennas, and high-quality res-
onator heterostructures and are amenable to well-developed pro-
cessing techniques, including magnetron sputtering’ '’ for film
deposition. Requirements for device fabrication often complicate the
realization of these combined qualities as inherent stresses from the
deposition technique are often detrimental to the magnetoelectric
functionality. Solutions to these problems are rarely reported.
Fe;_,Co, (FeCo) alloys are broadly used in thin-film form and
have been widely studied for their magnetoelastic properties and
suitability for technological integration."”'" FeCo alloys have some
of the highest saturation magnetization values available and can be
alloyed to create soft magnetic materials desirable for numerous
applications.ll‘13 For example, Fey5Cops has an extraordinary sat-
uration magnetization of 2.45 T, which is the highest value of all
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magnetic materials at room temperature per the Slater-Pauling rule.
Feo5Coy s stabilizes in a bec structure with low magnetic anisotropy,
high magnetostriction, and high Curie temperature that coincides
with the bee-to-fee transition temperature (~985 °C). It is notewor-
thy that in FeCo systems, the crystalline anisotropy and saturation
magnetostriction A; have minima at different Co concentrations,
allowing compositions to be optimized to these parameters. Multiple
ferromagnet-metalloid alloy films have been investigated in recent
years as the incorporation of C, B, Si, N, and mixtures thereof within
the FeCo parent alloy reduces grain size and promotes the formation
of an amorphous phase, which leads to decreased coercive field H,
while retaining high A, and piezomagnetic coefficients dj;'* '

Magnetic and magnetoelastic properties of magnetostrictive
thin films used in ME-MEMS are significantly impacted by the
inherent stress of the film imparted durmg deposition, leading to
a stress-induced magnetic anisotropy.'” ** Even more fundamental
are the intrinsic properties linked to the stresses of the magnetostric-
tive layers, where a direct correlation between the stress state, As,
and dj; can be found.” In situ deposition parameters, such as pres-
sure and stage bias voltages, are possible means of controlling the
as-deposited stress in magnetic thin films.”* Additionally, deposi-
tion of materials with higher atomic mass also tends to go down
under compression, so introduction of higher-Z elements may also
assist with tuning of the intrinsic stress via the peening mechanism.”
Although previous studies have shown that the co-deposition of
Hf with FeCo can lead to amorphization, resulting in magnetically
soft films with compressive stress and good microwave magnetic
properties,” >’ none has explored how the Hf content can modu-
late the film stress or magnetoelastic properties. In this work, we
analyze (Feo5Coos)1-+Hfi thin films (0 < x < 0.14) and the cor-
relations between the alloying and the structural amorphization,
the as-deposited film stress, and various magnetic properties. We
demonstrate that stress can be varied with Hf alloying via a mech-
anism typically achieved with low-Z metalloids. Such films with
tunable stress that maintain high magnetostriction are critical for
the development of next generation magnetic MEMS devices.

Il. EXPERIMENTAL

Films of (Feo5Coo5)1-xHfx were grown by magnetron sputter-
ing with commercially available targets from ACI Alloys. Hf, by
nature of the high atomic mass, is chosen to modulate the film
stress via the peening mechanism. Depositions were performed in an
AJA International, Inc. Orion confocal sputtering system configured
with 2 in. diameter sputtering guns. The magnetic FeCo target was
mounted in the flux concentrator configuration, and the Hf target
was mounted in the unbalanced configuration. The target to sub-
strate distance was ~20 cm. Feg5Cogs was deposited with a pulsed
DC power supply (100 W/100 kHz, 2 us), and Hf was co-sputtered
with an RF supply to allow for low film concentrations. The RF
power supply power levels were varied from 0 to 24 W for depo-
sition of the Hf films, resulting in an alloying range of 0%-14% at.
Films were co-sputtered on 100-ym thick (001) Si disk substrates
cut into 18 mm circular disks suspended with a recessed ring, allow-
ing the film to be grown on a non-strained substrate. In addition,
films were also deposited on an accompanying cover slip dotted
with photoresist to allow for step height measurement of film thick-
ness by surface profilometry. The system base pressure was lower

ARTICLE pubs.aip.org/aip/apm

than 2.0 x 107® Torr, and deposition was performed with Ar gas
at a pressure of 2.0 mTorr. Lower pressure operation did not allow
stable plasma during the extent of the deposition, which prevented
the low-pressure approach to induce compressive stress. A 10-nm
Ti adhesion layer was initially sputtered on the Si disk, and then,
~230 nm of FeCo-Hf was deposited.

Stress measurements were determined by use of a Zygo
NewView 7200 white light interferometer to image the full 18-mm
diameter disk and determine the radius of curvature induced by
film stress. Stoney’s formula’ was used in combination with thick-
ness measurements to determine the film stress. Composition was
determined by energy dispersive x-ray spectroscopy (EDS) done
with an Oxford AZTEC spectrometer mounted on a LEO Supra
scanning electron microscope (SEM). EDS also consistently showed
that the actual deposition of FeCo was close to Feg47Coo.53 inde-
pendent of the Hf content. Electron backscatter diffraction (EBSD)
data were collected on a ThermoFisher Quattro S scanning electron
microscope with an accelerating voltage of 20 kV and a beam cur-
rent of 4.2 nA with an EDAX Velocity Super EBSD detector. The
EBSD patterns from each dataset were denoised by the non-local
means pattern averaging re-indexing (NLPAR) technique’’ with a
fitting parameter Aggsp = 1.33 and a search window of 7 prior to re-
indexing. X-ray diffraction was performed with a Rigaku SmartLab
x-ray powder diffractometer to investigate the structural properties
of the as-deposited films in a 6-260 geometry with Cu-K, (1.54 A)
radiation at 50 kV and 200 mA. A Thermo Scientific SEM operating
at 30 kV was used to obtain micrographs for grain analysis with an
Everhart-Thornley detector (ETD) and a circular backscatter (CBS)
detector, each with resolutions of ~7 nm. Nanoindentation hardness
tests were made with a Berkovich indenter on an NHT2 Anton Paar
Nano Indenter at a maximum load of 5 mN with a standard linear
loading to determine Young’s modulus.

Magnetic measurements were performed with a Lakeshore
7400 vibrating sample magnetometer (VSM) to trace in-plane mag-
netic hysteresis loops. Magnetic force microscopy (MFM) done with
a Bruker Multimode 8 with Nanoscope V SPM Controller and MESP
(Veeco) magnetic probes (hard Co-Cr coating, tip radius ~30 nm,
and resonant frequency ~75 kHz) was conducted to investigate the
magnetic domains. MFM scans were performed in interleave tap-
ping mode — after a trace/retrace tapping mode line scan, a second
interleave scan was taken with a 30-nm height offset (“lift mode”)
to eliminate the van der Waals interaction and assess the mag-
netic interaction between the magnetic moment of the tip and the
local stray fields of the sample. The MFM images were obtained
in the phase mode, and before each measurement, the tip was
magnetized perpendicular to the surface of the thin film. Magneto
Optic Kerr Effect (MOKE) measurements were performed using a
NanoMOKE3 from Durham Magneto Optics with samples mounted
in the longitudinal configuration.

I1l. RESULTS AND DISCUSSION
A. Structural Properties

XRD analysis of (Fe0.5C00.5)1-xHfx is shown in Fig. 1(a)
where the Fey5Cogs bee (110) peak is pronounced in pure FeCo
films and shifts to lower 20 and broadens with increasing Hf
concentration, indicating a distortion of the lattice constant and
accompanied by a progressive reduction in grain size. A broad peak
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FIG. 1. Structural properties of (Fey5C0g5)1_xHfx thin films. (a) X-ray diffraction patterns spanning the (110) peak for x = 0.033-0.14 with intensities of x = 0.068 scaled by
6x and x = 0.082 — 0.140 scaled by 20x. (b) SEM images with scale bars representing 100 nm with CBS detector. (c) Summary of the average grain (SEM and EBSD) and
crystallite (XRD) sizes with insets showing example EBSD patterns for x = 0.033 and x = 0.120.

begins to form as x approaches 0.07, which signals a reduction in
the crystallite size and potentially the onset of an amorphous phase.
This possibly amorphous phase dominates for larger x values with
a re-emergence of a crystalline phase at x = 0.14. As this additional
peak is close to Co (111), additional XRD scans over a broad range
were performed and outlined in Fig. S1 whereby an additional peak
at ~97° leads to the conclusion that this incipient phase is a precipi-
tation of cobalt at higher alloy content. Average crystallite sizes were
estimated from the Scherrer equation and summarized in Fig. 1(c)
with a notable minimum around x = 0.095. Analysis of the peaks was
performed by fitting the peaks with a Gaussian function to obtain
FWHM and error bars. At x = 0.14, the appearance of peaks from
both the possibly amorphous phase and incipient crystalline phase
makes it difficult to define an average grain size.

Characteristic images of the sample topography with the SEM
CBS detector are illustrated in Fig. 1(b) for selected samples where
a progressive decrease in grain size with increasing x is evident,
reaching instrumental resolution by x = 0.12. The ETD and CBS
micrographs were analyzed with ImageJ to determine the average
grain sizes for a field of view of 700 nm® at a magnification of
250000x. Figure 1(c) shows the grain size reduction with increased
x and correlates well with crystallite size found by XRD discussed
previously. SEM imaging of the grains for x = 0.033 reveals the pres-
ence of elongated grains with higher aspect ratios than those seen
at higher x. Further analysis is shown in Fig. S2(a) regarding the
grain size and shape where characteristic images over the same field
of view obtained simultaneously with ETD and CBS detectors show
the aggregation of multiple crystallites into a single grain. Example
EBSD patterns for x = 0.033 and x = 0.120 are shown in Fig. 1(c) as
insets. The small grain size in x = 0.033 leads to the production of
EBSD patterns with Kikuchi bands from multiple grain overlapping.
This pattern overlap made it difficult or impossible to unambigu-
ously index the Kikuchi patterns from all but the largest grains in

the sample. The grains that were large enough to produce index-
able Kikuchi patterns had a body centered cubic crystal structure
and were on the order of 50-100 nm. The Kikcuhi patterns from
x = 0.120 showed no evidence of crystallinity, that is, no Kikuchi
bands or zone axis contrast was evident, and the patterns were sim-
ply uncorrelated noise. Inverse pole figure EBSD maps of x = 0.033,
which contains grains on the scale of 10s of nm and x = 0.12 where
there was no evidence of crystallinity, are shown in Fig. S2(b).

B. Magnetic and Stress Properties

Figure 2(a) shows 5 x 5 um* MFM images that were obtained
in ambient conditions without the application of an external mag-
netic field. Considering the nominal tip radius and the lift height,
we estimate the lateral MFM resolution to be ~30 nm. Subsequent
analysis of the magnetic domain shapes and sizes shows a pro-
gression of domains from 370 nm round domains at x = 0.033
to predominantly stripe domains present at x = 0.068 with width
~480 nm. MFM images of x = 0.082 reveal the existence of large,
nonuniform domains with stripe widths between 450 nm-1 ym. For
0.09 < x < 0.12, no domains were observed on the scale measured.
Likely, the magnetically soft samples possess domains that are sig-
nificantly larger than the field of view. Finally, x = 0.14 shows clear
stripe domains with periodicity ~390 nm. This is consistent with an
expected out-of-plane easy axis for positive A; and large compressive
in-plane stress, which forces the magnetization out-of-plane, while
the demagnetization of the thin films forces the magnetization in-
plane, and it is this competition between demagnetization energy
and stress-induced anisotropy that gives rise to stripe domains. Mag-
netization measurements along the easy axis detailed in Fig. 2(b)
show the lowest coercive field H, of only 1.1 Oe for x = 0.091, which
is also the value where the loop is the most square. These observa-
tions are likely tied to the absence of magnetocrystalline anisotropy

APL Mater. 11, 111107 (2023); doi: 10.1063/5.0168112
© Author(s) 2023

11, 111107-3

2y'2y'8L 20T UdJe Lo


https://pubs.aip.org/aip/apm

APL Materials ARTICLE pubs.aip.org/aip/apm

After analytical and magnetic measurements were performed,
the Si disk was laser scribed to fabricate an 18 x 2 mm beam on
which to perform magnetostrictive measurements by the cantilever
method."””*"" Measurements were taken for orthogonal in-plane
directions to determine the saturation magnetostriction A; and the
displacement of the cantilever was determined from laser Doppler
vibrometry while sweeping the magnetic field up to 1.5 kOe. A
trend similar to the progression of H. is reflected in the magne-
tostriction data, as seen in Fig. 2(c). To determine A, the reduced
modulus Y* for x = 0.091 was investigated with nanoindentation
hardness tests, giving a value of 170 + 10 GPa (see details in Fig. S3 of
the supplementary material). A for all other samples was estimated
based on that same value for Y*. In general, A, increases as the films
become increasingly amorphous up to x = 0.095 and reduces with
further alloying.

A summary of the magnetic and magnetostrictive properties
is plotted in Fig. 3 and shows a striking similarity to the case of
(Feg.5C00.5)1-xCx thin films in terms of the trends in H,, As, and
piezomagnetic coefficient d33.'® As expected, the saturation magne-
tization M [Fig. 3(b)] generally decreases with x due to magnetic
0 dilution. A increases with x until the onset of amorphization, reach-
ing a maximum coincident with the minimum in H, at x = 0.91. It is

(arb. units)

Ew gggg of note that the trend in ds3 and maximum in Ay, as seen in Fig. 3(d),
s —0.091 is similar to the results of (Fey5Co005)1-+Cy, in which a peak in A,
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Fig. 3(e) with scale bars for the false color image illustrating the
magnitude of surface curvature. The parent (Fegs5Cops) films show
tensile stresses >1 GPa, whereas the introduction of Hf reduces the
intrinsic stress by a factor of two and remains fairly constant until
x ~ 0.085. Here, we use the convention where positive values rep-
resent tensile stresses and negative values represent compressive
ones. A clear crossover from tensile to compressive stress occurs at
x ~ 0.09, which corresponds to the minimum in H. and maximum
in As with only a slightly reduced value of ds3.

Figure 4(a) shows the normalized MOKE measurements
M, (H)/M; for various samples near the easy axis, which is repre-
sentative of the trend seen in VSM measurements (both MOKE and
VSM measured in plane). Figure 4(b) shows the in-plane results
for M(H)/M; along the hard and easy axes for x = 0.091 where
the stress-induced magnetic anisotropy field of 66 Oe is determined
from the intersection of the extrapolation of the low-field linear
region to magnetic saturation (blue dashed line). The green line in

N
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FIG. 4. (a) Normalized MOKE signals for various Hf alloying. (b) MOKE signal
for easy (black) and hard (red) axis for x = 0.091 with the inset showing mag-
netization. The green line represents the calculated magnetization along the hard
axis based on Eq. (1) and the parameters determined from the high-field torque
measurements.
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the figure represents the expected calculated magnetization along
the hard axis based on Eq. (1) and the values determined from the
high-field torque measurements. The agreement with the measure-
ment is quite satisfactory. Note that the inset shows the measured
and calculated remanence, given by M./M; at H = 0.

Vector magnetic measurements were performed for x = 0.091
by VSM by measuring M, and M,,, where M, is the component of M
|| Hand M, is the component of M L H. The sample was measured at
every 5° in the plane, and measurements were averaged between the
opposite orientations. Figure S4(a) shows the M—H loops for M, and
M, near the easy axis, and Fig. S4(b) shows the angular dependence
of M, measured at 1500 Oe (black squares). Given that the MFM
images indicated large domains for this composition, the results
were modeled by minimizing the free energy for a single domain
isotropic ferromagnet,

1 Y
F =-MHa; + ~aiojDjj — ———
2 2(1+v) )
1 %
x| 3As| aijei; — —€ii | + eijeis + ————eiigij | — oijeij,
[ s( i &ij 3 tl) ij€ij (1721}) ii ]]:I ij€ij

where H; is the magnetic field, &; is the direction cosine of the mag-
netization, Dj; is the demagnetization tensor, Y is Young’s modulus,
v is the Poisson ratio, ¢;; is the strain tensor, and o;; is the deposition
stress tensor. Y = (1 — vZ)Y*, and an expected value for v for most
metals is ~0.3. If we set the index “3” direction to be the surface nor-
mal, then Dj; = 0 except D33 = 47 for a thin film. This large demagne-
tizing term implies that a3 = 0. Since the top surface of the film is free,
033 = 0, and we assume that there are no shear stresses: oj; = 0, i # j.
The average deposition stress is —160 MPa = 1 (011 + 022). The best
fit yields the result shown in Fig. S4(b) with 01; = —192 MPa and 02,
= —128 MPa. The in-plane anisotropy field is given by W
=66 Oe. A similar analysis of x = 0.14 was made with the data shown
in Fig. S5 where fitting results with 01, = —451 MPa and 0, = —427
MPa, consistent with stress measured via Zygo profilometry.

IV. CONCLUSIONS

In conclusion, we have investigated (Feos5Coos5)1-xHf thin
films made by co-sputtering Hf and FeCo. We find that a sharp
transition from tensile to compressive stress is observed with
increased Hf concentration. At the crossover from tensile to com-
pressive stress (x ~ 0.09), the coercive field is small (~1 Oe),
while the saturation magnetostriction is at a maximum. While
the low coercive field and perhaps the magnitude of the residual
stress can be connected to the amorphization of the film, which
occurs at this critical value, it seems serendipitous that magne-
tostriction is also largest at this value. It should be noted the
impact of various deposition conditions, such as target to sub-
strate distance, deposition pressure, substrate bias, and substrate
temperature, were not explored yet could prove beneficial as an
additional control for tuning the as-deposited properties. Nonethe-
less, by alloying Hf with FeCo, one can enhance the piezomagnetic
properties without compromising other magnetic characteristics.
This material presents an additional avenue toward optimizing
the design of multiferroic magnetoelectric magnetic field sensors™
and broadening the application of magnetoelectric heterostructure
systems.
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SUPPLEMENTARY MATERIAL

Additional characterization of samples by x-ray diffraction,
scanning electron microscopy, nanoindentation, electron backscat-
ter diffraction, and vector vibrating sample magnetometry are given
in the supplementary material.
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