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ARTICLE INFO ABSTRACT

Keywords: Soft magnetic materials are widely used in inductors, transformers, and magnetic sensors. Probing their
Sputtering fundamental properties is therefore crucial to gain insights into improving their static and dynamic magnetic
Ehén ;‘lm behavior. Herein, we report results on iron-gallium-boron (FeGaB) thin films grown on Si substrate using
eGal

magnetron co-sputtering. Systematic investigation was carried out to examine the influence of sputtering process
parameters on tuning the structure and magnetic properties of FeGaB thin films. By precisely controlling FeGa
and B targets’ sputtering power, optimal (Fe;.yGay);.xBx films were realized that exhibit excellent magnetic
softness (He ~ 6-11 Oe), and a remarkably low effective Gilbert damping (@, ~ 0.009-0.015). Furthermore,
ultrafast magnetization dynamics characterized using time-resolved magneto-optical Kerr effect (TR-MOKE)
revealed slow relaxation times of the excited magnetic state in the FeGaB thin films. Collectively, these results
confirm that the developed FeGaB thin films have promising high-frequency applications including magnetic

Physical vapor deposition
Soft magnetic materials
Ferromagnetic resonance
Time-resolved MOKE

Sensors.

Introduction

Soft magnetic thin films with large magnetostriction and low
damping factors are in demand for high-frequency applications [1,2].
This is due to their favorable attributes including low magnetic coer-
civity, large permeability, high ferromagnetic resonance (FMR) fre-
quency, and reduced eddy current losses [2-7], which benefit
applications like sensors, actuators, microwave devices, and
magneto-electric energy harvesters [8-10]. Particularly, a low Gilbert
damping coefficient is crucial for fast switching and low loss operations
in spintronic and high-frequency systems [9]. Magnetic thin films are
commonly deposited using physical vapor deposition techniques such as
sputtering and thermal evaporation [11,12], which allow precise control
over film thickness, composition, and microstructure.

Galfenol, an iron-gallium alloy (Fej.xGay; 12<x<25), exhibits

* Corresponding authors.

prominent properties including a large magnetostriction (<275 ppm),
high saturation magnetization (<18 kG), moderate saturation field (~
100 Oe), and high magneto-mechanical coupling factor (~0.4) [13,14].
These properties render FeGa thin films suitable for strain-coupled
magnetoelectric devices, where the magnetostrictive FeGa layer in-
duces a change in the size/shape of the piezoelectric layer, thereby
generating electricity in response to an applied magnetic field [10,11,
15,16]. However, despite these advantages, FeGa films also exhibit
sub-optimal soft magnetic behavior due to their relatively high electrical
conductivity, high stress, and large damping factor, hindering their
performance in high frequency applications [10,17]. Addition of Ni, N,
and C into FeGa to form FeGaNi, FeGaN, FeGaC alloys has been
demonstrated as a way to enhance its magnetostrictive behavior
[18-20]. In contrast, incorporating B into FeGa to form FeGaB alloy has
been shown to refine the grain size and reduce magnetocrystalline
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anisotropy, resulting in excellent soft magnetic behavior and microwave
properties [4,13,21-24]. The FeGaB thin films are characterized by low
coercivity, reduced energy loss during magnetization reversal, high
sensitivity to weak magnetic fields, low damping, high magnetic
permeability and thermal stability [7]. These properties make FeGaB
thin films relevant for a wide range of spintronic devices, magnetic
sensors, and high frequency integrated inductors and transformers for
power electronics [7,16,25,26].

Several studies have investigated FeGaB thin films for high-
frequency applications. Cao et al. conducted comparative analysis of
the magnetic properties of FeGa, FeGaN, and FeGaB films at high fre-
quency [10]. It was found that FeGaB films showed the best results in
terms of soft magnetic nature with a self-biased (~ at zero external bias
field) FMR frequency of 1.83 GHz and a low damping factor of 0.023.
Yadagiri et al. obtained damping parameters of 0.0071 and 0.0087
through FMR measurement on FeGaB and Al,03/FeGaB multilayered
thin films patterned on Si substrates, respectively [22,27,28]. Li et al.
developed a highly sensitive (~2.8 Hz/nT) AIN/FeGaB resonator-based
magnetic field sensor for DC/low frequency range [29]. Liu et al
demonstrated the electric field strain-induced change in ferromagnetic
resonance of FeGaB/PZN-PT (011) magnetoelectric composites [30].
Lou et al. examined the impact of B addition on the soft magnetism,
magnetostriction, and microwave properties of FeGaB thin films [7].
These prior reports, however, provide a limited discussion on the film
growth process and the effect of deposition parameters on properties of
FeGaB thin films. Further, in these prior studies, there is a lack of visible
optics for investigating the magneto-optical response as well as under-
standing the ultrafast magnetization dynamics of FeGaB thin films.

Controlling magnetization dynamics on femtosecond timescales is
fundamentally important for integrated opto-spintronic devices [31].
Understanding the dynamic process of how a magnetic material returns
to equilibrium after excitation by intense laser pulses, together with its
ferromagnetic resonance (FMR) response, provides important criteria
for achieving ultrafast spin control. The direct excitation of spin pop-
ulations through laser pulses has been studied extensively in semi-
conductors where spin-polarized electrons in the conduction band can
be generated by circularly polarized light because of the dipole-allowed
optical selection rules [32]. In the presence of a net magnetic moment (i.
e., in a ferromagnetic semiconductor) [33,34], spin-transfer torque be-
tween spin-polarized electrons and the magnetization in the semi-
conductor can occur. It has been shown by Stanciu et al. [35] that
circular polarization of light in the absence of a magnetic field can
switch the magnetization of a metallic ferrimagnet, and this observation
has launched the field of all-optical helicity-dependent switching
(AO-HDS) in ferrimagnets. This effect was later also reported in ferro-
magnets; however, in most cases, AO-HDS in ferromagnetic metals re-
quires many laser pulses to fully switch their magnetic states [36-38].
Recent magnetization-dynamics studies on FeGaB have mainly focused
on heterostructures, where interfacial coupling shapes the response,
including FeGaB/PMN-PT magnetoelectric heterostructure for
electric-field tuning [39], and FeGaB-BiSb interfaces for light- and
microwave-driven spin pumping [40]. To the best of our knowledge,
intrinsic ultrafast demagnetization has only recently been reported in
FeGa films using time-resolved pump-probe method [41]; however,
boron incorporation in FeGa can modify the microstructure and relax-
ation pathways. This motivates a study of magnetization relaxation
dynamics post ultrafast demagnetization.

Building upon the prior studies, here, we systematically investigate
the influence of sputtering process parameters on the structure and
magnetic properties of FeGaB films. Changes in FeGa and B target
power, substrate temperature, and sputtering time affect the amount of
B doping in FeGa film, influencing its characteristics. Under optimal
sputter power conditions (i.e., FeGa: 60 W and B: 40 W), the FeGaB thin
film exhibits low coercivity, narrow FMR linewidth, and low effective
Gilbert damping. Specifically, when grown at room temperature (RT),
the optimal FeGaB thin film shows relatively high magnetization (M ~
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1790 emu/cc or 4nM; ~ 22.5 kGauss), low coercivity (H. ~ 36 Oe) and
low Gilbert damping constant (~0.015). At growth temperature of 200
°C, the optimal FeGaB thin film shows moderate magnetization (M;
~770 emu/cc or 4nM; = 9.7 kGauss), ultra-low coercivity (H, ~ 6 Oe)
and an even lower damping constant (~0.009). Further, ultrafast
magnetization dynamics in the optimal FeGaB films were explored via
time-resolved magneto-optical Kerr effect (TR-MOKE), a powerful tool
to study laser-induced magnetization changes in a ferromagnetic ma-
terial [24]. Additionally, we also demonstrate that the magneto-optical
response of FeGaB films can be effectively probed using magnetic cir-
cular dichroism (MCD) under visible optical excitation (see Supporting
Information, Note S2 and Figure S3, S4). These findings reveal new
dynamical responses in FeGaB which can offer pathways for further
material exploration and application.

Methods and characterization

The FeGaB thin films were deposited on silicon (100) substrates
using high purity 2-inch diameter FegyGago and B targets via magnetron
co-sputtering (Make: Kert J. Lesker; Model: PVD 75 PRO LINE). The
vacuum chamber was evacuated to a base pressure of 1x107" Torr, with
a constant Ar pressure maintained at 8 mTorr during deposition. Sput-
tering powers in the range of 20 to 60 W, corresponding to power
densities of approximately 1.0 to 3.0 W/cm?, were applied to the FeGa
and B targets to optimize the film’s stoichiometry and magnetic prop-
erties, while maintaining stable plasma conditions. In particular, the B
target power was limited to 50 W, as higher powers resulted in target
overheating and unstable deposition. Conversely, target powers below
20 W were insufficient to reliably ignite and sustain the plasma. The
crystallographic characteristics of FeGaB thin films were assessed using
X-ray diffraction (XRD) through a PANalytical X'Pert X-ray diffractom-
eter with a Cu Ka source (A=1.544 Z\) in the 06-20 mode. The thickness of
the films was measured using a surface profilometer and were found to
be in the range of 40 nm to 75 nm depending on sputter parameters. To
investigate the surface morphology of the FeGaB thin films, field emis-
sion scanning electron microscopy (FESEM) was employed. Elemental
composition was determined through Energy Dispersive X-ray (EDAX)
analysis and X-ray photoelectron spectroscopy (XPS). Ion sputtering was
done using 2 kV Ar" rastered over a 2 mm x 2 mm area to get the exact
elemental analysis in XPS. Static magnetic properties of the FeGaB films
in-plane geometry were measured by a vibrating sample magnetometer
using Lakeshore 8600 Series in the range of +6000 to -6000 Oe DC
magnetic field at room temperature.

Ferromagnetic Resonance (FMR)

FMR was used to measure the dynamic magnetic properties of the
FeGaB thin films. To probe FMR, each sample was excited with a fixed
microwave frequency from a coplanar waveguide, while a quasistatic
magnetic field was applied in the film plane. By employing a 700 Hz
modulation field, collinear with the quasi-static field, the resonance
signal was acquired with a lock-in amplifier connected to a microwave
diode. Hence, the measured resonance spectrum was the derivative of
the microwave absorption with respect to the quasi-static field.

Time-Resolved Magneto-Optical Kerr Effect (TR-MOKE)

TR-MOKE was employed on the optimized FeGaB thin films to un-
derstand ultrafast magnetization dynamics. Using a two-color pump/
probe (400 nm/800 nm), TR-MOKE response of one of the samples (D1)
was monitored. In this process, the laser source was an amplified Ti:
Sapphire oscillator with a repetition rate of 1 kHz, with a wavelength of
800 nm and a pulse duration of ~ 100 fs and ~1 W output power. 90% of
the oscillator’s output power was used to frequency double to 400 nm
using a 0.5 mm thick BBO crystal and generated 1 mW of power with an
estimated fluence of 4 mJ ecm™2. The pump pulses were modulated by a
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chopper at 211 Hz. The probe pulses at 800 nm were attenuated to ~10
uW, corresponding to a fluence of 40 uJ cm 2. The 400 nm pump pulses
were circularly polarized, and the reflected 800 nm probe pulses from
the sample were directed through a Wollaston prism to separate the S
and P polarizations. Balanced Si-photodiode detection was used to
measure the differences between the S and P polarizations as a function
of the time delay between the pump and probe pulses. Figs. 1 (b) shows
the schematic of the TR-MOKE set-up.

RESULTS AND DISCUSSION
Structural analysis

Figs. 2 (a-d) show the normalized log scale X-Ray diffraction (XRD)
patterns of the FeGaB thin films synthesized under varying sputtering
power at RT for 30 minutes. Figs. 2 (a) shows the XRD spectra of FeGaB
films (samples A1, B1, C1, and D1) prepared by varying the DC sput-
tering power of the FeGa target while maintaining the B target at fixed
40 W RF power. Samples B1, C1, and D1 exhibit a (110) bcc diffraction
peak that becomes increasingly pronounced as FeGa target power in-
creases. In contrast, the (110) peak is nearly absent in sample A1,
indicating reduced crystallinity and increased amorphization under low
FeGa power (—~30 W) condition. Si substrate peaks are observed around
20~33° and 20~70°. Fig. 2 (b) shows the zoomed-in view of Fig. 2 (a),
revealing a shift in the (110) diffraction peak towards higher angles i.e.,
from 26 ~ 44.22° to 20 ~ 44.42° as FeGa power increases from 30 W to
60 W, indicating lattice contraction.

Figs. 2 (c) shows the XRD patterns of the FeGaB films developed
under varying B power while maintaining FeGa power fixed at 30 W

(a)
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(samples F1, A1, and G1), and at 60 W (samples D1 and EI). The
zoomed-in view in Figs. 2 (d) shows no significant (110) peak at 30 W
FeGa power regardless of B power (samples F1, A1, G1). This suggests an
amorphous structure due to insufficient FeGa content, implying B power
has little influence on crystallinity under low FeGa power conditions.
However, at 60 W FeGa power, the (110) diffraction peak appears and
broadens with an increase in B power from 30 W to 40 W (samples E1
and D1). In addition, the (110) peak shifts towards lower angles, i.e.,
from 20~44.42° to 20~44.39° with an increase in B power from 30 W to
40 W, indicating lattice expansion due to B atoms occupying interstitial
sites in FeGa. The broadening (or FWHM increase) of the (110) peak
with increasing B power indicates higher B doping resulting in an
amorphous nature and a decrease in grain size of FeGaB films from 15
nm to 13 nm (D1 and E1, Table 1). The results are similar to those earlier
reported by Lou et al. [7].

Table 1 summarizes the 26, FWHM, and calculated grain size cor-
responding to the (110) diffraction peak of the FeGaB thin films
deposited under varying sputtering conditions. The average grain size
(D) was calculated using Debye-Scherrer’s formula, D = KA/fcos6 [42],
where K indicates the shape factor, 1 indicates the wavelength of Cu-Ka
radiation, and g indicates the FWHM. In our analysis, we employed a
value of K=0.94, which is appropriate for spherical crystallites with
cubic symmetry, a reasonable assumption for sputtered FeGaB thin films
[43-45]. It is to be noted that the FeGaB films prepared under low FeGa
power of 30 W and varying B power (30 W, 40 W, and 50 W), i.e.,
samples F1, A1, and G1, lack a detectable (110) diffraction peak, so their
FWHM and grain size could not be calculated, and hence are not listed in
Table 1.
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Figs. 1. (a) Comparison of our measured values of coercivity and saturation magnetization with those reported in the literature for FeGaB thin films. (Note: The x-
axis in panel (a) corresponds to reference numbers cited in the main manuscript; D1-D3 represent the configurations from this work). (b) The geometry of our
measurements with respect to the applied field (H) and pump/probe pulses. The pump and probe beams had a 5-degree angle separation. The measurements were
performed inside an Oxford split coil magnet with optical windows. For TR-MOKE, the pump at 400 nm was circularly polarized and the 800 nm probe was linearly
polarized. The magnetization easy axis (M) of the FeGaB thin film (sample D1) was in the sample plane.
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Figs. 2. Normalized X-Ray diffraction pattern of FeGaB thin films deposited by varying sputtering power of (a) iron gallium (FeGa) target, (c) boron (B) target. Figs. 2
(b) and 2(d) are zoomed-in views showing shifts in peak position with respect to target power variation.

Table 1

20, full width at half maximum (FWHM), and calculated grain size for (110) peak of FeGaB thin films prepared under varied FeGa and B sputtering power conditions.
(Here ‘-’ implies the parameter could not be estimated from the corresponding XRD pattern due to the absence of (110) peak).

Sample ID Sputter Power (FeGa _B) (in Watts) Deposition time (minutes) Deposition temperature ( °C) Peak Position, 26 (°) FWHM, 3 (*) Grain size, D (nm)
Al (30_40) 30 RT 44.22 - -

B1 (40_40) 30 RT 44.26 0.43 20.84

C1 (50_40) 30 RT 44.30 0.62 14.46

D1 (60_40) 30 RT 44.42 0.66 13.59

E1 (60_30) 30 RT 44.50 0.59 15.20

F1 (30_30) 30 RT - - -

G1 (30_50) 30 RT - -

Magnetic hysteresis measurements

Table 2 summarizes the coercive field (H,) of all the FeGaB samples
along with their deposition parameters. Figs. 3 (a,b) depict the
normalized change in magnetic hysteresis (M/M;s) of samples AI1-G1
with varying sputtering power of FeGa and B targets, respectively. The
deposition time (~ 30 minutes) and temperature (~ RT) were kept
constant for the above samples. The films grown under a high FeGa
power of 60 W (samples D1 and E1) achieve magnetic saturation (M) at
lower in-plane applied fields. The inset of Figs. 3 (a,b) show the variation
of H, with FeGa and B target power, respectively, highlighting the
crucial role of sputtering power in influencing the magnetic coercivity of
the sample. Comparing samples DI and E1 (inset of Figs. 3 (a)) suggests
that with an increase in B power from 30 W to 40 W, H. decreases from
42 Oe to 36 Oe, at fixed FeGa power (~60 W). The lower H, indicates
higher B doping and hence enhanced magnetic softness. It can be

Table 2
Coercivity values (H. (Oe)), of different FeGaB thin films prepared under varied
sputtering conditions.

Sample Sputter Power Deposition Substrate Coercivity,

ID (FeGa _B) time (minutes) temperature ("C) H. (Oe)
(Watts)

Al (30_40) 30 RT 40

BI (40_40) 30 RT 42

C1 (50_40) 30 RT 54

D1 (60_40) 30 RT 36

E1 (60_30) 30 RT 42

F1 (30_30) 30 RT 44

G1 (30_50) 30 RT 38

D2 (60_40) 60 RT 11

D3 (60_40) 60 200 6
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Fig. 3. Normalized (M/M;) magnetic hysteresis of FeGaB thin films deposited by varying sputtering power of (a) boron (B) target, (b) iron gallium (FeGa) target,
under identical deposition time (~ 30 minutes) and temperature (~RT) conditions. Magnetic field dependence of (c) saturation magnetization, and (d) normalized
(M/M;) magnetic hysteresis of FeGaB thin films prepared under optimal targets’ power (FeGa: 60 W, B: 40 W) but different deposition time and temperature.

concluded that amongst all the samples grown for 30 minutes at RT (AI-
G1), sample D1 deposited at 60 W FeGa power and 40 W B power, ex-
hibits a relatively lower H. ~36 Oe, implying higher magnetic softness.

Once the favorable sputter power conditions (i.e., FeGa/B: 60W/40
W) were identified for attaining a soft magnetic FeGaB film (sample D1),
the influence of deposition time (sample D2) and substrate temperature
(sample D3) were studied (Table 2 and Figs. 3 (c,d)). The samples D2,
and D3 were prepared under optimal 60 W FeGa power and 40 W B
power conditions. A substrate temperature of 200°C was selected for
sample D3 based on literature reports indicating reduced coercivity (H)
and improved soft magnetic behavior at elevated growth temperatures
[24,27,42]. Figs. 3 (c,d) show sample D2 exhibits lower coercivity, Hc
~11 Oe and moderate saturation magnetization, Mg ~ 800 emu/cc (or
41M; = 10.1 kGauss) compared to sample D1 with higher H. ~ 36 Oe
and Mg ~ 1790 emu/cc (or 41Ms ~ 22.5 kGauss). Furthermore, sample
D3 exhibits the lowest H. ~ 6 Oe and Mg ~ 770 emu/cc (or 47tMg = 9.7
kGauss), indicating enhanced magnetic softness at the expense of M,
likely due to higher B content. These samples were further studied for
morphological, elemental composition analysis, and dynamic magnetic
properties.

Morphological and elemental analysis

To understand the microstructure of the optimal samples D2 and D3,
FESEM technique was utilized to analyze the surface morphology, par-
ticle size, and thickness of the thin films. A comparative analysis of the
morphology of FeGaB films with a reference FeGa thin film sample was
conducted to understand the impact of B doping on microstructure. All
the microstructure images presented in Figs. 4 (a-c) show uniformly

distributed fine grains with no cracks. Figs. 4 (a,d) provide a top-view
and cross-sectional view of the reference FeGa thin film grown under
identical parameters.

The surface microstructure presents rice-like granular appearance
with crystalline nature and the hard magnetic characteristic of the FeGa
thin film (Fig. 4 (a)) [46,47]. Figs. 4 (b,e) depict the top-view and
cross-sectional view of sample D2. As B is incorporated into FeGa, the
surface morphology becomes smooth and grain size reduces, indicating
a rise of amorphous nature of the FeGaB thin film (Fig. 4 (b)), and it can
be supported from the lower coercivity of the FeGaB thin films. Figs. 4
(c,f) show the top-view and cross-sectional view of sample D3. It can be
inferred from these images that with substrate temperature of 200°C
(D3), the FeGaB grain size only minimally increases while the overall
morphology remains the same as sample D2, i.e., a densely packed dis-
tribution of fine grains. The interstitial boron disrupts the lattice of
FeGa, reducing the grain size of the films, and leading to reduced
magnetocrystalline anisotropy and softer magnetic properties [1]. The
measured grain size in FeGa thin film is ~40+2 nm (Fig. 4 (a)) whereas
for the FeGaB thin film (sample D2), it is ~10+2 nm (Fig. 4 (b)). The
lower grain size suggests softer magnetic properties of FeGaB thin film
grown at 60/40 W power for 60 minutes (sample D2; Fig. 4 (b)). The
elevated substrate temperature of 200°C during growth leads to the
formation of finer grains with a slight increase in grain size to ~18+2
nm (sample D3; Fig. 4 (c)), due to possible weak surface atomic diffusion
[46].

The measured thickness of the reference FeGa thin film grown at RT
for 60 minutes is ~221 nm. While for FeGaB thin films grown at RT for
30 minutes (D1) and 60 minutes (D2), the thicknesses are ~32 nm and
~70 nm, respectively. This suggests that addition of B element in FeGa
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) s |
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Fig. 4. (a-f) The microstructure of reference FeGa film and as-prepared D2 and D3 FeGaB films in the top view (a-c), and cross-sectional (d-f) view, respectively. (g)

EDAX analysis of FeGa, D2 and D3 FeGaB thin films under FESEM study.

alloy reduces the rate of deposition by a factor of ~3.1 at RT. Further,
increasing the substrate temperature (~200°C) reduces the deposition
rate ~ 3.7 times, as evidenced by the reduced thickness (~59 nm) of the
FeGaB sample D3 grown for 60 minutes, compared to the reference FeGa
film (Figs. 4 (d-f) and Figure S1). Even the deposition rate of the FeGaB
alloy grown under the same target power with a temperature of 200°C is
observed to decrease by ~1.1 times compared to the deposition rate of
the FeGaB alloy grown at RT, as shown in Figure S1. EDAX analysis in
Fig. 4 (g) confirms the presence of boron (B) in the FeGaB thin films
prepared at room temperature and 200 °C (samples D2 and D3,
respectively). The reference FeGa sample showed no B peak, while clear
B peaks were observed in the FeGaB films. We have estimated the
composition from the EDAX to understand the deviation from the
desired composition. The evaluated estimate of the compositions is as
follows: FeGa reference: FersGazz, D2: FessGazoB1a, D3: FesoGateB1s. This
composition indicates that Ga content deviates from the nominal value,
especially in D3, but still remains within the expected variation range
typical for co-sputtered multi-element thin films. However, we were
unable to reliably quantify the surface composition of B, which may be
attributed to one or both of the following factors: (i) surface oxidation
resulting from ambient exposure, and (ii) the close atomic energy levels
of B and C, potentially leading to signal overlap or misidentification
during EDAX. Therefore, to further investigate the elemental composi-
tion and chemical bonding states, X-ray photoelectron spectroscopy
(XPS) was employed on the D2 and D3 FeGaB samples (Fig. 5 and
Figures S2(a-f)).

The XPS surface survey scan spectra of the FeGaB films reveal the
possible presence of organic ingredients (CHy, C-O and O-C=0) as well
as mixtures of oxides of B, Ga, and Fe, and small amounts of reduced Fe,
Ga, and B as shown in Fig. 5 (a), Note S1, Figure S2 (supporting infor-
mation). The unwanted C peak may arise from the carbon contaminants
adsorbed on the surface of investigated samples, while O elements may
arise from the surface oxidation of the thin films when kept for a
considerable long time in the open air. Hence, to get the accurate
composition of the elements in the FeGaB thin films, the sub-surface was
exposed by ion sputtering, and individual elements were scanned as
shown in Figs. 5 (b-d). The XPS technique revealed the binding energy of
elements Fe, Ga, and B in samples D2 and D3, where the satellite peak of
each element was deconvoluted using the XPS software to obtain their
binding energies. The determined binding energies of Fe 2p3 /2, Ga 2p3,2,
and B 1 s are 707, 1116, and 191.5 eV, respectively, which are well-
matched with the standard values of these elements [10,48,49]. The
ion sputtered surface confirms that the B element is doped into FeGa
films, and the elemental composition of these alloys is estimated to be
approximately Feg;GajeB17 (D2) and FeggGaiaByg (D3) by fitting the
spectra area of each peak of Fe 2p3,2, Ga 2p3/s, and B 1 s in XPS char-
acteristic graphs. The higher B content observed in sample D3 is
consistent with its lower H. when compared with sample D2 (see
Table 2). The observed deviation from the intended FesoGaz composi-
tion is attributed to several factors inherent in co-sputtering processes,
particularly in multi-target systems involving a third light element
(Boron). These include differential sputtering yields, preferential
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re-sputtering of Ga atoms due to their lower atomic mass, local plasma composition is the same as FeggGay.
density variations, and B-induced changes in the film growth kinetics
and phase formation [7,50]. In comparison to the RT grown thin film Ferromagnetic Resonance
(D2), the film prepared at higher deposition temperature (D3) shows
more B content and a lower Ga/Fe ratio, although the FeGa target To examine magnetization dynamics in the optimal FeGaB thin film
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Fig. 6. Dispersion Relationships as derived from FMR frequency vs resonance peak for three samples, (a) D1, (b) D2, and (c) D3. The dispersion relationships were
then fit with the Kittel model assuming no in-plane magnetocrystalline anisotropy. For sample D1 (panel a) we tested two in-plane field directions rotated 90 degrees
with respect to each other. Note there is little difference between each angle (blue and red points) in D1; therefore, the Kittel fit for each rotated direction is nearly
identical. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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samples, broadband ferromagnetic resonance (FMR) measurements
were performed. FMR is a common method for probing the magnetic
states when the system is excited out of equilibrium to extract important
magnetic properties, such as damping and magnetic inhomogeneity. The
origin of the dissipation in excited ferromagnetic systems is of funda-
mental interest for understanding the magnetization dynamics. Con-
trolling magnetic damping could also be important for reducing the
switching current and increasing the speed of magnetic memory devices.
For the FMR measurements, three optimal FeGaB thin film samples were
considered — namely, samples D1, D2, and D3; their deposition param-
eters and properties are described in Tables 1 and 2.

First, we examine the associated dispersion relationships extracted
from FMR for samples D1, D2, and D3, which are shown in Figs. 6 (a-c).
We utilize the Kittel model for a thin film with magnetocrystalline
anisotropy to extract both the g-factor of each sample and the effective
magnetization as indicated in Eq. 1 [51].
f :@\/[(H+Ha,,,-)(H+Hani+4nMeff)] 1
We fit Eq. 1 to the dispersion relationships shown in Fig. 6 where we
assume that the in-plane magnetocrystalline anisotropy field is very
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small and so we set Hap; = 0 Oe. This low anisotropy field is supported by
Fig. 6 (a), sample D1, where it is shown that the dispersion relationship
is nearly identical for both an in-plane magnetic field set at O degrees
relative to the (001) crystal axis and 90 degrees relative to the crystal
axis. The in-plane crystalline anisotropy field for FeGaB has previously
been shown to be less than 100 Oe, dropping with increasing B content
[7]. In samples D2 and D3, there is relatively more B content than D1
which reduces crystallinity so it may be assumed that their associated
in-plane magnetocrystalline anisotropy is also very small. The associ-
ated g-factors and Mg for samples D1, D2, and D3 are g = 2, 2.05, 2.11
and Mg = 1274.5 + 400 emu/cc, 892.5 + 19.1 emu/cc, and 762 + 2
emu/cc. These g-factors are close to values reported recently for FeGaB
films of B content of about 9% [52]. The saturation magnetization as
given by VSM (Fig. 3) for samples D2 (Mg, = 800 emu/cc) and D3 (Mgt
= 770 emu/cc) are relatively close to the calculated FMR effective
magnetization with differences potentially attributable to low perpen-
dicular surface anisotropy. However, there is a larger difference in the
saturation magnetization (Mg, = 1770 emu/cc) of sample D1 and its
calculated Megr. This difference could be due to the assumption that
in-plane crystalline anisotropy is O Oe in the low B content DI sample is
incorrect, which is supported by the large error in the M. If we assume
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Fig. 7. (a, c, e) Examples of FMR traces for Samples D3, D1, and D2, respectively. (b, d, f) The FMR linewidth as a function of RF frequency for Samples D3, D1, and
D2, respectively. From the linear fits, we extract the effective damping a.;~ 0.009 for Sample D3, a.s ~ 0.015 for Sample D1, and a,;~ 0.024 for Sample D2.
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that the anisotropy followed a rough 100 Oe as shown previously [7] for
low B content FeGaB, the Mg does not change substantially although
the error does lower (Megr = 1189 + 20 Oe). Therefore, the difference
between the effective and saturation magnetization of D1 is likely due to
a larger presence of perpendicular anisotropy energy present as My =
MSat - %

Figs. 7 (a,c,e) show our FMR measurements sorted based on the
smallest a4 to the largest value. Measurements are shown for samples
D3 and D2 at 4 GHz, and 10 GHz for sample D1, where we can analyze
the relationship between the FMR linewidth and FMR frequency. For
sample DI, the FMR related to lower frequency (6 and 8 GHz), the
spectrum has been provided in supporting information as Figure S5. The
results are shown in Figs. 7 (b,d,f). Furthermore, we can extract an
effective damping constant utilizing Eq. 2: [53,54]

2 (2
HoAHyy = poAHp + % <7ﬂ> (aefff) (2)

where in Eq. 2, AHy, is the FMR peak-to-peak linewidth extracted from
the fitin Figs. 7 (a), (c) and (e), AHy is the zero-frequency linewidth, a.g
is the effective Gilbert damping constant, f is the RF frequency, and y,, is
the permeability of free space. We utilize the extracted g-factors for
samples D1, D2, and D3 from their respective dispersion relationships
for use in the gyromagnetic ratio, y. From Eq. 2, we extract the effective
Gilbert damping constant of sample D3 to be a5~ 0.009. We utilize the
term “effective damping constant” due to intrinsic and non-Gilbert
extrinsic contributions to the FMR linewidth, such as two-magnon
scattering. Although we do not observe nonlinearity associated with
two-magnon scattering (Figs. 7 b,d,e), nonlinearity may still exist in a
lower FMR frequency range <4 GHz, which we were not able to measure
due to low FMR signal [55,56].

As shown in Figs. 7 (a-c), for samples DI and D2, similar FMR
measurements were performed that allowed us to extract their effective
damping constant of a. ~ 0.015 and 0.024, respectively. We
acknowledge some challenges involving fitting Eq. 1 as these fits are
sensitive to the range of the fit and may be improved if higher and lower
RF frequencies were possible for these samples. The nonphysical nega-
tive linewidth of D2 at f = 0 (Figure 7 (f)) may be due to nonlinear effects
that occur in lower RF frequencies, which we were not able to achieve
due to large linewidth broadening and low FMR signal at lower fre-
quencies and limitations of the instrument for higher frequencies, and
that nonlinearity may be resultant of effects such as two-magnon scat-
tering [55,56]. For D2, if we constrain the linewidth to be positive such
that it is physical, the effective damping for D2 does not change greatly
and decreases to aur = 0.021. D2 and D3 demonstrate a lower AH,
(Figs. 7 (b,f)) by an order of magnitude than D1, and were deposited
using longer sputtering times, double than that of DI1. Thereby, longer
sputtering times decrease the magnetic inhomogeneity, which agrees
with previous results demonstrating lower magnetic inhomogeneity
with higher boron doping content [7].

Time Resolved Magneto-Optical Kerr Effect

Circularly polarized pump pulses used in TR-MOKE can generate
either spin polarization via optical orientation or through the opto-
magnetic field because of the inverse Faraday effect, with both spin
polarization directions parallel to the sample’s normal [36]. In our
TR-MOKE scheme (Fig. 1), the applied magnetic field (H) was perpen-
dicular to the sample’s surface, whereas the sample’s magnetic easy axis
(M) was in the plane (with saturation magnetization of ~1700 emu/cc
below 100 Oe and a coercivity field of ~36 Oe, as shown in Fig. 3 (¢), the
black trace). We should note that our time-resolved setup did not allow
us to apply the magnetic field in the plane of the sample, furthermore,
similar measurements at RT also did not result in any observation of
TR-MOKE.

In this study, when the probe light is reflected off a magnetized
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medium, the resulting rotation of the polarization plane of the light can
provide information on the magnetization of the material. The photo-
excited non-equilibrium spins can induce an instantaneous magnetic
state and the relaxation of the spin population can be monitored through
the rotation of a linearly polarized probe beam. In sample D1, the
changes in the polarization of the reflected probe pulse (A6) as a func-
tion of the time delay were mapped as a function of the magnetic field at
100 K.

We should also note the measurements presented in Figs. 8 (a,b)
started from high fields, and then the field was ramped down to zero.
This trend (starting from the highest field) was chosen to fully saturate
the magnetization. We observed clear signatures of TR-MOKE from 10 to
0 Tesla and a systematic increase in the amplitude of A6. When the pump
laser interacts with the magnetic film, ultrafast demagnetization occurs
with energy transfer occurring between three energy baths: the spin,
charge, and lattice subsystems [57]. We can use a phenomenological
exponential fit to obtain information about our magnetization recovery
times: [58,59]

A (AL) = erf {2 xt;—t"} X (AfB)e’i +B| (3)
1

Where in Eq. 3, AG(At) is the change of Kerr angle as a function of the
time delay between pump and probe, the error function is used as a
cross-correlation function between the pump and probe, 1 is the initial
fast recovery time capturing demagnetization and spin/electron recov-
ery times, T2 is the long recovery time representing thermalization time
of the lattice, and A/B is the total change of Kerr angle at the time of
demagnetization (0 < t < 2 ps) and at the time where the Kerr angle has
recovered to a steady value. The results are summarized in Table 3, and
the fits using Eq. 3 are added to the TR-MOKE traces in Figs. 8 (a,b).
While 7; remains relatively stable with the applied field when ac-
counting for their relatively large errors, which is most likely due to a
lack of temporal resolution before 2 ps of delay time, 12 changes
significantly with the field, even when considering their respective error
ranges. There is a large change in the long magnetic recovery time (t3)
when there is no applied field as compared to when a magnetic field is
applied. Furthermore, it is of note that the initial magnetization never
seems to recover at 0 T when sample DI is excited with circularly
polarized light, instead reaching a new stable magnetization after 13.5
ps (t2). There is no change in magnetization when completing the same
measurement at 2 T with linearly polarized light (Fig. 8 ¢), indicating a
change in magnetization induced by a direct helicity-dependent
magneto-optic interaction instead of a purely thermal interaction.
Probing the transient reflectivity also did not show any response at
different magnetic fields, as shown in Fig. 8 (d). This helicity-dependent
change of magnetization without an external magnetic field suggests the
use of these soft FeGaB films for all-optical helicity-dependent switch-
ing. Applying an external magnetic field greatly increases the long 7o
magnetic recovery time as the applied external field may help to reorient
the optically changed magnetization of FeGaB to its initial magnetiza-
tion, as previously seen in Co/Pt thin film multilayers [60]. Increasing
the applied magnetic field increases the recovery time to a stable
magnetization post-optical excitation, peaking at 6 T. Notably, at 10 T,
there is very little change in total Kerr angle near O ps, indicating that
this large magnetic field provides enough energy to prevent large ul-
trafast demagnetization caused by the pump. Temperature may also be a
factor for our long recovery time of initial magnetization as our low
temperature of 100 K may slow down recovery time. This lower tem-
perature may also help with all optical helicity-dependent switching as
opposed to higher ambient temperatures, in which recovery dynamics
are more efficient [60]. Further work in MOKE microscopy can help
reveal if the observed effect is truly an all-optical switching event or
simply a very long recovery time above several hundred ps without any
observed precession of magnetization. Furthermore, it has been shown
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dynamics, and the extracted parameters are summarized in Table 3. (¢) The Pump/probe response at 2 Tesla for sample D1 where both pulses were linearly polarized.
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surements did not show the precession of the ferromagnetic states when the field was applied to the plane.

Table 3
The extracted relaxation times employing Eq. 3 and the experimental data
presented in Figs. 8 (a,b).

External Field (Tesla) 71 (ps) T2 (ps)

0 1.55 + 0.863 13.50 + 1.87
2 0.63 + 0.36 85.74 +11.20
4 1.92 + 0.42 96.10 + 10.40
6 1.27 £ 0.27 100.74 + 8.63
8 1.28 + 0.33 80.54+7.82
10 0.98 + 0.75 79.08+20.3

that longer recovery times of magnetization may be from increased
spin-phonon recovery times. In CoFeB/MgO,/CoFeB tunneling junctions,
it has been shown that low exchange stiffness in relation to low Gilbert
damping increases spin-phonon recovery time to be on the order of a few
tens of ps, similar in time to our Ty value for our 0 T measurement.
Therefore, our demonstrated long recovery time in our TR-MOKE
observation is indicative of low exchange stiffness; however, further
study, including careful modelling, is needed to better understand this
connection [59].

10

Summary

In summary, we investigated the influence of sputtering conditions
on the magnetic properties of FeGaB thin films grown by co-sputtering of
FeGa and B targets. Structural and compositional characterization
verified that increasing the B content reduces the grain size and
amorphized the FeGaB film. We identified an optimal sputtering power
combination (i.e., 60 W for FeGa, 40 W for B) to attain FeGaB films with
soft magnetism and low effective damping. Additionally, employing a
growth temperature of 200°C resulted in a low coercive field of ~6 Oe
and an effective damping parameter of ~0.009, while retaining a satu-
ration magnetization of ~770 emu/cc. Using time-resolved MOKE, we
report for the first time the ultrafast magnetization dynamics in FeGaB
films, indicating potential for all-optical magnetic memory due to long
recovery times. These findings not only deepen our understanding of
magnetization behavior in FeGaB systems but also present valuable in-
sights for advancing applications including spintronics, magnetoelec-
trics, and high-speed data storage technologies.
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