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Magnetodynamic properties
of ultrathin films of Fe3Sn,-a
topological kagome ferromagnet
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Fe3Sn; is a topological kagome ferromagnet that possesses numerous Weyl points close to the Fermi
energy, which can manifest various unique transport phenomena such as chiral anomaly, anomalous
Hall effect, and giant magnetoresistance. However, the magnetodynamic properties of Fe3Sn; have
not yet been explored. Here, we report, for the first time, the measurements of the intrinsic Gilbert
damping constant («;jnt), and the effective spin mixing conductance (g 1=F) of Pt/Fe3$n2 bilayers for
Fe3Sn; thicknesses down to 2 nm, for which ajnt is (3.8 £ 0.2) x 1072 : and ge is(11.7 £ 0.6) nm~2.
The films have a high saturation magnetization, Ms = 620 emu ¢m~3, and large anomalous Hall
coefficient, Rs = 4.6 x 1071° @ cm G~1. The large values ofg off» together with the topological
properties of Fe3Sn,, make Fe3Sn,/Pt bilayers useful heterostructures for the study of topological
spintronic devices.

The existence of strong electronic correlations, band topology, spin-orbit coupling, and magnetism in topological
quantum materials holds great promise for future memory applications'~”. Weyl semimetals belong to a class
of topological materials distinguished by the absence of either the crystal’s inversion symmetry or the time-
reversal symmetry®. In Weyl semimetals, the opposite chirality of Weyl nodes can result in a non-trivial Berry
phase® 12, which can influence the magneto-transport properties such as the anomalous Hall effect (AHE)"*-!#
and the anomalous Nernst effect (ANE)'*-2'. Recently, the kagome ferromagnet Fe3Sn;, belonging to the Fe,,
Sny,-family (m : n = 1:1, 3:2, 5:3), has emerged as a novel topological quantum material for spintronic devices,
thanks to its rich non-trivial magnetic and topological properties?*~2*. Fe3Sn;, with a high Curie temperature
Tc = 657 K?*, which makes its Weyl nodes stable at room temperature?®, has significant potential for applica-
tions in spintronics?’, magnetic sensors®, and other areas of advanced electronics®*. Fe3Sn; possesses several
other promising features, such as a large AHE"". It is also predicted that Fe3Sn; can exhibit a fractional quan-
tum Hall effect even at room temperature®!. At temperature (~ 250 K), the Fe3Sn; shows the transition of spin
re-orientation from the c-axis to the ab-plane*>*>*. Another interesting feature of Fe3Snj is the presence of a
dispersionless flat band (~ 0.2 eV below fermi level), and it is formed due to the destructive interference of the
electron wavefunctions®. Furthermore, both numerical and experimental studies show the formation of magnetic
skyrmions in Fe3Sn,, which is stabilized without requiring Dzyaloshinskii-Moriya interaction®.

As shown in Fig. 1a, the Fe3Sn; crystal structure consists of the repeated stacking of two Fe3Sn kagome lattices
and one Sn; stanene lattice. In our previous study™, we investigated the impact of platinum (Pt) seed layer on
the polycrystalline growth of ferromagnetic Fe3Sn; thin films on complementary metal-oxide-semiconductor
(CMOS)-compatible Si-based substrates, which are extremely useful for low-dissipation devices for industrial
applications®**’. Furthermore, Lyalin et al. showed efficient spin-orbit torque effects in an epitaxial Fe3Sn,(0001)/
Pt(111) bilayer system* deposited using molecular beam epitaxy. However, the sputtered growth of ultrathin Fes
Sn; films (< 10 nm) and the characterization of their magneto-transport and magneto-dynamic properties have
not yet been investigated, which is essential for the generation of pure spin current in such quantum material-
based magnetic heterostructures.

In this work, we demonstrate sputter growth of high-quality polycrystalline Fe3Sn; ultrathin films with very
low interfacial/surface roughness (< 0.6 nm), using a Ta/Pt seed layer on Si/SiO; substrates. Through magnetiza-
tion and transport measurements, we show a large saturation magnetization, Mg = 620 emu cm 3, and a large
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Figure 1. (a) Schematic of the unit cell of ferromagnet Fe3Sn,, where grey and green symbols denoting the

tin (Sn) and iron (Fe) atoms, respectively. (b) Glancing incidence (GI) X-ray diffraction (XRD) spectra were
obtained for the various thicknesses (fge,sn,) of polycrystalline FesSn,. The inset represents the schematic of Ta/
Pt/Fe3Sn,/AlOy thin film stack. (¢) Atomic force microscopy surface morphology of 2 nm-thick-Fe3Sn; for a
scan area of 5 um x 5 pm.

anomalous Hall coefficient, Rs = 4.6 x 1071% Q@ cm G~1. Using broadband ferromagnetic resonance (FMR)
measurements, we, for the first time, also extract the intrinsic Gilbert damping constant (cint), and the effective
spin mixing conductance (ge%), for Fe3Sn, thickness down to 2 nm, finding values of ajn = (3.8 £ 0.2) x 1072,
and ggﬁ = (11.7 £ 0.6) nm™ . The large values of gz make Pt an excellent spin current source for using Fe3Sn;
thin films in topological materials-based spintronic applications.

Results and discussion

Structural analysis

The inset of Fig. 1b shows a schematic of the Ta/Pt/Fe3Sn, (t nm)/AlOj thin film stack. First, a 1.5 nm-thin Ta
seed layer was used to increase the adhesion between the Pt and the Si-SiO; substrate. The 5 nm-thick Pt seed
layer was used both to promote the growth of the ferromagnetic phase of Fe3Sn,?”* and to act as a spin sink and
future source of spin currents, which will be discussed later. Fig. 1b shows the grazing incidence X-ray diffrac-
tion (GI-XRD) measurements performed for Si-SiO,/Ta(1.5 nm)/Pt(5 nm)/Fe3Sn; (f nm)/AlO(3 nm) with an
incidence angle 1° to characterize the structural properties. We observed a strong Bragg peak at 20 = 40.6°,
corresponding to the (002)-reflection of Fe3Sn; for all thicknesses, indicating the formation of a [002]-oriented
polycrystalline Fe3Sn, ferromagnetic phase?®*. The thickness, density, and roughness of these Fe3Sn; thin films
were obtained by fitting X-ray reflectivity (XRR) measurements [supplementary, Fig. S1d] with the recursive
theory of Parratt®®. We found average interfacial roughness (< 0.6 nm) for all the films, which indicates a smooth
interface between each layer. AFM measurements also confirmed these roughness numbers. Figure 1c shows a
5 pum x 5 um AFM image of a 2 nm thick Fe3Sn; film, yielding a root mean square roughness (Ryms) of about
0.3 nm, indicating a very smooth surface quality. The AFM Ry is b el 0 w 0.6 nm for all other thicknesses. The
thickness dependence of surface/interfacial roughness in these films is plotted in supplementary Fig. S1 and
summarized in Table S1.

It is noteworthy that the measured roughness is substantially lower than the best literature values of about 0.8
nm®. The interfacial roughness plays a crucial role in the transfer of spin current in ferromagnet/heavy metal
(FM/HM) heterostructures, where a large interfacial roughness or disorder can reduce the spin current via spin
memory loss***!. Therefore, high-quality ultra-thin films with low roughness are highly desirable.

Magnetization and transport measurements

Figure 2a shows the magnetization (M) versus the in-plane external magnetic field (H) for a 5 nm Fe3Sn; film.
The high Ms = 620 emu/cm? and low H. < 20 Oe confirm a soft ferromagnetic nature of the polycrystalline Fes
Sn; films. The Mg is comparable to that reported for epitaxial Fe3Sn; films®"* and bulk single crystals'®.

In contrast to our earlier work on thicker Fe3Sn; films®, additional care must be taken when extracting the
longitudinal (px,) and transverse (py,) resistivities as the current distribution through the Ta/Pt seed layer must
be considered. The total longitudinal resistivity of the entire film stack is found to be 113 1€ cm. We also meas-
ured p% of only the seed layer Ta/Pt, in control samples without Fe3Sn,, and found it to be 83 12 cm, which

corresponds to the longitudinal conductivity, oS- ~ 1.2 x 10* Q~'cm ™. Using the parallel resistance model,

the value p£¢35% for only the Fe3Sn; layer can be obtained using the following expression®':
SL
Fe3Sny _ Pxx Pxx tFessny (1)
= (t - pRY) — (tsL - Pxx)
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Figure 2. (a) In-plane magnetic hysteresis measurements (M-H) for 5 nm ultra-thin Fe3Sn; film, inset
represents the corresponding zoom scan. (b) The transverse Hall resistivity (oxy) versus magnetic field for 5 nm
ultra-thin Fe3Sn; film when the external field is swept perpendicular to the film plane. The data in the inset with
the open symbols indicates the measured pxy, which includes the resistivity contribution from the seed layer,
while the data in the main panel with the closed symbol indicates the ,0)1:;3 ™2 after correction for the resistivity
of the seed layer in the Ta/Pt/Fe3Sn,/AlO, film stack. The black dashed arrow indicates the anomalous Hall
resistivity (px;35“2) for only Fe3Sn;. (c) The variation of longitudinal resistivity px, for 5 nm ultra-thin Fe3Sn;
film when the external field is applied perpendicular to the film plane, inset represents the magnetoresistance

(MR) calculated using Apgy/ pxx(0). All measurements are performed at room temperature.

Here, fpe,sn,» ts1, and ¢ represent the thickness of the Fe3Sn; layer, seed (Ta/Pt) layer, and Ta/Pt/Fe3Sn; layer,
respectively. Using Eq. (1), pf¢35"2 is found to be 211 uQ2 cm , which is comparable to that of epitaxial thin films
(202 12 cm)?! and slightly higher than the bulk value of single crystals (190 ©€2 cm)'.

In Fig. 2b and ¢, room temperature Hall and longitudinal measurements were performed using a direct cur-
rent (I = 5 mA) flowing parallel to the film plane while sweeping the external magnetic field (H = £40 kOe)
perpendicular to the film plane. To avoid voltage probe misalignment, we use the formulae py, (H) = [ pxx
(+H) +pxx (—=H)]/2 and pyy (H) = [pxy (+H) —pxy (—H)]/2, to extract the longitudinal resistivity (o) and
Hall resistivity (pxy), respectively. To determine the py,, we use pxy = POHE + pAHE, Where the first term
represents the ordinary Hall resistivity (poug = RoH), and the second term represents the anomalous Hall
resistivity (paHE = Rs47 Mef). Ro and Rg represent the coeflicients of ordinary and anomalous Hall resistivity,
respectively®2. Ry is found to be 8.38 x 107!2  cm/G, from which we determine the value of the charge carrier
densityn =0.74 x 10?2 cm~3 at 300 K in Ta/Pt/FesSn,(5 nm)/AlO,. The positive sign of Ry indicates that hole-
like charge carriers dominate in Ta/Pt/Fe3Sn,(5 nm)/AlOy films, which is in agreement with previous reports®.
Furthermore, we determine the carrier mobility ©# = Ry/ pF§3S"2 =39.7 cm?/V - sat 300 K, which is two orders
of magnitude larger than earlier reported values [~ 0.08 cm*/V - s for Fe3Sn,(10 nm)]®. The large 1« might be due
to the low effective mass of the hole carriers in the Fe3Sn; (5 nm) film, similar to the reported mobility for Weyl
semimetal NbP (= 160 cm?/V - s at 300 K)**. In the inset of Fig. 2b, the measured transverse resistivity Pxy of
the complete film stack Ta/Pt/Fe3Sn,(5 nm)/AlOy is shown. Using a linear fit (black line) to oy, in the saturation
region (10 kOe < H < 40 kOe), and extrapolating to the y-axis, papg for the Ta/Pt/Fe3Sn; (5 nm)/AlOy films
stack is found to be 0.5 2 cm. To determine the value of pf;3sn2 for the Fe3Sn; layer from the measured data
for the complete film stack of Ta/Pt/Fe3Sn,/AlOy, we use the expression®!:

Fe3Sny __ p)lc:;3sn2 1 Pffsnz X tsL,
Py = Pxy X + 50 . (2)
Pxx Pxx X tFesSn,

As shown in Fig. 2b, the value of pf\eﬁ,;nz of only the Fe3Sn; layer (denoted by a black dashed arrow) is extracted

from the saturation region of pL¢35"2 and found to be 3.56 u 2 cm. This value for polycrystalline Fe;Sn; ultrathin
film is comparable to the epitaxial Fe3Sn; thin film reported by D. Khadka et al.?!. Using Mg ~ 620 emu cm 3
from SQUID measurements, we also determine the coeflicient (Rs) of the anomalous Hall resistivity for Ta/Pt/
FesSn, (5 nm)/AlOy film. The value of Rs for Ta/Pt/Fe3Sn, (5 nm)/AlOy film is found to be 4.6 x 1071 Qcm G™!
at 300 K, which is comparable to our previous report on polycrystalline Fe3Sn; thin films*® and two orders
higher than conventional ferromagnets (Ni & Fe)***>. Moreover, we determine the value of the anomalous Hall
conductivity (Joxe2™ ) using the equation: [o A5 | & gpﬁi%ﬂz) /(pFesS02)2 The value of o 535™ | is found to
be~ 82 @ !cm™!at 300 K. A large value of Rg and |a§f§En2 |in Fe3Sn,film indicates an intrinsic band structure
(Berry curvature) origin of the AHE'®!7*. These results indicate that the intrinsic transport properties, such
as a large value of Rg and a significant |a§§§n2 |, remain intact even for ultra-low thicknesses of Fe3Sn; films. In
Fig. 2¢, we have also plotted the variation of longitudinal resistivity (px) versus external magnetic field for 5 nm
ultra-thin Fe3Sn, film. The inset of Fig. 2c represents the corresponding magnetoresistance (MR= Apxx/ 0xx(0))
of Ta/Pt/Fe3Sn, (5 nm)/AlO, film. A negative change in MR in our thin films is caused due to the suppression of
magnon at room temperature (300 K), consistent with the previous report on single crystal Fe3Sn,'%*.
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Ferromagnetic resonance measurement

Figure 3a represents the schematic of a co-planar waveguide (CPW) based FMR setup with the film placed on top
of it. Here, H is the external magnetic field swept parallel to the film plane and perpendicular to the rf excitation
field (h,¢). The FMR setup details can be found in the Methods section. Fig. 3b shows FMR measurements for a
Ta/Pt/Fe3Sn(5 nm)/AlOy thin film. The frequency (f) dependent FMR spectra are shown at an interval of 2 GHz.
The solid black lines are fits to derivatives of symmetric and asymmetric Lorentzian functions*~*°. From these
fits, we extract the resonance field (Hr) and linewidth (AH) in the frequency range 4 — 20 GHz. The variation
of fis plotted as a function of Hy in Fig. 4a for all Fe3Sn, thicknesses, and then fitted to the Kittel formula®™:

f= %\/(HR + Hi) (Hr + Hi + 47 Meg), (3)
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Figure 3. (a) The schematic of CPW-based FMR setup, inset shows the zoom image of the sample placed on
top of CPW sweeping the external magnetic field H parallel to the film plane. (b) The frequency dependence of
this FMR spectrum (open triangles) was obtained for Fe3Sn,(5 nm) and fitted (solid black line) with the sum of
the derivative of the Lorentzian function.
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Figure 4. (a) Frequency (f) plotted as a function of resonance field (Hy) and fitted with Kittel Eq. (3). (b)

The dependence of uniaxial anisotropy field Hk over the thickness of Fe3Sn; film, the dotted hne represents

the average value of Hx. (c) The extracted value of Mg is plotted over the inverse thickness (tFe3 SnZ) of the
ferromagnet and fitted with Eq. (4). (d) The variation of linewidth (A H) with frequency (f) and fitted with
linewidth Eq. (5). (e) The variation of inhomogeneous linewidth AHy plotted over the thickness of FezSn, film.
(f) Effective damping constant (c.g) as a function of inverse thickness (tFe3 sn,) Of ferromagnet together with the
fit using Eq. (6). Here, the solid symbols and solid lines represent the experlmental data and fit, respectively.
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Here, y is the gyromagnetic ratio. Hr, Hk, and M. are the resonance field, uniaxial anisotropy field, and
the effective saturation magnetization of the ferromagnet. Using the value of y = 185 GHz/T% and fitting with
Eq. (3) we extracted Hx and Mg for different thickness of Fe3Sn; [Fig. 4b and c]. In Fig. 4b, the average value
of |Hk| for Fe3Sn(2-7 nm) films is found to be around 130 Oe. Furthermore, the uniaxial anisotropy constant
(Ky) of Fe3Sn, film is determine by: K, = HxMs /2. The value of K, is found to be 9.3 x 10* erg cm 3, which is
one order lower than bulk single crystal®'. In Fig. 4c, the behavior of Mg over the thickness of Fe3Sn is plotted
and fitted with the equation;

2Ks
Mg = Ms — ——

IvLOMS tFe3Sn2 (4)

Here, j1¢ is the permeability constant of free space. Mg and Kg are the saturation magnetization and surface

anisotropy constant, respectively. From the fitting, the values of Ms and K are found to be (599 & 29) emu cm ™3

and (0.29 & 0.02) erg cm 2, respectively. It is noteworthy that we found a good agreement between the values of
Ms obtained from the FMR technique and the SQUID data.

The AH versus f for all the thicknesses is plotted (solid open symbol) in Fig. 4(d) and fitted with the

expression®-5%;

2T Aeff

1> (5)

AH = AHy +

Here, the first term, AHj denotes the inhomogeneous broadening, which largely depends on the quality of
the sample. The second term indicates the effective damping (). In Fig. 4d, from fits of AH versus f with the
Eq. (5) for various thicknesses, we extracted AHp and ag. The value of the inhomogeneous broadening, AHy is
found to be less than 40 Oe for all films [as shown in Fig. 4e]. Here, we found a monotonic increase in ceg for the
thlckness of ferromagnet Fes3Sn,. Figure 4f shows the value of o with the inverse of ferromagnetic thickness
( tFe3 sny)- The behavior was fitted with>*%":

120 —1
Oeff = Uint 1 ggf% m X tFe3Sn2’ (6)

where ain represent the intrinsic Gilbert damping constant of the ferromagnet Fe3Sn;, while and g ff repre-
sent the effective spin mixing conductance of Pt/Fe3Sn;, system. From the fitting, we found o to be around
(3.8+£0.2) x 10~ 2and ggf% to be (11.7 & 0.6) nm™2. The ey depends on both spin-orbit coupling as well as the
phase lag between the distortions of the Fermi surface and the precessing magnetization. The intrinsic mechanism
of Gilbert damping is commonly ascribed to spin-orbit coupling through two potential mechanisms: interband
and intraband scattering®®. In the interband scattering mechanism, the magnetization dynamics can generate
electron-hole pairs across different bands. This leads to a Gilbert damping effect that scales with the resistivity®*¢!.
Conversely, in the intraband scattering scenario, electron-hole pairs are generated within the same electronic
band, resulting in a Gilbert damping effect that scales with the conductivity®**. Our value of ajn, is relatively
larger compared to transition metal thin films, and since the resistivity of Fe3Sn; is found to be larger, we specu-
late that the mechanism of intrinsic damping in our polycrystalline Fe3Sn films is “resistivity-like”. However,
more studies (e.g., tem Tperature dependence) are needed to determine the mechanism of intrinsic damping in
Fe3Sny. The order of g ¥ for Fe3Sn;,/Pt is almost comparable to other Pt-based FM heterostructures*®46°, indi-
cating that ferromagnet Fe3Sn; can also be used as an effective spin current source. Hence, a large value of spin
mixing conductance in Fe3Sn,/Pt bilayer system, together with its exotic magneto-transport properties, can be
beneficial for memory-based device applications.

Conclusion

In summary, we demonstrate the growth of ultra-thin polycrystalline phase of Fe3Sn; films with varying thick-
nesses (2-7 nm). The XRD, XRR, and AFM results show high-quality films with low surface/interfacial roughness.
The magneto-static and magneto-transport results suggest the formation of the ferromagnetic phase and the
intrinsic AHE nature of Fe3Sn, films, respectively. Here, we report the first measurements of the intrinsic Gilbert
dampmg constant (ajnt), and effective spm mixing conductance (g o) in Fe3Sn films. The extracted value of ting,
and geé is found to be (3.8 £ 0.2) x 1072, and (11.7 % 0.6) nm ™2, respectively. A large value of g eé obtained from
FMR measurements suggest ferromagnet Fe3Sn; can also be a potential material to generate pure spin current.
These results promote the inexpensive and widely used sputter material growth of such quantum materials.

Methods

Sample preparation

The ultrathin films of Fe3Sn, (f nm) with varying thicknesses (¢ = 2, 3, 5, and 7) on Si-SiO; substrate were depos-
ited using RF magnetron sputtering®® at room temperature. An optimized low growth rate of ~0.2 A s~!was
used for better control over the ultra-low thickness of Fe3Sn; films. The base pressure of the sputtering chamber
was better than 6.7x 10~® mbar, while the working pressure was maintained at 2.7x 10~3 mbar. These thin films
were post-annealed in-situ at 500 °C for 1 hour to improve the crystallinity. A 3 nm aluminum (Al) layer was
capped on all films to protect these samples from oxidation.
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Sample characterization

The structural properties of these films were analyzed with the help of the X-ray diffraction (XRD) technique
using a PANalytical X’Pert diffractometer with Cu-K, radiation (1 = 1.5418 A). The elemental and composi-
tional analyses of these films were determined with the help of the electronic probe microscopy analysis (EPMA)
technique. We determine the composition of Fe and Sn to be 61 at.% and 39 at.% in all the samples. The aver-
age surface roughness and topography of these films were obtained using the atomic force microscopy (AFM)
technique in tapping mode (Asylum Research, MFP-3D system). The thickness, roughness, and density of these
Fe3Sn; films were measured using the X-ray reflectivity (XRR) measurement technique. The static magnetiza-
tion measurements were carried out using the magnetic property magnetic system (MPMS) with a supercon-
ducting quantum interference device (SQUID) using Quantum Design Inc. The magneto-transport properties
were measured using the physical property measurement system (PPMS) technique from Quantum Design Inc.
(Evercool-II). We employed four-terminal sensing techniques: linear contact geometry for determining longi-
tudinal resistivity and Hall contact geometry for the transverse resistivity. One pair of contact electrodes is used
to supply the DC current in the sample, while the other pair of contact electrodes perpendicular (parallel) to the
current direction is used for sensing the transverse (longitudinal) voltage. The magneto-dynamic measurements
are performed using NanOsc PhaseFMR-40 FMR setup in the 4-20 GHz frequency range. The instrument used
field modulation (AC field of 1 Oe peak to peak) for a higher signal-to-noise ratio (using Helmholtz coils with
490 Hz reference frequency). The measurements are performed with an RF power of 12.5-17.6 dBm (varying
for different frequency ranges).

Data availability
The datasets used and analysed during the current study available from the corresponding author on reasonable
request.
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