Comparing spin injection in Fe;5Co2s/Bi2Tes at GHz and optical excitations
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ABSTRACT

Spin-to-charge conversion (S2CC) processes in thin film heterostructures have attracted much
attention in recent years. Here we describe the S2CC in a 3-D topological insulator Bi>Tes
interfaced with an epitaxial film of Fe;5Cozs. The quantification of spin-to-charge conversion is
made with two complementary techniques: ferromagnetic resonance (FMR) based inverse spin
Hall effect (ISHE) at GHz frequencies and femtosecond light-pulse induced emission of terahertz
(THz) radiation. The role of spin rectification due to extrinsic effects like anisotropic
magnetoresistance (AMR) and planar Hall effects (PHE) is pronounced at the GHz time scale,
whereas the THz measurements do not show any detectible signal which could be attributed to
AMR or PHE. This result may be due to (i) homodyne rectification at GHz, which is absent in
THz measurements and (i1) laser-induced thermal spin-current generation and magnetic dipole
radiation in THz measurements, which is completely absent in GHz range. The converted charge
current has been analyzed using the spin diffusion model for the ISHE. We note that regardless of
the differences in timescales, the spin diffusion length in the two cases is comparable. Our results

aid in understanding the role of spin-pumping timescales in the generation of ISHE signals.



Introduction

The time-varying magnetization of a magnetically ordered material may pump pure spin current
into a proximate non-magnetic layer [1-3]. This spin angular momentum transfer across the
interface is stimulated by the excitations of varying timescales such as thermal gradients,
microwaves, and optical radiation [4-9]. However, the strength and efficiency of this transfer are
controlled by the robustness of magnetization and spin mixing conductance of the interface [10,11]
respectively. The latter is affected strongly by the metallurgical and chemical characteristics of
the interface between the non-magnetic metal (NM) and ferromagnet (FM) [12,13]. The leaking
angular momentum, characterized by spin current density js enhances the Gilbert damping
parameter of the precessing magnetization in the FM layer. The injected js into the NM layer
converts into a charge current j. through two different processes (i) bulk inverse spin Hall effect
(ISHE), which is dominant when the thickness of the NM layer is greater than spin diffusion length
(Asp), and (i1) symmetry breaking inverse Rashba Edelstein effect (IREE) in ultrathin Dirac
materials [14-16]. The j. eventually produces a dc voltage V4. across the sample under open circuit
conditions. The process of ISHE in heterostructures comprised of insulating ferrimagnets (FiM)
and heavy metals is well-established [17]. However, for metallic FMs, this V4. is contaminated by
various spin rectification effects (SRE) like anisotropic magnetoresistance (AMR), anomalous
Hall effect (AHE) and planar Hall effect (PHE) [18], thus obscuring the true ISHE contribution.
The different sign of ISHE voltages in the same NM interfaced with FiM and metallic FMs require
more understanding and discussion [19-21]. We expect that this contradiction will be pronounced
in (1) the FMs with lower Gilbert damping due to the inverse dependence of js on the Gilbert
damping parameter (a), (ii) in FMs with large anisotropic magneto-transport and (iii) in topological
insulators (TIs) due to competing effects like the IREE. Few recent works report ultra-low Gilbert
damping in polycrystalline and epitaxial films of Fe75Coas [22-26]. The epitaxial Fe-Co alloys also
display large AMR and PHE due to a strong sd-scattering near the Fermi energy [27-28]. A study
of the frequency-dependence of AMR-based homodyne rectification over a broad frequency range,
which may address the contributions of extrinsic and intrinsic effects to the dc voltage has its own

merit.

In this paper, we address the spin-to-charge conversion (S2CC) processes at the interface

of epitaxial Fe75Coos thin films interfaced with the topological insulator BixTes by exciting the



magnetization of the former at two different time scales, namely: (1) through microwave radiation
of frequency tuned to ferromagnetic resonance (FMR) in Fe;5Cozs, and (2) femtosecond laser-
induced spin injection which leads to emission of THz radiation. We have addressed the roles of
spin rectification through AMR, PHE and AHE in the measurements performed at GHz
frequencies, whereas the THz emission is explained in the framework of laser induced thermal

spin current generation, magnetic dipole radiation and ultrafast demagnetization.

The details of Fe75Co25/BixTes bilayer synthesis are given in the supplementary section. The thin
films have been labeled as FC4 and FC4-BT2 to FC4-BT20 where FC and BT stand for Fe75Coas
and Bi>Tes respectively and the numeral that follows FC and BT is the thickness of the respective
layer in nm. The typical dimensions of the samples used for FMR-ISHE, and THz measurements
are 7.0 x 2.0 mm? and 5.0 x 5.0 mm? respectively. Further details of the measurement setups are
given in our previous works [6, 29-30]. Our results pave the way for the development of spintronic
devices in a broad frequency range with a clear understanding of various spin excitation and

rectification mechanisms.

The structural quality of the Fe;sCoas films has been established by X-ray diffraction (XRD)
measurements performed in the Bragg-Brentano geometry. The equilibrium crystallographic
structure of the Fe7sCozs alloy is a body-centered cubic (bce) cell of lattice constant ~ 2.85 A [22].
Figure 1(a) shows the 6-20 XRD pattern of the FC4 sample grown on the (001) surface of MgAl,O4
(MAO) single crystal wafers. The prominent (002) peak at 64.5° yields an out-of-plane lattice
constant of = 2.90 A. The diffraction pattern also shows weak Laue oscillations which have been
indicated by arrows in the figure. The inset of Fig. 1(a) is the rocking curve with a full width at
half maximum of = 0.19°. The clear Laue oscillations and narrow rocking curve demonstrate
epitaxial growth of Fe7sCo2s on MAO (a = 8.083 A) when we consider a 45° rotation of the basal
plane of the beec FersCoas with respect to the basal plane of face-centered cubic MAO. Figure 1(b)
shows the X-ray reflectivity (XRR) profile of FC4 sample. The modeling of these XRR data yields
a film roughness of = 0.3 nm. The crystallographic structure and surface roughness of FC4-BT20
sample are given in the supplementary file (Fig. S1). The crystallographic structure and electronic
transport properties of the sputter deposited Bi>Tes thin films have been reported elsewhere [31].
The temperature dependence of electrical resistivity and Hall coefficient of these films reveals a

semi-metallic character of n-type conduction with carrier density and mobility of 12 x 10%°



electrons/cm? and 5 cm? V-!s™!, respectively [31]. The topological nature of Bi>Te;s electronic states
is indicated by the presence of a robust planar Hall effect and anisotropic magnetoresistance due
to tilting of Dirac cone by the in-plane magnetic field. [32, 33]. Our measurement on plain films
of BixTes deposited on c-plane sapphire show a large anisotropy in in-plane field transport and this
effect is dominant at T <200 K [31]. However, in this work we are dealing with room temperature
deposited BixTes films in which the topological surface states may not be well-defined and the
transport may be dominated by the bulk states. Room temperature deposited BixTes films show a
granular structure [31, 34] but their S2CC efficiency is comparable to that of films with high c-

axis texture due to the possible quantum confinement in smaller crystallite grains [35].

Figure 1(c) shows the in-plane magnetization of FC4 and FC4-BT20 samples. The saturation
magnetization in both cases reaches a value of woMs = 1.65 + 0.2 T with a coercivity of 20 mT.
The saturation magnetization is lower by ~ 20 % compared to the calculated value for the bcc
Fe75Co2s [22, 23]. This discrepancy is presumably due to thin-film size effects [24] as the thickness
of this film is only 4 nm. It is clear from Fig. 1(c) that the deposition of Bi,Tes on Fe7sCozs does
not affect the magnetization and coercivity of the latter significantly, suggesting the absence of
any significant interdiffusion at the interface. Figure 1(d) shows the variation of magnetization of
the FC4 film as the in-plane magnetic field is rotated from 0 to 360°. The four-fold magnetic
anisotropy seen in Fig. 1(d) confirms that the easy and hard axis (within the framework of in-plane

cubic magnetic anisotropy) are along the [100] and [110] directions respectively.

BixTes is known to be a 3-D TI hence it is important to understand the different mechanisms of
S2CC in this FM-TI interface. We have addressed this concern in supplementary file and reached
a conclusion that ISHE is the dominant mechanism here. The method of measuring the S2CC
described here is such that the spin current is excited in the FM and injected into the TI through
the FM/TI interface. At GHz frequencies, we measure the dc voltage generated by ISHE across
the TT layer (Fig. 2(a)). The symmetric dc signal (Vsymm) produced in the FC4-BTx samples at 10
GHz excitation for an in-plane magnetic field is shown in Fig. 2(c). We note that the output dc
voltage (Vmix) 1s derived from the superposition of symmetric and asymmetric Lorentizian
functions [36]. We have extracted the overall ISHE and rectification responses by
antisymmetrizing the signals obtained at the two polarities of the dc field. This procedure

eliminates the possible contamination of the ISHE signal by thermal voltages. Supplementary Fig.



S2 shows the result of this procedure on sample FC4-BT2. This symmetrized data is fitted to the
equation [36].

Vi = Ks s + Kas oo (1)

Here, K and Kas are symmetric and asymmetric coefficients, and 6H is the half-width at half
maximum of the resonance. In Fig. 2(c) we show the symmetric component of the Vmix for all the
samples. However, attributing this voltage entirely to ISHE may be erroneous because a dc voltage
is also produced by rectification of the eddy currents in the metallic FM layer. This effect is clearly
seen in the data of Fig. 2(¢c) for a plain film of Fe75Cozs (sample FC4) where we do not expect any
ISHE contribution. The source of rectification seen here is the anisotropic electronic transport in
the FM layer due to s-d scattering [18, 37]. The noteworthy feature of Fig. 2(c) is the drop in the
dc voltage as BixTe; is added on top of the Fe;5Cozs layer, which suggests that the polarity of the
true ISHE signal produced in the TI layer is opposite to that caused by the rectification of eddy
currents in the FM layer. From this decreasing trend in the signal and the geometry of our
experiment, and the relation j. = Osu (js X 6), we conclude that the spin Hall angle of these Bi»Tes
films has a positive sign, which is consistent with the reported data on Bi,Tes exfoliated crystals

[38].

In the time-domain THz spectroscopy measurements, the samples of varying BirTes; layer
thickness are excited by femtosecond pulses of a 800 nm wavelength laser beam with a repetition
rate of 10 kHz (fluence ~ 0.8 mJ/cm?, pulse width 35 fs). A mechanical chopper operating at 373
Hz is placed in the path of the pump beam to provide a reference signal for phase sensitive
detection of THz emission. The femtosecond laser pulse is directed perpendicular to the plane of
the sample while it sits in a = 80 mT field, which aligns the magnetization of the Fe;5Cozs film
parallel to its plane. The emitted THz radiation is detected in a 1-mm-thick (110) ZnTe crystal by
electro-optical sampling. All samples are measured in the time domain with a step size of 50 fs in
air. Upon excitation by the femtosecond laser pulses, an ultrafast spin current js is generated in the
Fe75Cozs [Fig. 2(b)], which transmits into the adjacent BixTes layer where it is converted into a
charge current jc by means of the ISHE. Subsequently, this charge current pulse gives rise to THz
emission with a THz electric field Etu, ~ 0 jc/0t [39]. The time-domain traces of emission from

different samples are shown in Fig. 2(d). As is obvious from the figure, there is a clear change of



the THz peak amplitude on varying the BixTes layer thickness. Various separation mechanisms
and experiments have been done to eliminate THz response in bare Bi»Tes and bare Fe75Coas layer
due to intrinsic effects, the details of which are given in supplementary file. (See supplementary

Figure S3 and S4)

We also observe a clear change in the polarity of the ISHE and THz signals by reversing the
direction of magnetic field [Fig. 3(a) and 3(b)]. This change in the sign of the signal is consistent
with the vector relation between js, jo and the polarization o of spin current. We have also
symmetrized the ISHE and THz data of Fig. 3 to evaluate any contributions of thermal voltages
generated by the likely heating effects of microwaves and femtosecond light pulses. The result of
this procedure is shown in supplementary Fig. S5 (a). In the inset of supplementary Fig. S5(a), we
also show that the differential signal of THz signals obtained for the two antiparallel magnetization
alignments is negligibly small. The power-dependent ISHE voltage for FC4-BT2 sample shows a
linear response in the power range of 0 dBm to +15 dBm (Supplementary Fig. S5(b)). All data

shown in Fig. 2 and 3 have been collected in the linear response regime.

To quantify the spin diffusion length in BixTes using ISHE measurements, we first calculate the
effective charge current in the TI layer by subtracting the symmetric peak voltage signal (Vpeak) of
bare FC4 from the corresponding symmetric voltage of FC4-BTx samples. The spin diffusion
length of Bi;Tes is estimated by the fitting of charge current (Ic = Vyeax/R11) deduced from the

symmetric voltage that corresponds to the ISHE signal using the following equation [6, 17],

174 .
Io = “22% o g, tanh (“B2Le2) )
Rrp 22sp

Here, Vyeak, R11 and tgizTes are peak symmetric voltage, resistance of TI layer, and thickness of the
BixTes bilayer respectively, and Agp is the spin-diffusion length. The I. data and fit to Eq. 2 are
shown in Fig. 4(a). The fitting yields a spin diffusion length Agp of 1.82 £ 0.76 nm which is
comparable with the reported values in the similar bismuth-based topological insulators [35, 40-
41]. This short spin-diffusion length suggests that the spin-polarized electronic charge current is
mainly restricted to the bottom surface of our TI films, whose thickness is greater than 2 nm. The
voltage generated due SRE in bare Fe;sCoas film is discussed in supplementary file where the

contribution of AHE is minimal as evidenced by a very low Hall resistivity (See supplementary,

6



Fig. S6) whereas the AMR/PHE contribution is higher due to significant s-d scattering and
topological band diagram [27].

We extract the spin relaxation length A (also called hot electron velocity) [42] of the ultrafast
spin-polarized electron current in the Bi>Tes layers. Figure 4(b) shows the normalized THz peak-
to-peak amplitude extracted from the time-domain traces shown in Fig. 2(d) as a function of the

BixTes layer thickness. The frequency-dependent THz electric field is given by the relation [42],

eZo

Nairtnmao+ZoG(W,tgizTes)

Ery,(w) = Jo (o), (3) and

where the j. (®) is expressed as

. AFinc . tgi2Te
je(w) = 20— 0 7, tanh (“E22e2) )

tFecottBi2Te3 2ﬂ'rel

Here G, AFinc, js° Al and y are conductance of bilayer, fraction of absorbed pump power, injected
spin current density, relaxation length and spin Hall angle respectively. Under the approximation
that these parameters are independent of TI layer thickness, we write the normalized THz field as

[42]

tp;
tanh (—gf:f)

)

ETHz ~Mmax trecottBizTes
tFecottBizTe3

t .
ETHz,max tanh(w)
22rel

. . . . . tr +tp;
Max in equation 5 is the maximum value of the function (-fe¢e_Bizles

tanh(fsizTe3)
2rel

) which is calculated by

changing the different values of BirTes thickness. The solid line in Fig 4(b) is a fit to Eq. 5. It
yields a relaxation length A1 0f 2.03 £ 0.52 nm. This result agrees remarkably well with the spin
diffusion length extracted from the ISHE measurements performed in the FMR mode at GHz
frequencies. A recent report on GHz and THz spin transport mechanisms in antiferromagnets
(AFMs) has identified a four-times larger spin propagation length at GHz frequencies compared
to the THz frequency regime [43]. Therefore, Ref. [43] concluded that spin transport at THz
frequencies is ballistic, whereas it is diffusive at GHz frequencies in the studied metallic heavy
metal/antiferromagnet/ferromagnet system. In contrast, we find that the spin relaxation length is
approximately the same at the two frequencies in our metallic ferromagnet/TI heterostructure,

which suggests the same type of transport regime at GHz and THz frequencies. However, this



variation may arise due to the high frequency (THz) resonance in AFMs [44] which is absent in
topological insulators. Previous reports on ultrafast spin-to-charge conversion processes in FM-TI
heterostructures discussed the contribution of TSS and IREE effects [45, 46]. Wang et al. [45]
performed a TI thickness-dependent S2CC measurements through THz generation in which non-
tangent hyperbolic (tanh) and non-monotonic thickness dependence were attributed to the IREE
process. However, in the current work, we have observed tanh thickness dependence which is a
clear signature of bulk ISHE. Similarly, Rongione et al. [46] measured ultrafast S2CC current in
Co-SnBixTes multilayers where SnBi;Tes was chosen over Bi;Tes to avoid any contribution of

bulk states.

There are two possible mechanisms which may contribute differently to the microwave and
femtosecond optical responses leading to the dissimilar amplitude of FMR-ISHE and THz signals:
(1) homodyne rectification in ISHE measurements due to the mixing of microwave signal with the
magnetoresistance of FM layer at the resonance. It gives rise to a dc voltage with Lorentzian
lineshape due to high AMR ratio and in-plane/out of plane rf magnetic field components present
simultaneously in the co-planar waveguide [18]. This effect is generally absent in the THz
experiment and (i1) diffusive ultrafast spin currents at the interface due to laser pumping in THz
measurements. This process is absent in the FMR-ISHE experiment. Previous reports of THz
generation in single metallic FM layers [6, 47-48] have mainly attributed to the contribution of
AHE in amorphous FM layers which is a linear magneto-transport effect. In this work, we are
dealing with highly crystalline Fe75Co25 film which has very low anomalous Hall resistivity (0.06
puQ.cm) as confirmed in transport measurements shown in Fig. S6. We suspect that other effects
such as SRE including AMR/PHE do not significantly contribute to the THz measurements as

described above.

In summary, we fabricated bilayers of Fe75Co»s epitaxial films capped with polycrystalline BixTes
in an ultrahigh vacuum sputtering system and characterized these bilayers using dc magneto-
transport, spin pumping induced dc voltage measurements at FMR, and femtosecond light
excitation. We find a clear spin pumping induced ISHE signal in our multilayer structures along
with the dc voltage arising from high AMR ratio of Fe75Co25.The dissimilar sign and amplitude of
FMR-ISHE and THz signals have been highlighted and discussed. Notwithstanding the different

time scales, the extracted spin diffusion length from these two experiments is in close agreement.



Our results indicate that FMR induced spin pumping and ultrafast spin-current injection are

promising complementary tools to investigate inverse spin Hall effect.

See the supplementary material for further details on the experiments.
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Figure 1 (a) 0-20 X-ray diffraction pattern of FC4 sample on MAO (001) substrate. Inset shows
the XRD rocking curve of Fe7sCoas (002) peak which has a full width at half maxima of 0.19°.
Arrows in the figure indicate the positions of Laue oscillations. (b) X-ray reflectivity scan of FC4
sample gives a surface roughness of 0.3 nm. (c) Magnetic hysteresis loops of FC4 and FC4-BT20
samples measured at room temperature with in-plane magnetic field. (d) The in-plane angular
dependence of M/Ms for FC4 sample when the magnetic field is rotated from 0 to 360 degrees.
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Figure 2 (a) Schematic of GHz ISHE experiment. An RF excitation of 10 GHz with h,s=0.02 mT
excites the magnetization dynamics in the FM layer and injects a spin current into the NM. (b)
Schematic of THz experiment where a fs light pulse excites spin precession and injects a spin
current through the FM/NM interface to generate THz electric field. The THz electric field is
polarized perpendicularly to the magnetization. (c) The ISHE related Symmetric component of dc
voltage for bilayers of different BirTes layer thickness. (d) THz emission from Fe;5Co2s/BixTes
bilayer films. The time traces are obtained using the time-domain THz spectroscopy system with
a magnetic field applied in the plane of the bilayer.
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Figure 3 (a) ISHE signal for opposite polarities of magnetic field for the sample FC4-BT20, (b)
THz signal for opposite polarities of magnetic field = 80 mT for the sample FC4-BT20. Inset
shows the fluence dependence THz generation in linear region.
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Figure 4 (a) ISHE induced charge current normalized by sample width plotted as a function of
BixTes layer thickness. Solid line is a fit of these data to Eq. 2, which yields the spin diffusion

length Asp = 1.82 £ 0.76 nm in BixTes. (b) Normalized THz electric field as a function of BiTe;3
layer thickness, data is fitted with Eq. 5 to yield Al = 2.03 £ 0.52 nm.
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