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Spin-to-charge conversion efficiency in the topological insulator Bi,Te; and heavy metals W and Pt

stacked with the ferromagnetic Weyl semimetal Co,MnGa
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The Weyl semimetal Co,MnGa (CMG) has recently attracted significant attention in the field of condensed
matter physics because of its unique topological features along with the simultaneous presence of ferromag-
netism at room temperature. Utilizing these remarkable properties of CMG for the spintronic applications will
be of great interest both from fundamental as well as technological viewpoints. However, the investigation
of spin pumping by means of the inverse spin Hall effect (ISHE) is not yet explored in this material. Here,
we report the spin generation, spin propagation, and detection of the efficiency of spin-to-charge conversion
(SCC) from CMG to different nonmagnetic (NM) layers such as heavy metals like Pt and W and topological
materials like Bi,Te; through ISHE. The ferromagnetic resonance analyses clearly revealed the dependence
of spin relaxation on the spin-orbit coupling strength of the nonmagnets and the concerned interface quality. A
large spin mixing conductance of ~1.8 x 10'* m~2 is observed for W and a quite high value of spin Hall angle of
~1.5 is evidenced for Bi, Te; in these CMG based heterostructures. Importantly, a correlation is also established
between the interfacial spin transport efficiency and the SCC efficiency with the quality of the NM layer as well
as the associated interface. The findings obtained are fortified by the longitudinal spin Seebeck effect (LSSE)
measurements. The anomalous Nernst contribution is separated from the spin Seebeck contribution by employing
measurements in both in-plane magnetized and out-of-plane magnetized configurations. The anomalous Nernst
coefficient for a 20-nm polycrystalline CMG film is found to be independent of measurement geometry with a
value estimated to be 0.41 uV/K. The results of the LSSE are coherent with the ISHE measurements obtained
for different CMG/NM bilayers. This detailed analysis is fundamentally very vital regarding the underlying
principles of spin transport and SCC, and is expected to provide key insights for the strategic fabrication and

optimization of spintronic devices.

DOI: 10.1103/PhysRevB.110.094402

I. INTRODUCTION

Magnetic Weyl semimetals (MWSMs), where time-
reversal symmetry breaking induces the splitting of Weyl
points, is a host of intriguing magnetotransport phenomena
arising due to the interplay between magnetism and Weyl
fermionic physics [1,2]. These phenomena encompass the
gigantic anomalous Hall effect (AHE) and spin caloritronics
such as anomalous Nernst effect (ANE) [2,3]. Among all the
known MWSM materials, Co,MnGQGa, a full Heusler ferromag-
net (FM), stands out as a particularly promising candidate for
room temperature applications, with a high Curie temperature
(T. ~ 700K) and substantial spin polarization at the Fermi
surface [4,5]. Merging these remarkable spin transport charac-
teristics of Heusler alloys with the distinctive band structure
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of Weyl semimetals could unveil novel phenomena, offering
exciting prospects for spintronics driven by nontrivial topo-
logical band physics.

In spintronic device applications, efficient generation,
propagation, and detection of spin current are very crucial.
Specifically, the spin-to-charge conversion (SCC) or vice
versa has garnered special attention due to its huge promise
of dissipationless working of spintronic devices. For the ful-
fillment of this promise, an efficient SCC process between a
ferromagnet and a nonmagnet with high spin-orbit coupling
(SOC) is a prerequisite [6]. In this regard, ferromagnetic reso-
nance induced generation of spin current in a ferromagnet and
spin pumping induced spin current propagation to an adjacent
high spin-orbit coupled nonmagnet is a well-known proce-
dure. The efficiency of spin transport across the interface can
be understood in terms of effective spin mixing conductance
(glfif) [7]. For the examination of the SCC, the well-known
method, namely, the inverse spin Hall effect ISHE), is gener-
ally utilized wherein the conversion of spin pumping induced
transversal spin current to charge current is measured. The
resulting transverse voltage (VisHE) SO produced is related to

spin current (7:) through the relation [8]
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where 6gy is the spin Hall angle (SHA) defining the conver-
sion efficiency between charge current (72) and spin current

(7:) and & is the unit vector for the spin-polarization direc-
tion. Another technique for the generation and manipulation
of spin-polarized current within a ferromagnet by placing it
in a thermal gradient is the spin Seebeck effect (SSE) [9].
Detecting this effect involves placing a nonmagnet in prox-
imity to the ferromagnet. Here, the spin current generated
in the magnetic layer is transmitted into the adjacent NM
layer in the case of a FM/NM heterostructure and is converted
into a measurable voltage through the inverse spin Hall ef-
fect as discussed earlier [10,11]. It bears mentioning that, in
the FM/NM bilayer, the measured SSE voltage also contains
the unintentional anomalous Nernst effect contribution [12]
which arises due to the metallic nature of the FM and the
magnetic proximity effect induced in the NM layer. It is very
crucial to disintegrate these two effects for a proper funda-
mental understanding of these processes as well as to find out
the intrinsic efficiency parameters [13].

It is worth stating that the efficient interfacial spin transport
and SCC at the FM/NM interface critically depends on the
type of interfaces and properties of its associated FM and NM
layers on either side. For the NM layer, the SOC strength
and conductivity play a major role whereas low damping and
high spin polarization, in the case of the FM layer, are the
deciding factors in generating a large spin current and high
value of glflf [14,15]. In this regard, ferromagnetic Heusler
alloys such as Co,MnGa (CMG) with high spin polarization
and a low damping parameter [16] are a proper choice for
the FM layer while for the NM layer, the heavy metals such
as Pt, W, Ta, etc., are the go-to choice due to their high
SOC. However, recently, topological insulators (TIs) such as
BiSb [17], Bi,Tes [18], SbyTe; [19], etc., have also gained
attention owing to their unmatched SHA [as high as 425 for
(Bip.5Sbg 5),Tes [20]] due to the presence of spin momentum
locked topological surface states. For the ferromagnet, given
the similar intrinsic and extrinsic scattering mechanisms in-
fluencing AHE and spin Hall effect (SHE), alongside similar
scaling trends, CMG emerges as a promising contender for
achieving a significant SHA. Additionally, theoretical investi-
gations suggest the potential for robust intrinsic SHE in Weyl
semimetals [21,22], a notion substantiated by recent experi-
mental findings indicating a SHA of approximately ~ —0.19
in L) CMG [23]. In our previous study [24], we have reported
low damping of ~ 6 x 1073 in 20-nm-thin CMG films, which
is much lower than previously reported values on B2 ordered
polycrystalline CMG thin films [25]. Although a few reports
exist on detailed spin transport and SCC studies on other
Heusler alloy-based FM/NM heterostructures in which the
NM layers used were either heavy metals and/or topological
insulators [6,26], to the best of our knowledge spin mixing
conductance and SHA via ISHE have not been studied so far
in any heterostructures comprising CMG thin films. Also, the
literature lacks reports wherein spin pumping resulting from
two completely different spin current generation mechanisms
[ferromagnetic resonance (FMR) and SSE] is detected in a
single FM/NM heterostructure using ISHE measurements.
Bosu er al. systematically investigated the transverse SSE in
thin films of the half-metallic Heusler compound Co,MnSi/Pt
[27]. Another study by Lopes et al. includes the effect of mag-

TABLE I. Details of sample under study.

Sr. No. Sample details Sample code
1 Si/Si0,/CMG (20 nm)/Al (3 nm)* CMG/Al
2 Si/Si0,/CMG (20 nm)/Bi,Te; (10 nm) CMG/BT
3 Si/Si0,/CMG (20 nm)/W (10 nm) CMG/W
4 Si/Si0,/CMG (20 nm)/Pt (10 nm) CMG/Pt

“Thin layer of Al (thickness 3 nm) serves as a capping layer to protect
Co,MnGa (20 nm) film which is naturally oxidized to Al,O;.

netic anisotropy on thermoelectric voltage in a CoFeAl/W
bilayer structure [28]. To the best of our knowledge, except
for these two systems, there are no other studies of the SSE in
Heusler ferromagnets so far [29].

In the present study, the fascinating realm of spin pumping
dynamics in CMG alloy is explored, with a particular focus
on the effects of various nonmagnets on this phenomenon.
By systematic investigation, we reveal the interplay among
SOC, crystal lattice structure, and interface quality that con-
trol spin angular momentum transfer between CMG and NM
layers. The ISHE measurement is employed to quantitatively
evaluate the SHA and also to demonstrate that the integra-
tion of distinct nonmagnets of varying SOC strengths with
the CMG layer led to a significant improvement in the spin
pumping efficiency. Moreover, an extensive analysis of the
effective spin mixing conductance is done, providing insight
into the effectiveness of spin transfer mechanisms at the
CMG/NM boundaries. To support the conclusions drawn from
ISHE measurements, the longitudinal SSE measurement is
performed on CMG/NM heterostructures providing experi-
mental validation to the observed spin pumping efficiency
enhancement.

II. MATERIALS AND METHODS

Four different samples (details listed in Table I) were
deposited on Si substrates using dc magnetron sputtering
employing a vacuum system pumped to a base pressure of
~5 x 1078 Torr, for the spin current transport and SCC study.

The CMG layer is grown using co-sputtering of Co and
MnGa targets and the details of the growth process of CMG
can be found elsewhere [24]. After the preparation of the
CMG layer at 400 °C, the Pt and W layers were deposited
at room temperature and Bi,Tes (BT) at 200 °C on the CMG
layer. All the NM layers were in situ deposited by dc mag-
netron sputtering. The growth details of Bi,Tes can be found
in Ref. [30]. The information for the deposition parameters
of all the samples is given in the Supplemental Material [31].
The details about the measurements performed and their in-
strumental setup with measurement parameters are given in
the Supplemental Material [31].

III. RESULTS AND DISCUSSION

A. Structural analysis

The structural quality of all the films is analyzed with
glancing angle x-ray diffraction (GIXRD) patterns (recorded
at w = 1.5°). The x-ray diffraction (XRD) spectra for all the
samples are shown in Figs. 1(a)-1(d). The detailed structural

094402-2



SPIN-TO-CHARGE CONVERSION EFFICIENCY ...

PHYSICAL REVIEW B 110, 094402 (2024)

(b)

(€)

2200 _, 700 | 700
1200 LRI (220) o CMG/W 220y —O— CMG/BT
PN =600 | g —~600f (220
EIOOO- ain E500- % Eso(). $
g "7 (200) 5 b 2 !
g s g 202D , S} ?‘ S 0o} %;
2 600f ! ' 2Z300| i 2300} s
=z g (110) = i
£ 400} ’ 2200 ——cmMG 5 200f ﬁ% ‘ g 200f 2
= = | i =
E 200f @) @2)| S Jy @) CID @) = L @y @)
o} : ot 0 [P/
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
20 (degrees) 20 (degrees) 26 (degrees)
(d) (e) ]
MOP 00 cmemT| B e ! —o—g,
1200} b =B O CMG/BT 1.4}
= b =N O-C
g 1000 {%03) } S ——Fitted . L12p
< sof ¢ (0015) 51° E 1.0} 2
z $ & 8 ~1 £
g oeo0r 0 8 > g 0.8F 2
z 2 ¥ : =
§ 400 % 3 : Z 1 0.6f /
= Loolte R (1016 1 2
=200 WW ( ) &ﬁ) 1 04r @
U . ) — 1 0.2+
10 20 30 40 50 60 ' ; : ' ; 5 7
0 1 2 3 CMG/Al CMG/BT CMG/W CMG/Pt
20 (degrees) 20 (degrees)
Z layer
(9) (h) 0]
Saf Si/CMG(20)/Pt(10) 1z} Si/CMG(20)/W(10) a2t Si/CMG(20)/BT(10)
& J ;
TLof ‘§:1.o - il.o -
'Z 08} Z o8} Z 08
e 2 3
Eo06f E o6} E 06}
20.4- §0.4- §0~4'
S 02 S 02l £
é £ 0.2 g 0.2
S 0.0} :s 0.0} ‘5
z. 2 0. S 0ot

200 400 600 800 1000 1200
time (sec)

0 0

200 400 600 800 1000 1200
time (sec)

200 400 600 800 1000 1200
time (sec)

0

FIG. 1. GIXRD spectra of (a) CMG/Al film (bottom) and CMG/Pt bilayer (top), (b) CMG/W bilayer, and (c) CMG/BT bilayer. (d)
0-20 Gonio scan of CMG/BT bilayer. (e) XRR profiles of all the samples. (f) Comparison of the interface roughness (obtained from the
simulated profiles of XRR data) at the CMG/NM interface for all three bilayer systems together with the surface roughness of the single CMG
layer (sample CMG/Al). (g)-(i) present the SIMS depth profiles recorded on three bilayer systems, viz., CMG/Pt, CMG/W, and CMG/BT,

respectively.

characterization of the B2 ordered CMG/Al thin film can
found in our previous paper [24]. Safi et al. have shown the
generation of spin-orbit torque (SOT) from CMG films having
different chemical ordering [32]. They have not discerned any
apparent advantage in the chemically ordered sample when
compared to the disordered counterpart. Remarkably, the dis-
ordered B2 phase sample exhibited a higher SOT efficiency
in comparison to the fully ordered L,; phase sample. The
XRD data of CMG/Pt bilayer [see Fig. 1(a)] shows the poly-
crystalline growth with Bragg peaks observed at 26 = 40.02°,
46.41°, and 67.85° corresponding to diffractions from (111),
(200), and (220) planes of Pt, respectively [33]. The resis-
tivity of the Pt (10 nm) thin film (~30 uQ2 cm) is almost
the same as that of the CMG thin film of thickness 20 nm
(~20 u2 cm). The GIXRD pattern obtained on CMG/W
thin film [see Fig. 1(b)] shows the diffraction peaks at

40.52°, 58.49°, and 73.25° corresponding to the stable al-
pha (@) phase of W. Among the 54 metals, the B-W is
reported to have appreciable SCC owing to its superior
SHA. However, its high resistance renders it unsuitable
for device applications [34,35]. Conversely, the low resis-
tive phase, i.e., @-W, has a smaller SHA but exhibits high
spin Hall conductivity (SHC) [36]. The larger SHC im-
plies lower energy requirements for generating the same
amount of spin current, making it more favorable for de-
vice applications [37]. The phase is reconfirmed by the
electrical measurement of resistivity of a single layer of W
(10 nm) using linear four-probe geometry. The low resistiv-
ity of 58 uf2 cm measured on it matches with the reported
values of a-W [36]. Figure 1(c) shows the polycrystalline
growth of CMG with no peaks corresponding to Bi,Te; in a
GIXRD scan on CMG/BT bilayer. The 6-26 Gonio XRD scan
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[see Fig. 1(d)] done on CMG/BT bilayer shows that the BT
thin film has a preferred orientation with 26 values of 8.23°,
17.54°,44.33°, and 53.62° belonging to the (0 0 3n) family of
planes of the Bi,Tes; phase [38]. The electrical measurement
on a single layer of BT reveals a very high resistivity of
110 u2 cm, which is almost five times higher than that of
the CMG thin film. The grown BT film is expected to show
topological behavior as discussed in detail in our previous
paper [30]. The magnetotransport measurement is performed
in an out-of-plane magnetic field configuration at different
temperatures lying in the range of 3-8 K on single layer
BT film. The data is fitted using a Hikami-Larkin-Nagaoka
equation and various parameters such as phase coherence
length (/,) and the Berry curvature-dependent prefactor (o)
are estimated to identify the presence of topological phases in
this film. The details and discussion of the magnetotransport
measurement are given in Supplemental Material Sec. S3 [31].

The x-ray reflectivity (XRR) spectra are recorded on CMG
thin film and its heterostructures to infer the quality of
the interface between them which is crucial for spintronics-
based device applications. The recorded spectra as shown in
Fig. 1(e) are fitted with x-ray reflectivity software considering
the Si/Si0,/CMG/Z/oxide layer stack (where Z = BT, W, Pt).
The fitted values of density, thickness, and interface/surface
roughness of the stacks are listed in Table S2 in the Supple-
mental Material [31]. The density of each layer either matches
the bulk value or is slightly lower than that, and the simu-
lated thickness values mimic the nominal values. The single
layer CMG is capped with Al, which is naturally oxidized
to Al,O3. As depicted in Fig 1(f), the interface roughness
is slightly higher for the CMG/BT interface compared to the
other two heterostructures, which may be due to the growth of
BT at 200 °C. The growth rate of the nonmagnets in all three
heterostructures is optimized in such a way to achieve a good-
quality interface in terms of low roughness. The presence of
clear Kiessig fringes observed over the whole measurement
range of 20 (= 6°) suggests the good interface quality in the
case of CMG/W bilayer. The interface quality of the con-
cerned heterostructures has a direct impact on the dynamic
properties as can be seen in the ferromagnetic resonance sec-
tion later.

The interface quality/intermixing is again confirmed by
performing secondary ion mass spectroscopy (SIMS) mea-
surements on grown heterostructures. As shown in Figs. 1(g)
and 1(h), the depth profiles recorded at RT show a clear
transition at the CMG and NM interface, and no evidence
of interdiffusion of film elements in the substrate is seen in
CMG/W and CMG/Pt bilayers. Though, the slight interdif-
fusion of cobalt in substrate and nonuniformity in cobalt at
the trailing edge close to the Co,MnGa/Bi,Te; interface in
the case of CMG/BT bilayer is present [see Fig. 1(i)]. Fur-
thermore, the flat elemental profile of all the elements in both
CMG and the NM layers indicates the composition uniformity
over the film thickness in all the heterostructures.

It is worth highlighting that in this CMG/BT bilayer, the
BT grown over CMG is held by weak van der Waal forces.
Therefore, the interface between CMG and BT is sensitive
to post annealing conditions. It should also be noted that
reversing the stacking sequence in the heterostructure from
Si//CMG/BT to Si//BT/CMG would not give the same re-

sults because in the latter case, the growth and annealing of
CMG at the optimized 400 °C temperature on already grown
BT (whose optimized growth temperature is 250 °C) will
significantly affect the bulk SOC and also the topological
properties via the surface roughness (due to interdiffusion) of
the BT. In fact, the FMR linewidth is increased by a large
factor thereby indicating the presence of large inhomogene-
ity resulting from the inferior interface quality relative to
Si//CMG/BT heterostructures, as confirmed from the analy-
sis of the SIMS profiles recorded on the Si/CMG/BT and
Si//BT/CMG heterostructures. The latter clearly exhibited
evidence of intermixing at the interface of BT and CMG.
(See Supplemental Material [31] for the FMR response and
SIMS data together with their analyses for these two types of
CMG/BT heterostructures).

B. Dynamic magnetization response using
ferromagnetic resonance

The flow and relaxation of spin angular momentum in a
FM/NM heterostructure can be investigated from the in-plane
FMR measurements. In our microstrip-based FMR setup, an
in-plane external magnetic field (H.y) is swept at a con-
stant microwave frequency (f) over the frequency range of
5-11 GHz to obtain the resonance condition of the film [39].
The obtained FMR spectra of all the samples at different
frequency f are fitted using a derivative of the Lorentzian
function, which consists of symmetric and antisymmetric
components to obtain the values of resonance field (H,) and
linewidth (AH) [40].

(S)[(A2)” ~ (Hew — H, ]
(A2 & (Hoq — H]

In Eq. (1), S and A are the symmetric and antisymmetric ab-
sorption coefficients, respectively. Now, the plots of resonance
frequency (f) versus H, and AH versus f, shown in Figs. 2(a)
and 2(b) are fitted using linewidth Eq. (2) [41] and Kittel’s
Eq. (3) [42] to evaluate the effective damping constant (o),
inhomogeneous linewidth (1oAHy), effective magnetization
(o Megr), and effective in-plane anisotropy field (woHk). The
values obtained for all the parameters and the roughness value
at the CMG/NM interface (ocmg/nm) for different samples
under consideration are presented in Table II.

. (1)

4,
1oAH = j1gAHy + —— f, 2)
noy
f= %[(H, + Ho)H, + Hy +M)]2. (3

The value of poH is quite low for CMG/Al indicating the
weak anisotropy present in the CMG film. The same has been
confirmed with the magneto-optical Kerr effect (MOKE) data
as presented in the Supplemental Material [31] depicting the
isotropic nature of the CMG thin film. As interpreted from
Fig. 2(d), the introduction of the NM on CMG has slightly
enhanced the anisotropy in the case of CMG/Pt bilayer as
clearly seen with the increase in the value of poHg with not
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oM. (right) as a function of different bilayer systems.

much change observed in the case of CMG/BT. The same
trend could be seen in the values of effective magnetization
in Fig. 2(d). The reason for low effective in-plane magneti-
zation for CMG/Pt bilayer could be the induced out-of-plane
anisotropy in CMG due to the magnetic proximity effect
(MPE) in Pt. There are many reports claiming the presence
of MPE when a Pt film (at thicknesses comparable to and
less than the spin diffusion length) is deposited on a thick FM
metal [43-45].

In Eq. (2), the uoAHy is the inhomogeneous broadening
of the linewidth due to extrinsic factors such as scattering
from magnetic inhomogeneities. In Fig. 2(c), the variation
of uoAHy and . is plotted with different NM materials.
The low value of poAH, for bare CMG and its bilayers with
nonmagnets indicates the good quality of the interface. A
large spin pumping is observed in the CMG/BT heterostruc-
ture with an enhancement of ~175% (a. increased from
6.67 x 1072 to 16.52 x 1073). Such a large enhancement in
aerr With TIs as a high SOC material is reported in the lit-
erature [19,46]. The CMG/W(Pt) bilayers show an increment

in e from 6.67 x 1073 to 12.32 (8.86) x 10~ with an en-
hancement of 82.5% (31.2%). There are numerous additional
influences, including interface effect, impurities, and MPE:s,
which have the potential to augment the o.s value of the
system. To investigate the MPE at the interface, the out-of-
plane (OOP) magnetization hysteresis (MH) loops for three
bilayer system and reference sample CMG/Al are obtained
(the data and its analysis are presented in the Supplemental
Material [31]). The OOP-MH loop in all three samples marks
the presence of proximity effect. Nonetheless, it has been
reported in FM/BT bilayer that the ferromagnetism induced
by the magnetic proximity effect via van der Waal bonding in
Bi,Tejs is too weak [47].

The crucial aspect lies in the variation of o with the
nonmagnet. Within a single FM layer (or capped with a ma-
terial with low SOC strength, e.g., Al in the present case),
a.fr essentially signifies the relaxation of spin angular momen-
tum within the crystal lattice through scattering mechanisms
within the FM layer. However, when a NM layer characterized
by high SOC strength, is placed adjacent to the FM layer,

TABLE II. Different parameters obtained by fitting the experimental data using Egs. (2) and (3).

Sample code et (x107) oM. (T) woHyg (mT) HoAHy (mT) ocMG/NM (nm)
CMG/Al 6.671 + 0.486 2.001 + 0.005 —0.914 + 0.061 1.045 + 0.026 04 £ 0.04
CMG/BT 16.520 £+ 0.531 2.026 + 0.004 —0.990 £ 0.142 0.784 + 0.035 1.02 £ 0.03
CMG/W 12.325 4+ 0.452 2.037 + 0.003 —1.853 £ 0.066 0.824 + 0.052 0.5 + 0.04
CMG/Pt 8.866 + 0.355 1.711 &+ 0.001 —2.362 + 0.037 0.962 + 0.051 0.8 = 0.01
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the spin angular momentum does not solely relax within the
FM lattice; rather, it also tends to transfer into the adjoin-
ing NM layer, a phenomenon known as spin pumping [48].
Consequently, an augmentation in o,g becomes evident. This
transfer of spin angular momentum is highly dependent on the
quality of the interface between the nonmagnet/ferromagnet
and the strength of SOC in the NM layer [14,15]. There are
further crucial parameters associated with spin pumping that
must also be calculated, such as spin mixing conductance and
effective spin current density in the NM layer, to effectively
quantify the spin pumping effect.

To calculate the intrinsic spin mixing conductance and spin
diffusion length, three NM thickness-dependent series are also
made by varying the NM layer thickness (tnv = 5, 7, 10, 15,
and 20 nm). The values of «. obtained at different thickness
of the NM layer is given in the Supplemental Material [31].
The variation of o as a function of tyy is fitted using Eq. (4)
[49,50].

v 8rs 1

1 — e~ 2mm/Aay 4
4w Ms tCMG( ¢ ) @

Oeff — QACMG = gT

From the fitted equation, we have obtained the value of
intrinsic spin mixing conductance (g'') at the CMG/NM
interface and spin diffusion length (A;) of the nonmagnet
(Z =BT, W, Pt). The value of g™ (A,) for BT, W, and
Pt are found to be 9.59 4+ 0.35 x 10" m~? (14.61 £+ 0.23
nm), 5.76 £ 0.52 x 10" m~2 (2.32 £ 0.10 nm), and 2.61 £
0.51x10" m~2 (7.68 £ 0.17 nm), respectively.

The value of spin diffusion length (A,) of W and Pt matches
the reported values [51,52] whereas for BT, it is at the upper
end of the reported values [45]. The high value of A; can be
attributed to the low resistivity of our BT thin films as the
Aq 1s inversely proportional to the resistivity of the material
[51,53]. Also, the A, of a material depends upon the crystal
quality, measurement temperature, and relative strength of
the surface vs bulk contributions in the sample. The long
spin diffusion length in this work indicates the higher bulk
to surface contribution of SOC in BT thin film. The highest
and lowest g'* among three heavy metals is reported for
the CMG/BT and CMG/Pt bilayer system, respectively. For
CMG/BT and CMG/W, the value of g't is slightly higher
than the reported values in the literature [54,55] whereas for
CMG/Pt, it matches with the reported values [6,7,26]. Since
the interface roughness is highest in CMG/BT bilayer (refer
to Table II), it is already expected to obtain the overestimated
g™. The variation in g™ value is majorly affected by (1) spin
memory loss at the interface (arising from interface disorder
or alloying) and (2) spin backflow at the CMG and NM
interface [56]. The thickness is kept same for all the three
nonmagnets but their resistivity and also A, could be different.
However, it should be noted here that Eq. (4), from which g'*
is computed, does not consider the spin backflow from any of
the CMG interfaces [49] and is independent of the nature of
the NM layer. Hence, we have also calculated the ngﬁ [using
Eq. (5)] which includes the effective spin accumulation at the
interface and which thereby accounts for spin backflow, if any,

according to which glflf is given by [54]

™
8
i 5)

8ext

N
8eff =

where gexy = mtanh(r’;—r) is a material-dependent param-
eter having units of conductance and pnyv is the resistivity
of the NM layer. The value of glflf computed for different
nonmagnets is tabulated below in Table III. The value of gyf
for CMG/BT, as compared to CMG/W and CMG/Pt, is found
to be reduced by a substantial amount owing to its (1) high
resistivity and (2) A; > tnm. The value of glfif for CMG/W
is highest and quite higher than those reported in the literature
for «-W [57-59]. This implies a large spin generation in CMG
due to its high intrinsic SOT efficiency, and also a good-
quality interface between CMG and W that has led to very
efficient spin injection. Understandably, such a large value of
spin mixing conductance will yield a large spin current in an
adjacent nonmagnetic layer.

The enhancement in damping is interpreted in terms of
the generation of spin current in NM layers by a pumping
mechanism at the bilayer interface. The effective spin current
density is calculated by the relation [60]

T~ (Bl <M0hrfy>2
’ & Qleft
toMsy ++/(uoMsy Y + (4 f)? | ( 2e
x 2 2 - ) ©
(moMsy )=+ (4 f)

h
where A is the 1f field (22 mOe) in the microstrip of our
waveguide. The estimated values of J; and glflf for different

nonmagnets are shown in Fig. 4(a). The values of glflf, Js, and
Osy for different nonmagnet obtained in the present study are
presented in Table III alongside those reported in the liter-
ature. The current density J; is relatively low for CMG/BT.
Generally, the typical TIs are observed to have spin current
density lower by an order of magnitude than those of heavy
metals [61]. But due to their low current conduction capabil-
ity, the spin Hall angle is large (~1.0 as reported for Bi,Tes
[18]). The saturation magnetization values are taken from the
experimental data shown in the Supplemental Material [31].

C. Inverse spin Hall effect measurements

In the preceding section, we discussed the spin current that
was generated in CMG and got relaxed at the nonmagnet
through spin backflow effect and spin current into the NM
layer. However, when spin current enters the nonmagnet with
high SOC strength, then due to ISHE, this spin current gets
converted into some transverse charge current that can be cal-
culated from the measured ISHE voltage and the dc resistivity
of the NM layer. This method of inferring the spin current is
very popular and generally used to estimate the SCC, whose
efficiency is quantified by spin Hall angle (6sy) which can be
estimated from the ISHE measurements. We have performed
the ISHE measurements on all the bilayer samples using our
home-built ISHE setup as shown in the schematic presented
in Fig. 3(a). The samples under study are placed at same
position with respect to the microstrip fixture to minimize
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TABLE III. Effective spin mixing conductance (glflf), effective spin current density (7: ), and spin Hall angle (6sp) obtained from fitting of

Egs. (5), (6), and (8).

Sample glix10" (m™2) Jy x 10° (Am™2) Osu Reference
Co,MnGa/Bi, Tes 1.243 £0.140 0.010 £ 0.023 1.4774 £ 0.0081 This work
Co,MnGa/W 1.806 £ 0.214 0.267 +0.035 —0.0836 +0.0009

Co,MnGa/Pt 0.795 £ 0.109 0.122 £ 0.003 0.0998 +0.0011

Bi,Sbs/CoFeB 12 2.8 034 [46]
Bi, Te3/Ti/CoFeB 0.08 [62]
Bi,Se;/CoFeB 0.6 4.1 [63]
Bi,Se3/CoFeB 6.5 10.0 033 [46]
Bi,Se;/CoFeB 16.80 [64]
Bi,Se;/NiFe 2.50-3.00 [65]
NiFe/Pt L5 0.19 [7]
CoFeB/Pt 39 2.9 0.09 [66]
Co,MnSi/Pt L5 0.04 [26]
Co,Feq 4Mny Si/Pt 40 0.02 [60]
o-W/CoFeB —0.06 [67]
-W/CoFeB —0.07 [35]

any error due to position dependence of the power of the
microwave signal absorbed in the sample. The measurements
are carried out at 5 GHz frequency at the maximum output
power (5 dBm) available from the vector network analyzer

(a)
RF-In

(c)

1.5 | —0— me\

CMGQ0ywao) Fitted

10} =7 Vom
; 05F ""Vﬂsy'”
o

-10 0 10 20 30

HoH (mT)

FIG. 3. (a) Schematic of the setup used for ISHE measurements. (b)
strength of the dc magnetic field (uoH ) applied along the microstrip [see

-30  -20

(model 8719ES from M/S HP Inc.). Even at such a relatively
low power, a reasonably good strength of ISHE voltage signal
(approximately microvolts) could be observed for all the sam-
ples. In Figs. 3(b)-3(d), the measured ISHE voltage (Vjeas) of

LE-] O CMG(20)/BT(10)
.ok —— Fitted
: S ,/sym
S o5t == Vagm
&
\E
-1.5F ) . ) . . , .
=30 =20 -10 0 10 20 30
HoH (mT)
(d)
15F O Vi
et CMG(20)/Pt(10)
10fece=y
sym
S 05 =7 Vg
=
\E
-1.0F
-1.5F . . .

30 20 -10 0 10 20 30

HoH (mT)

ISHE voltage (Vieas) measured across the sample as a function of the
(b)] for CMG/BT, (c) CMG/W, and (d) CMG/Pt. Open symbols show

the experimental data. Solid lines are the fits to the experimental data using Eq. (7). Blue and black dashed lines show the symmetric (Viym)

and antisymmetric (Vysym) components of the ISHE voltage, respectively.
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FIG. 4. (a) Effective spin mixing conductance (nglf) (left) and effective spin current density (J;) (right) as a function of different
nonmagnets. (b) Spin Hall angle (fsy) as a function of different nonmagnets.

the CMG/NM heterostructures is plotted as a function of the
applied magnetic field strength (uoH) for different bilayers
where field is swept in the positive x direction.

It is worth noting that the contribution in the measured
ISHE voltage may jointly originate from spin pumping as
well as due to different spin rectification effects (SREs) such
as AHE, anisotropic magnetoresistance (AMR), etc. [68].
However, it is quite well known that if the sign of Va5 gets re-
versed as the applied field reverses, the contribution in Vie,s 1S
primarily from spin pumping rather than different rectification
effects [60]. The line shape analysis of this data gives actual
quantitative information of these two contributions from the
measured voltage in these bilayer systems. Therefore, the
Vineas Versus H plots are fitted with Lorentzian equation (7)
[69], which is given by

(AH)?
Vineas = Vsym B 2
(H—-H,)"+ (AH)
DAH(H — H,)
+ Vasym @)

(H — H,)> + (AH)*’

where Vi and Vigym are the symmetric and antisymmetric
coefficients, respectively. Solid lines are the fits to the exper-
imental data. The Vi, (blue dashed lines) and Vg (black
dashed lines) are fitted separately in Figs. 3(b)-3(d). The
Viym contains a major contribution from spin pumping effects
such as the ISHE. On the other hand, the Vs, component
accounts for the SRE contributions due to AMR and AHE
[68]. It can be observed from the fitting that the symmetric
part majorly contributes in the Vj,e,s indicating the dominance
of spin pumping as compared to other rectification effects.
As can be seen from Figs. 3(b)-3(d), in the present case, the
strength of the ISHE voltage signal obtained in three systems
is consistent with the fact that the ISHE voltage is inversely
proportional to the conductivity of the NM layer [26].

The positive value of Viy,, for BT and Pt and the negative
value for W at positive field H indicates the positive and
negative spin Hall angle of these nonmagnets, respectively,
which is consistent with the literature. The value of sy is
calculated for BT, W, and Pt by using the following expression
[14,60]:

v ( wy
ISHE = | ———
OpMIEM + Opelpy

tpt —
OspApitanh J|. (8
)X SHPtEln(z)L )|‘| (8)

Pt

The resistivities (p) of the CMG and NM layers, mea-
sured using the four-probe technique, are mentioned in the
structural characterization section. The corresponding values
of conductivity (o) of the individual layers are calculated.
The rf field (hy) and the CPW microstrip width (w,) for
our setup is taken as 22 mOe and 1.5 mm, respectively. The
obtained values of 6sy are plotted for the three nonmagnets
in Fig. 4(b). In this study, the value of 0.0998 £0.0011 of the
SHA for Pt matches the literature values [66]. The 6sy value of
—0.0836 £ 0.0009 is obtained for «-W, which is higher than
the reported values [35,67], possibly due to its low resistance
and good-quality interface. Despite significant spin backflow
owing to high interface roughness, BT exhibits the highest
Osy value of 1.4774 + 0.0081, which is attributed to its strong
spin-orbit coupling and topological nature. The large SHA
obtained in this FM/TI system makes BT a suitable candidate
alongside CMG for SCC-based applications. The values of
SHA correlate with the strength of the SOC in different NM
materials under study, i.e., highest for BT and lowest for ¢-W
[24].

D. Spin Seebeck effect measurement

In the previous section, the detection of spin current is
explored, and SCC efficiency is estimated through ISHE mea-
surements by utilizing the spin pumping phenomena. Another
way to do this is to generate the spin current by creating
a temperature gradient in the structure. This is called the
SSE phenomena [27]. To have a more comprehensive un-
derstanding of the SCC in these bilayer systems, we have
done thermospin measurements with a temperature gradient
of 15 K in the longitudinal geometry as shown in Fig. 5(a).
The longitudinal geometry (in which a temperature gradient is
applied across the two surfaces of the film, i.e., across the film
thickness) is advantageous due to the absence of anomalies
stemming from thermal shunting of the temperature gradient
from the two adjacent top and bottom layers and/or the un-
derlying substrate, wherein a significant mismatch could exist
between the thermal conductivity of the magnetic thin film
and the adjacent layers and/or the substrate [70].

The schematic depicting the magnetization rotation angle
o along with measurement geometry is shown in Fig. 5(a).
Figure 5(c) showing that the thermospin voltage (Vi) (mea-
sured with a field H = 100mT and temperature gradient
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FIG. 5. (a) Schematic showing the magnetization rotation angle o; x — y is the sample plane and the temperature gradient is applied along
the z direction. (b) Thermospin voltage (spin Seebeck+anomalous Nernst voltage) vs applied magnetic field as observed for the different
heterostructures. (c) Variation of thermospin voltage with the magnetic field angle « with applied field H = 100 mT and AT = 15K. Solid

red curve represents the fit with A cos «.

AT = 15K) has the field angle dependence given by Vi, o
cosce. The data presenting the variation in the thermospin
voltage (Vi) as a function of the applied magnetic field for
all the CMG/NM bilayer structures is shown in Fig. 5(b).
It needs to be highlighted that the shape of the hysteresis
loop obtained in these measurements closely resembles the
magnetic hysteresis loop shape (around H = 0) observed in
the OOP-MH loop (data shown in the Supplemental Material
[31]). The asymmetric behavior of Vi, with magnetic field
exists possibly because of the two different contributions to
the measured voltage, i.e., SSE contribution (Vssg) and the
ANE contribution (Vang) in the CMG layer [70]. The ANE
mechanism involves the transfer of spin angular momenta by
thermally generated magnons to the iterant electrons of the
ferromagnet mediated by electron-magnon scattering. These
iterant electrons of the ferromagnet get spin polarized and
contribute to ANE. Whereas in case of longitudinal SSE
(LSSE), as a result of spatial gradient, these thermally gen-
erated magnons accumulate near FM/NM interface and pump
spin current in the NM layer [29]. It should be emphasized that
the CMG itself is reported to show large ANE (2-3 uV/K) in
an in-plane magnetized (IPM) geometry [when H is applied
parallel (||) to the CMG/NM interface and V7L CMG/NM
interface [see Fig. 6(b)]] due to its Weyl nature [71]. However,
the presence of a large ANE does not guarantee the large
SSE. Therefore, it is technologically advantageous for the spin
caloritronic applications to explore a FM system that shows
both large ANE and SSE in different magnetic configurations
[29]. The longitudinal configuration is simplest in which a
polycrystalline ferromagnet can be used and regarded as a
prototype from an application point of view [70]. The electric
field generated due to the ANE in metallic ferromagnets, in
the presence of temperature gradient V7' and magnetization
M is governed by the following equation:

Eang o Sane (koM x VT), 9
where Sang is the anomalous Nernst coefficient. Thus, the
data in Fig. 5(b) also contains the Vang vs H contribution
expected from the single layer CMG, which must be suitably
corrected.

From Fig. 5(b), the ANE voltage (Vang ) for a 20-nm-thick
isolated CMG layer is found to be 3.98 uV. The anomalous
Nernst coefficient in an IPM configuration can be estimated

— Vane fome : :
as SaNg = T ATowe)? where L, is the separation between

the voltage contacts and ATcyg is the temperature gradient
across the CMG layer. ATy can be extracted from the
experimentally measured temperature difference AT through
ATemg & (%)AT, where fobsrae 1S the thickness
of the substrate, i.e., Si, Kgbstrates and kcmg are the thermal
conductivities of the Si substrate and CMG layer, respec-
tively [72]. Considering fcvg = 20 nm, fypstrate = 0.5 mm,
Keubstrae = 1.3 Wm™ 'K kemg =24 Wm— K1 and L =
6 mm, the ATcyg comes out to be 32.5 uK. Using this
and Vang, the calculated value of Sang comes out to be
0.41 uV/K for CMG (20 nm). Though high values of anoma-
lous Nernst coefficients are reported in the literature for CMG
thin films, here it is pointed out that the out-of-plane magne-
tized (OPM) configuration (the geometry in which the applied
field is in the perpendicular direction and the temperature gra-
dient is parallel to the film plane [see Fig. 6(b)]) is employed
in all those experiments [3,73,74]. The large ANE observed
is attributed to the large AHE in Co,MnGa, both arising from
a large net Berry curvature near the Fermi energy associated
with nodal lines and Weyl points [29,71]. Consistent with
these reports, we have also reported a large spin Hall angle,
i.e., high transverse conductivity for the 20-nm CMG film in
our previous report [24]. To the best of our knowledge, there is
no literature available to compare the Vong values determined
in the present case of polycrystalline Co,MnGa films for the
IPM configuration.

To confirm the presence of the LSSE in the case of
CMG/NM bilayers, it is important to separate the spin current
induced signal from the ANE. It can be done by comparing
the transverse thermospin voltage in an IPM (the LSSE setup)
and OPM configuration as shown in Figs. 6(a) and 6(b), re-
spectively. In CMG/NM bilayers, the Vi, consists of both Vssg
and Vang in the IPM configuration. Whereas, in the OPM
configuration, only the ANE signal will appear as the temper-
ature gradient, magnetization, and measured voltage direction
are perpendicular to each other. The LSSE signal will not be

o . L
present in this case as the spin current direction (Jg ) is parallel
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FIG. 6. (a) and (b) Schematics for the in-plane magnetized (IPM) and out-of-plane magnetized (OPM) configurations. (c) and (d)
Thermospin voltage (spin Seebeck+anomalous Nernst voltage) (for CMG/BT) and anomalous Nernst voltage (Vang) (for CMG/ALl) vs applied

magnetic field in [PM and OPM configurations, respectively.

to the spin polarization (&) [EISHE x (fs x 6)]. It should also
be noted that in case of the OPM configuration, the resultant
voltage signal (V) will not be contaminated by the ANE volt-
age due to the very small temperature gradient perpendicular
to the CMG film plane (if any) due to the parallel orientation
of AT and the magnetization direction [75]. Therefore, the
quantitative comparison of the voltage between these two
signals gives the estimation of the LSSE signal present along
with the ANE in CMG/NM bilayer.

Figure 6(c) represents the magnetic field dependence of Vi,
(LSSE+ANE) for CMG/BT and Vi, = Vang for CMG/AL in
the IPM configuration. For the same samples, the measure-
ment of the ANE voltage vs magnetic field is done in the
OPM configuration as shown in Fig. 6(d). The Nernst coef-
ficients measured on these two samples are quantitively equal
indicating the contribution of the ANE separated from the
LSSE in CMG/BT bilayer. The anomalous Nernst coefficient

SAne In the OPM is estimated as Sang = %, where

L, is the length of the sample along which the temperature
gradient is applied. The AT is measured as 23 K at the two
ends of the sample using temperature sensors. Considering
Vang = 10.14uV, Ly = 5.5 mm, and L, = 4.5 mm, the Sang
is estimated as 0.54 + 0.08 uV /K. From these results, it can

be concluded that for the polycrystalline CMG thin film, the
anomalous Nernst coefficient is isotropic for different mea-
surement configurations.

Now, the quantitative estimation of the spin Seebeck co-
efficient is done using the data measured in Fig. 5(a) in the
IPM configuration (the LSSE setup). Considering the two
contributions (SSE and ANE), the resultant voltage measured
across the NM layer (V) of the CMG/NM heterostructure can
be written as

Vin = Vssg + Ving- (10)

The suppressed ANE (V) voltage measured in
CMG/NM bilayer can be calculated from the Vang data ob-
tained on the isolated CMG layer and by considering the
parallel circuit configuration of the CMG and NM layers,
which is given by Eq. (11) [76-78],

r
supp _
VANE - (_>VANE,

1+r an

where Vang is the ANE voltage of a single metallic FM layer,

and r = (pnm/ pema)(femc /tnm), with pnm and peme repre-
senting the resistivities of the NM and CMG layers and txm
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TABLE IV. Spin Seebeck voltage signal, thermal conductivity, temperature gradient across interface, and spin Seebeck coefficient for

different systems under study.

Anomalous Nernst effect

Vane (uV) Kk (Wm~'K™ ATenvcnm (UK) Sane (UWV/K)

CMG(20)/A1(3) 3.98 24 (CMG) 32.53 0.41 +£0.06
Spin Seebeck effect

Vssg (WV) K (Wm™'K™") ATemc/nm (mK) Ssse (nV/K)

CMG(20)/BT(10) 1.75 1.47 (BT) 11.20 0.52 +£0.04

CMG(20)/W(10) -0.81 68 (W) 3.68 0.734+0.03

CMG(20)/Pt(10) 0.91 71 (Pt) 3.67 0.83 +0.04

and fcvg representing their thicknesses, respectively. It should
be pointed out that different voltages appearing in Eqgs. (10)
and (11) correspond to the values in the magnetic saturated
state.

Furthermore, the Vssg is calculated [using Eq. (10)] from
the background corrected values of Vj, given by [76]

12)

Ve — |:Vth(+,u01_1sat ) — Vth(—MoHsat)]
th = 5 :

Finally, the obtained values of Vssg for CMG/BT, CMG/W,
and CMG/Pt are 1.75, —0.81, and 0.91 uV, respectively. To
calculate the spin Seebeck coefficient Sssg, the temperature
gradient across the CMG/NM interfaces (ATcmc/nm) 1S mod-
eled using the COMSOL software and the obtained values are
presented in Table IV. Using Sssg = %, the esti-
mated values of Ssgg is tabulated in Table IV.

The efficiency of spin-to-charge conversion in terms of
the Vssg voltage can now be qualitatively compared to Visyg
considering the magnetic proximity effect remains the same in
both the cases. It is evident that both the measurements (i.e.,
ISHE and SSE) performed on the CMG/NM heterostructures
are in consonance with each other.

IV. CONCLUSION

In conclusion, we have studied the spin pumping and in-
verse spin Hall effect in Co,MnGa/NM systems where NM =
Bi,Tes;, W, and Pt. We have found that spin pumping and ef-
fective spin mixing conductance were highest in Co,MnGa/W
(1.84+ 0.2 x 10" m~2) and lowest in Co,MnGa/Pt (0.8 +
0.1 x 10" m~2). The parameters such as interface roughness,
magnetic proximity effect, and spin backflow tendency criti-
cally contribute to determining the spin pumping and effective
spin mixing conductance. The SHA value of ~ —0.08 is
reported for CMG/a-W bilayer, which is remarkably high as
compared to other reported values on the FM/a-W system
[35]. Despite CooMnGa/Bi,Tes; having the lowest effective
spin current density and higher resistivity, it exhibited the
highest spin Hall angle (~1.5) among the bilayer systems
under study (and the reported values for BT in literature [18])
due to its superior spin-orbit coupling strength. Therefore,
the present results about the spin-to-charge conversion hold
a great potential in favor of the Co,MnGa/Bi,Te; system
towards its use as an efficient spin charge converter based
on FM/TI integration. The spin conversion efficiency of three
heavy metals is confirmed by the thermospin measurements.
The anomalous Nernst coefficient (Sang) of 0.41 uV/K for the
20-nm CMG thin film is obtained in the in-plane magnetized
geometry. The spin Seebeck voltage measurements on these
heterostructures are in excellent agreement with the findings
from the ISHE measurements.
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