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Thermally-injected pure spin current phenomena have been investigated in Bi/Y3Fes012 and
Bi/Ag/Y3Fes012 structures at room temperature. We show that although pure spin current has
been injected into the Bi layer and the Bi/Ag bilayer, there is little detectable signal of spin-to-
charge conversion, except the distinctive Nernst signal from the Bi layer, in sharp contrast to the
inverse Rashba-Edelstein effect claimed in these systems.

Pure spin current phenomena and devices are new
advents in spintronics. With a flow of angular momentum
without accompanying charge currents, a pure spin
current generates no Oersted field and the least Joule
heating, thus highly advantageous. To generate a spin
current, one may employ spin Hall effect (SHE) [1-
3], spin pumping (SP) [4-9] at ferromagnetic resonance
(FMR), lateral spin valve (LSV) [10, 11], or longitudinal
spin Seebeck effect (LSSE) [12-14]. Once generated,
a pure spin current cannot be detected by the usual
electrical means except indirectly via inverse spin Hall
effect (ISHE) [3, 7, 15] using a heavy metal with strong
spin-orbit coupling (SOC) [16-18]. The spin-to-charge
conversion results a charge current, jo = Osu[2e/h|jsx o,
in a direction perpendicular to both the spin current
js and the spin index o, where fgy is the spin Hall
angle that measures the conversion efficiency. Usually,
one detects the resulting DC voltage, namely the ISHE
voltage, as the evidence of spin-to-charge conversion.
Thus, one must carefully ascertain that the measured
voltage is indeed due to spin-to-charge conversion and
not those from a host of parasitic effects.

Bismuth (Bi) is the heaviest non-radioactive element in
the Periodic Table. It is natural to exploit the large SOC
in Bi metal [19, 20] and Bi-containing materials [21-32]
for spin current phenomena. However, there are already
conflicting results even in Bi metal and bilayers. In SP
experiments on Bi/permalloy at room temperature [19],
using the ferromagnetic (FM) metal permalloy (Nig; Feqg)
as the spin injector, the transverse DC voltage measured
at FMR has been taken as evidence of spin-to-charge
conversion, resulting in a substantial fsg = 0.02 for
Bi. However, SP experiments on Bi/YIG [20], using
the ferrimagnetic insulator YIG (yttrium iron garnet,
Y3Fe5012), concludes instead an extremely small Ogy =
0.00012, two orders of magnitude smaller. Both SP
experiments have concluded a rather long spin diffusion
length Agp in Bi of 50 nm and 20 nm, respectively.

Remarkably, inserting a thin silver (Ag) layer as
NiFe/Ag/Bi substantially enhances both the current
and the voltage signals in SP experiments comparing
to the signals in NiFe/Bi [24]. The observed signals

in NiFe/Ag/Bi cannot be explained using ISHE, thus
leading to the proposal of a novel mechanism of spin-
to-charge conversion at Bi/Ag Rashba interface [33],
namely the inverse Rashba-Edelstein effect (IREE) [34,
35].  Subsequent works have shown similar results in
NiFe/Ag/Sb [25] and Fe/Ag/Sn [36] using SP. Moreover,
the signals for Ag/Bi/Fe and Bi/Fe have opposite signs
[26]. The spin-to-charge conversion efficiency measured
in NiggFego/Ag/Bi by SP has been shown to be almost
independent of temperature [27]. Besides Bi/Ag bilayers
[24-29], the IREE has also been explored in other
systems, such as surface states of topological insulators
(e.g., Bi1_5Sb0_5Tel_7SeL3, Sn—doped BiQTGQSG [23], and
a-Sn [36]), two-dimensional electron systems at oxide
interfaces (e.g., LaAlO3/SrTiOg [37]), and metal/oxide
interfaces (e.g., Cu/BizO3 [38]). These results appear
to be consistent with the IREE. The spin-to-charge
conversion via the IREE in some materials has been
claimed to be more efficient than the ISHE in Pt [36, 37].

However, the overwhelming majority of the IREE
studies employ SP with a FM metal (e.g., Fe) as
the spin injector [23-27, 36-38]. As concluded by
recent SP studies with FM metals, the FMR microwave
exciting magnetization dynamics also induces a number
of parasitic effects simultaneously [39-42], including the
DC electromotive forces due to rf-current rectification
via anisotropic magnetoresistance effect, planar Hall
effect and anomalous Hall effect. Some such effects
manifest with the same symmetry as that of spin-to-
charge conversion, thus potentially leading to incorrect
interpretations [40, 41].

In this Letter, we report thermally injected spin
current transport in Bi films and Bi/Ag bilayers on
YIG via LSSE at room temperature. Since YIG is
an insulator, several key parasitic effects due to charge
carriers in FM metals are absent. We show that pure spin
current has been injected into the Bi layer to a depth
of several nanometers but leading to negligible spin-to-
charge conversion and there is no detectable evidence of
the IREE at Bi/Ag interfaces. We note Bi is a well-known
thermoelectric material that generates large transverse
thermovoltages due to the Nernst effect but unrelated to
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FIG. 1. (a) Schematic diagram for measuring LSSE in
metallic thin film/YIG samples. The device dimension is 2
mmx6 mmx0.5 mm. (b) XRD results of Bi(100 nm)/Ag(100
nm)/YIG/GGG grown by low-temperature sputtering. (c)
XRR results of low-temperature sputtered Bi(30 nm)/YIG-
slab (scaled by a factor of 10%) and Ag(30 nm)/SiO, /Si.
The red curves are fits to XRR results, indicating that the
thickness of Bi(Ag) is 31.6 nm(30.5 nm) and the surface
roughness of Bi(Ag) is 0.4 nm(0.5 nm). (d) XRR of the
superlattice [Bi(8 nm)/Ag(1.5 nm)]5/SiO,/Si grown by low-
temperature sputtering. (e¢) RHEED patterns of YIG/GGG
substrates and Bi(30 nm)/YIG/GGG samples grown by
MBE. (f) XRD results of Bi(60 nm)/YIG/GGG grown by
MBE.

spin-to-charge conversion.

The thermal injection scheme is shown in Fig. 1(a).
Under an out-of-plane temperature gradient (V.T), the
LSSE causes YIG to inject a pure spin current js into the
adjacent metallic layer. The spin-to-charge conversion
via the ISHE in the adjacent metallic layer gives rise to
an electric field Eispp « js X o that gives the ISHE
voltage, where jg is the spin current parallel to the
temperature gradient V.7 and o is the spin index along
the direction of the surface magnetization M of YIG
[43]. The thermal injection of spin current by LSSE with
a magnetic insulator enjoys the advantages of a simple
injection and detection scheme without the complexities
due to radio-frequency electromagnetic induction in SP.
The LSSE has been rigorously evaluated [12, 13]; metals
with positive and negative 0gy gives ISHE voltages of
opposite sign [18], and that the ISHE voltage vanishes
when the spin current has been blocked by a non-
magnetic insulating layer [13, 44].

We used DC magnetron sputtering to deposit Bi and

Ag layers onto YIG substrates maintained at liquid
nitrogen temperature (~77 K). Such a low substrate
temperature during deposition is used for achieving
Bi layers with small roughnesses [45]. We used two
types of YIG substrates: 0.5-mm-thick polycrystalline
YIG slabs (YIG-slab) and 5-pm-thick single crystalline
YIG films liquid-phase-epitaxial on GGG(111) substrates
(YIG/GGG). The crystal structures, thicknesses, and
roughnesses of the thin-film samples were characterized
by X-ray diffraction (XRD) and X-ray reflectivity (XRR)
with a Cu K, radiation. As shown in Fig. 1(b),
the Bi layers fabricated by low-temperature sputtering
show a preferred orientation along the rhombohedral-
(110) direction, as indicated by the prominent Bi(110)
and Bi(220) XRD peaks. The Ag layer grows in the
cubic crystallography phase with a texture mainly in
the (111) direction. The XRR scans reveal thicknesses
close to the nominal values [Fig. 1(c)]. In particular,
the roughnesses of the Bi and Ag layers are 0.4 nm
and 0.5 nm respectively, much smaller than the value
of 3.5 nm reported in previous SP works [24]. The
interfacial roughness of Bi/Ag in this present work is
also relatively small, as indicated by the XRR of the
superlattice [Bi(8 nm)/Ag(1.5 nm)]5/Si0,/Si [Fig. 1(d)]
where several characteristic superlattice peaks with a 5-
fold oscillating period are observed. Some other layers,
such as Pt, W, and MgO, were deposited by sputtering
at room temperature without breaking the vacuum.
In addition, we have also studied Bi(111) thin films
fabricated by room-temperature molecular beam epitaxy
(MBE) on the YIG/GGG substrates. The sample quality
was characterized in-situ using reflection high-energy
electron diffraction (RHEED) during growth [Fig. 1(e)],
indicating flat and long-range ordered crystal structures
at both YIG surfaces and Bi surfaces. The Bi films
are nearly single crystalline with the rhombohedral-(111)
orientation [Fig. 1(f)].

We performed the LSSE measurements by placing the
sample between a Cu block heat sink and a resistance
heater to generate an out-of-plane temperature gradient
along the z axis. The heat flux was kept constant
of 0.06 W/mm? with a temperature gradient of about
10 K/mm across the YIG substrates. The transverse
thermovoltage along the y axis was measured with an in-
plane magnetic field along the x axis [Fig. 1(a)]. The
distance between the two voltage leads is about 6 mm.

We first illustrate the LSSE measurements in Pt(3
nm)/YIG-slab [Fig. 2(a)]. This is the well-established
LSSE/ISHE result. The ISHE voltage saturates at about
50 mT, which aligns the YIG-slab magnetization. The
plateau behavior at low fields (< 20 mT) is due to
the switching of surface domains in YIG-slab, illustrating
that LSSE is sensitive to the surface magnetization [43].
Indeed, the YIG thin film sample of Pt(3 nm)/YIG(5
um) /GGG has very similar results but does not exhibit
such a plateau at low fields [Fig. 2(c)]. After a
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MgO(3 nm) layer has been inserted between Pt and
YIG-slab, the prominent ISHE signal effect in Pt/YIG
vanishes in Pt(3 nm)/MgO(3 nm)/YIG [Fig.
demonstrating that the non-magnetic insulating MgO(3
nm) layer completely blocks the spin current. When W
instead of Pt has been used, the ISHE voltage reverses
sign because of the negative Ogy of W. These experiments
conclusively establish pure spin current phenomena in
Pt/YIG under thermal injection.

Diametrically different behavior has been observed in
Bi/YIG. As shown in Fig. 2(b), the thermovoltage in
the sputtered Bi(15 nm)/YIG-slab increases with the
external magnetic field without saturation. Even more
surprising, after the insertion of a MgO(3 nm) layer
between Bi and YIG, the measured voltages remain
unchanged. Since the MgO(3 nm) layer should have
completely blocked any spin current, the measured
voltages in Bi/YIG have nothing to do with spin-to-
charge conversion. A small kink at low magnetic field
[inset to Fig.
of Bi/YIG-slab and Bi/MgO/YIG-slab, reflects reversal
of the bulk magnetization in YIG-slab and change of
stray fields. Indeed, the results in Bi(8 nm)/YIG/GGG
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(a)-(e) Transverse thermovoltages as the function of the in-plane applied magnetic field measured in (a) Pt(3
nm)/YIG-slab and Pt(3 nm)/MgO(3 nm)/YIG-slab, (b) Bi(15 nm)/YIG-slab and Bi(15 nm)/MgO(3 nm)/YIG-slab, (c¢) Pt(3
nm)/YIG/GGG and Bi(8 nm)/YIG/GGG, (d) Bi(15 nm)/YIG/GGG and Bi(60 nm)/YIG/GGG, (e) Pt(3 nm)/YIG-slab,
Pt(3 nm)/Bi(3 nm)/YIG-slab, Pt(3 nm)/Bi(6 nm)/YIG-slab, and W(3 nm)/Bi(3 nm)/YIG-slab (scaled by a factor of 5).
Samples in (a)-(c) and (e) are grown by sputtering, whereas those in (d) by MBE. The inset to (b) shows the thermovoltages
in Bi(15 nm)/YIG-slab after subtracting a straight line from the raw data. The inset to (c) shows the zoom-in plot of the
thermovoltages in Bi(8 nm)/YIG/GGG. (f) The amplitudes of ISHE voltages |[AV| in Pt(3 nm)/Bi(¢gi)/YIG-slab (red squares)
and W (3 nm)/Bi(¢g;)/YIG-slab (blue circles) as the function of ¢g;. The lines are exponential-decay-function fits to the data
(tpi > 2 nm) with the effective decay length .

2(a));

2(b)], which is present in both results

2(d)].

show only the linear dependence on applied magnetic
fields without the kink [inset to Fig.
have also observed the same linear field dependence
in Bi(8 nm)/SiO,/Si under the thermal gradient.
LSSE measurements in Bi/YIG/GGG samples grown
by MBE, we have also found no evidence of spin
current contribution [Fig.
unequivocally show the voltages observed in Bi/YIG are
unrelated to spin-to-charge conversion; the results are
just the ordinary Nernst effect in Bi.

2(c)].  We

In

All of these results

The Nernst effect [46], where the current is driven
by a thermal gradient, is the thermal analogue of the
Hall effect. The electric field of Nernst effect due to the
thermally driven charge current in a magnetic field is
Eng «x VT x B. Note that the Nernst effect is scaled
with the B-field, while the LSSE in Pt/YIG is scaled
with the surface magnetization M of YIG. The Nernst
effect is negligible in common metals, such as Ag and Pt,
but orders of magnitude larger in Bi due to the small
Fermi energy and large electron mobility [47]. Indeed,
the Nernst effect was discovered in Bi, which has the
largest known Nernst coefficient among elemental metals
[47]. Even when the mobility in Bi thin films is limited by
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FIG. 3. Transverse thermovoltages as the function of the in-plane external magnetic field measured in (a)

t(3 nm)/Ag(2

P
nm)/YIG-slab, Pt(3 nm)/Ag(2 nm)/MgO(3 nm)/YIG-slab, and Ag(2 nm)/YIG-slab in the inset, (b) Bi(15 nm)/Ag(2 nm)/YIG-
slab and Bi(15 nm)/Ag(2 nm)/MgO(3 nm)/YIG-slab, (c) Pt(3 nm)/Ag(2 nm)/YIG/GGG and Bi(8 nm)/Ag(2 nm)/YIG/GGG.
The inset to (c) shows the zoom-in plot of the thermovoltages in Bi(8 nm)/Ag(2 nm)/YIG/GGG.

the surface scattering, the more modest Nernst voltage
remains substantial and comparable to the ISHE voltage
in Pt/YIG [Fig. 2(d)]. In addition to the different field
dependence, the Nernst signal in Bi films increases with
thickness in the studied range (tg; < 100 nm), whereas
the LSSE signal in Pt/YIG decreases with increasing Pt
thickness limited by the spin diffusion length [18].

We have found no evidence of spin current contribution
in Bi/YIG. The key question is whether the spin current
has been injected into the Bi layer at all. To address
this question, we have measured Pt(3 nm)/Bi(¢g;)/YIG
and W(3 nm)/Bi(tpi)/YIG, designed to detect the
emergent spin current through the Bi layer by Pt and W
respectively. As shown in Fig. 2(e), we have observed
the spin-to-charge signals in Pt(3 nm)/Bi(3 nm)/YIG
and W(3 nm)/Bi(3 nm)/YIG samples with opposite
signs due to the different signs of fsy in Pt and W.
These signals are those of ISHE from spin current that
has passed through the Bi layer and converted in the
Pt and W layers. Thus, we have demonstrated that
the pure spin current has been injected via LSSE from
YIG into Bi, and has passed through the Bi layer, but
with negligibly small spin-to-charge conversion within
Bi. The value of Osy in Bi cannot be larger than
2 x 107 (see Supplemental Material). The signal in
the Pt(3 nm)/Bi(tpi)/YIG trilayer gradually decreases
with increasing tp; and becomes barely detectable in
Pt(3 nm)/Bi(6 nm)/YIG [Fig. 2(e)]. In Fig. 2(f), we
show the amplitudes of the ISHE voltages |AV| in the
Pt(3 nm)/Bi(tp;)/YIG and the W(3 nm)/Bi(tp;)/YIG
trilayers as a function of tp;. We find that for 2
nm < ¢g; < 8 nm, |AV] decays exponentially as
|AV (tgi)| x exp(—tpi/A) with the effective decay length
A of about 0.43 nm in Pt(3 nm)/Bi(¢p;i)/YIG and about
0.97 nm in W(3 nm)/Bi(¢p;i)/YIG. These values are in
sharp contrast to the previously reported very long spin
diffusion length Agp in Bi (50 nm or 20 nm) at room
temperature [19, 20], but closer to the small Agp of
0.11 nm at Bi/Cu interfaces reported by the recent LSV

experiments [32]. For tp; < 2 nm, the ISHE voltages
deviate from the exponential behavior [48].

We next describe spin injection into Bi/Ag bilayers by
LSSE in YIG-slab. As shown in Fig. 3(a), the LSSE
is readily observable in Pt(3 nm)/Ag(2 nm)/YIG but
not in Pt(3 nm)/Ag(2 nm)/MgO(3 nm)/YIG when the
spin current has been blocked by the MgO(3 nm) layer.
The Ag layer has negligibly small LSSE contribution
because of its small fsyg, as shown by the results of
Ag(2 nm)/YIG [inset to Fig. 3(a)]. The LSSE signal in
Pt/Ag/YIG results from spin currents passing through
the Ag layer and then converting into charge signals by
ISHE in the Pt layer. Completely different behaviors
have been observed in Bi(15 nm)/Ag(2 nm)/YIG and
Bi(15 nm)/Ag(2 nm)/MgO(3 nm)/YIG, both of which
show the same voltages [Fig. 3(b)]. These results indicate
conclusively that the magneto-thermoelectric signals in
Bi/Ag/YIG have nothing to do with spin current. We
have also studied the layer structures with YIG thin films
of Pt(3 nm)/Ag(2 nm)/YIG/GGG [Fig. 3(c)], which
show clear evidence of spin-to-charge conversion as those
in Fig. 3(a), except the surface domain switching at
small fields. But the results of Bi/Ag/YIG/GGG are
totally different [inset to Fig. 3(c)]. These results,
linearly dependent on applied magnetic fields and with no
correlation to the magnetization of YIG, are simply due
to the Nernst effect in the Bi layer. Since the spin current
definitely reaches the Bi/Ag interface, the lack of spin-
to-charge signals in Bi/Ag bilayers indicates the absence
of spin-to-charge conversion at the Bi/Ag interface.

We have also studied Bi films and Bi/Ag bilayers
thermally evaporated on YIG/GGG substrates (see
Supplemental Material). The evaporated Bi film is
polycrystalline with (111) and (110) texture and the
roughness of about 2 nm. The transverse thermovoltages
in the evaporated Bi(8 nm)/YIG/GGG and Bi(8
nm)/Ag(5 nm)/YIG/GGG, are proportional to the in-
plane applied magnetic field, indicating the Nernst effect
in the Bi layer. There is no detectable spin-to-charge



signal in the thermally evaporated Bi films and Bi/Ag
bilayers. These thermally evaporated samples have
comparable roughness to the prior report [24] but still
show no IREE, suggesting that neither sharp nor rough
(alloyed) Bi/Ag interface yields notable spin-to-charge
conversion.

Despite being a heavy element with strong SOC,
we have shown that Bi has negligible spin-to-charge
conversion despite previous claims to the contrary. This
may be surprising at first glance. However, we note
the well-known heavy elements with large 0sy (Pt, W,
Ta, etc.) are d-orbital elements. Those with less than
(more than) half full d shell have positive (negative) gy
[17, 18]. Thus the electronic configuration, rather than
the detailed band structures of the materials, dominates
the intrinsic spin Hall effect [16]. Bi is a p-orbital element
with unfilled 6p shell. We conjecture that p-shell elements
exhibit poor spin-to-charge conversion characteristics.
This can be more rigorously tested experimentally by
exploring other p-shell elements, such as Pb and Sb.

In summary, we have investigated the spin-to-charge
conversion in Bi films and Bi/Ag bilayers via LSSE
at room temperature. Despite the large spin-orbit
interaction in Bi and the strong Rashba spin-splitting at
Bi/Ag interfaces, we have not found appreciable spin-
to-charge conversion signals in the Bi films and the
Bi/Ag bilayers. Instead, there are substantial magneto-
thermoelectric effects simply due to the ordinary Nernst
effect in Bi with a linear dependence on magnetic field.
The results lack evidence of spin-to-charge conversion at
the Bi/Ag interface, thus the present understanding of
the IREE need more careful evaluation.
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