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Detection of long-range orbital-Hall torques
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We report and quantify a large orbital-Hall torque generated by Nb and Ru, which we identify from the strong
dependence of torques on the ferromagnets. This is manifested as strong enhancement in the dampinglike torques
measured in Nb (or Ru)/Ni bilayers as compared to Nb (or Ru)/FeCoB bilayers including the sign reversal in the
case of Nb/(Ni or FeCoB) samples. We experimentally observe a striking enhancement of the measured torques
with the increase of ferromagnetic Ni thickness which is markedly different from the regular spin-transfer torque;
this could be a unique signature of long-range action of the orbital-Hall torques.
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I. INTRODUCTION

The nonequilibrium flow of angular momentum has been
one of the key aspects of condensed matter physics, as it
plays a major role in modern solid-state magnetic devices
[1,2]. Nature provides two different types of intrinsic angular
momenta in a material that can be relatively easily accessible
for applications, which are orbital-angular momentum and
spin-angular momentum. In the past decade, the main focus
of spintronics has been to inject spin angular momentum into
a magnet for nonvolatile memory applications [1,2], which
was triggered by the discovery of the spin-Hall effect (SHE)
[3], a mechanism that generates a transverse spin current
(Jsp) which can interact with the magnet directly via a spin-
transfer torque (STT) [1]. However, this scheme of strong Jsy
generation is mostly limited to certain materials due to the
requirement of large spin-orbit coupling (SOC) such as Pt, W,
etc. [1]. Recent theoretical works have predicted the genera-
tion of large orbital-Hall current (Joy) from the orbital-Hall
effect (OHE), not relying on the SOC of the nonmagnetic ma-
terial (NM) [4—13]. However, Joy remains challenging for an
unambiguous experimental detection [14] since Joy does not
interact directly with the magnetization of commonly studied
ferromagnets (FMs) [7-9], unlike Jsiy which generates STT in
a magnetic layer that is largely independent of the FM [1]. So
far, the orbital-Hall torques (OHTs) have often been studied in
systems with naturally grown oxides such as CuQO, and AlO,
as the nonmagnetic layer [15-19], and these oxide layers are
often not well controlled, making it difficult to compare the
results with the theoretical calculations. Therefore, it is of
prime interest to study this effect in clean and well-defined
elements for a direct and unambiguous comparison.
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II. BACKGROUND AND THEORY

While the spin-orbit torques (SOTs) are essential in-
gredients for memory applications there have been strong
disagreements in the predicted and experimentally measured
torques [1] in some systems including the sign reversal
[20-23], suggesting an important piece of physics is still
missing. By the SHE mechanism, longitudinal electric current
(Jc) flowing along the x direction in the heavy metals (HMs)
generates a flow of spins perpendicular to it (along the z
axis, sample growth direction) while the spins are polarized
along y [Fig. 1(a)]. Similarly, in certain nonmagnets it has
been predicted to have the flow of transverse orbital angular
momentum (along the z axis) from the Jo (along the x axis)
with the orbital quantization axis being along y [5] [Fig. 1(a);
the orbital moment is normal to the drawn circles]. This
is referred to as orbital-Hall current (Jog). Its advantage is
that large values of Jog can be found in abundant materi-
als uncorrelated to the SOC that could be used for practical
applications.

The actions of Jsy and Joy are distinctly different on the
FM. Jsy can directly interact with the static magnetization of
the adjacent FM and thereby produces the dampinglike torque
(DLT) efficiency, épr. = T 0sy (Where sy is the internal spin-
Hall angle) nearly independent of the FM in the commonly
studied HM/FM bilayers due to the comparable magnitude of
the spin transparency (7') [1]. On the other hand, Jog does
not directly interact with the FM. However, it was recently
predicted that the injected Jog can be converted into the spin
current (Jog—s) inside some of the FMs using the SOC of
the FM, having nonzero orbital quenching as schematically
shown in Fig. 1(b) and hence Joy_,s would produce a torque
on the FM, referred to as orbital-Hall torque (OHT) [7-9].
Ni is predicted to be very efficient for OHT while Fe is quite
inefficient, suggesting a strong ferromagnet dependence that
has been recently predicted [7-9], reported in some of the
experimental works [21,23-27] and also corroborated in this
work by comparing NM/Ni and NM/Feg,Co,9Byg bilayers.
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FIG. 1. (a) Schematics of the generation of Joy from the OHE and Jsy from the SHE driven by J in NM. (b) Two different components of
spin currents responsible for the SOT in the magnet: (1) Js, the fraction of Jsy injected into the FM and (2) Jou— s, the converted spin current
inside the FM from the generated Joy. (c) Implementation of a NM/Pt/FM/Pt heterostructure. Externally injected Jog from the NM (low SOC)
is converted into Jop_, s using the SOC of Pt that further produces a torque on FM. Jsy produced by both the Pt layers nearly cancel each other.
(d) Schematic representation of the experimental setup. Calculated orbital-Hall conductivity (OHC) and spin-Hall conductivity (SHC) of Nb
(e) and Ru (f) by DFT. The OHC is large and positive for both Nb and Ru at the Fermi level. The SHC is very small for both and negative for

Nb (e) and positive for Ru (f).

Another key difference between Joy and Jsy could be the
length scale of the angular momenta (spin or/and orbital)
transport inside the FM as pointed out in Ref. [9]. For exam-
ple, the transverse component of the spins is absorbed within
the first few monolayers of the FM [1,28,29], producing an
interfacial torque which then spreads to the entire volume of
the magnet. Therefore, the net spin-transfer torque (STT) is
inversely proportional to the thickness of the magnet (fpv)
and hence the &pp, should ideally be independent of tgy; as it
is derived by dividing the net measured torque with the total
magnetic volume per unit current density. However, Ref. [9]
points out a different behavior that may occur in some cases
for injected Joy inside a FM with large SOC and small orbital
quenching effects in which the Jog can be transmitted over
a long range inside the FM before it is fully converted into
the spin current (Jog— s) and hence is expected to result in
a long-range torque effect [9]. This basically implies that
the dampinglike torque efficiency driven by Jog_ s within
the FM will increase with fmy and then tend to saturate.
This can be phenomenologically expressed by the following
equation:

&net = &su + &onll — sech(tpm/Arm)], (1

where &gy represents the conventional DLT as observed in
the standard HM/FM bilayers in the absence of Joy. &on
represents the DLT due to the Jog_, s which is strongly FM
dependent [7-9]. The term [1 — sech(fgy/Apm)] suggests the
long-range action of the torques while Apy sets the charac-
teristic length scale that uniquely distinguishes OHT from the
regular SHT. In this experimental work, we not only show a
strong FM dependence, but also we report robust experimental

evidence of such long-range torques by systematically vary-
ing the thickness of the magnet (Ni) which has rarely been
reported in previously studied systems [15,18,23-25,30]. We
find that Agy of our ferromagnet, Ni, is approximately 2.5 nm
suggesting that it takes 8—10 nm Ni thickness to get the full
strength of the torques, nearly an order of magnitude larger
than the length scale of the conventional SHT [28,29].

While the long-range torque is the primary focus of this
work, we have also explored the Joy_,s using the SOC of a
HM (Pt in this case) rather than relying on the SOC of the FM
by judiciously designing the stack: NM/Pt(z)/FM/Pt(t)/cap
[Fig. 1(c)]. Our proposed device design eliminates the contri-
bution from the regular SHE due to the symmetric placement
of Pt on both sides of the FM which was also not considered in
the previous reports [14,15,23-25] and thus our work presents
a more comprehensive understanding of the fundamental in-
terplay of Joy and Jsy in spin-orbit coupled systems.

III. SAMPLE PREPARATION

We study NM, Nb, and Ru as the source of Joy as
they are predicted to possess a large orbital-Hall conductiv-
ity (OHC) and negligible spin-Hall conductivity (SHC) by
density functional theory (DFT) [Figs. 1(e) and 1(f)]) that
allows for a clean experimental detection of OHE [4,6,10].
Details of the DFT calculations can be found in the Supple-
mental Material [31]; also see Refs. [32-36] therein. Four
different sets of samples are prepared on a highly resistive
Si/SiO, wafer by the sputtering technique, set 1: Ru (or
Nb)/Ni/cap; set 2: Ru (or Nb)/FegqyCoy9B/cap; set 3: Ru (or
Nb)/Pt(tp;)/FegoCoz0B (or NigFej9)/Pt(tp)/cap; set 4: Ru
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FIG. 2. Experimentally measured STFMR data in Nb (5 nm)/FegyCo29B2o(FCB) (5 nm) (a), Nb (5 nm)/Ni (6 nm) (b), Ru (4 nm)/FCB
(5§ nm) (c), Ru (4 nm)/Ni (6 nm) (d), Ru (2 nm)/Ni (6 nm)/Ru (2 nm) (e), and Nb (3 nm)/Ni (6 nm)/Nb (3 nm) (f). Black points are the
experimental data which are fit to the green curve that is the sum of Vi (red curve), V4 (blue curve), and a constant dc offset.

(or Nb)/Ni/Ru (or Nb)/cap. The thickness of Ru and Nb is
4 and 5 nm, respectively. The thickness of Ni was varied
from 4 to 12 nm. The thickness of FegyCoy0B,o (FCB) and
Nig;Fej9 (Py) was varied from 4 to 6 nm. More details about
the sample preparation can be found in the Supplemental
Material [31].

IV. EXPERIMENTAL PROCEDURE

We performed spin-torque ferromagnetic resonance
(STFMR) [37-39] to quantify the SOT. A radio frequency (rf)
(fo = 7 — 12 GHz) current is passed through the device and a
dc voltage is measured while sweeping an in-plane external
magnetic field (H) at an angle ¢ with respect to J¢ as shown in
Fig. 1(d). The magnet responds to the radio frequency Oersted
field (Ho,) and the spin current (Js) produced by the adjacent
layers and oscillates. A homodyne mixture of the oscillatory
magnetoresistance due to anisotropic magnetoresistance
(AMR) and oscillatory Je produces a dc voltage [37-39]

. .. . A2
that is a superposition of symmetric (Vs = S[m])
(H—Hy)A

and antisymmetric (V4 = A[ ATy ]) Lorentzian lines. A
is the magnetic linewidth; Hy is the resonant field; S and A
arise from the in-plane and out of plane torques, respectively.
Unlike in single crystal materials, here we do not expect
any extraordinary torques [40] as the sputtered films are
typically polycrystalline. Hence the dominant origin of S is
the in-plane damping-like torque (ipDLT) generated from the
injected Jg into the FM whereas A originates from the out of
plane field-like torques (opFLT) generated by the Hp. and
interfacial spin-orbit fields [39,41]. The efficiency of STFMR

[39] can be defined as

S epoMstnmtim

A h @

Meff

ErMR = 1+ ( 7 )
where (g is the permeability; #yv is the thickness of the NM;
My and M. are the saturation magnetization and out of plane
demagnetization field of the ferromagnet as determined by
SQUID magnetometry and using Kittel’s equation [37] (see
Supplemental Material [31] for a detailed experimental tech-
nique). In the absence of interfacial spin-orbit fields (meaning
Hp. is the dominant source of opFLT) &rvr becomes the
measure of the DLT efficiency per unit current density, &py;
[37,39]. DLT efficiency per unit longitudinal field (equivalent
to the effective spin-torque conductivity) can be calculated
as &pL.r = &pL,j/ pxx Where py, is the longitudinal resistivity
of the nonmagnet. p,, of Nb (5 nm) and Ru (4 nm) are 41
and 27.3 u 2 cm, respectively, as calculated from a four-probe
measurement technique.

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. Strong ferromagnet dependence of the torques

Figures 2(a)-2(d) show the STFMR voltage spectra as
a function of the external field (H) sweep for Nb and Ru
with the FM as FCB and Ni. Figures 2(a) and 2(c) show
a small Vs signal (red curves) estimating a negligible DLT
(lépL| = 0.001) produced by both Nb and Ru. From the sign
of Vs [zoomed-in inset of Figs. 2(a) and 2(c)], we confirm
that Nb exhibits a negative sign of SHE (same sign as W
[42,43]) and Ru exhibits a positive sign (same sign as Pt
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FIG. 3. &pvr as a function of the thickness of Ni (#y;) in Nb/Ni
(a) and Ru/Ni (b) bilayers. The inset shows a plot of 1/&gryr against
1/ty;. The red continuous line is the fit using Eq. (1).

[37,43]) but much smaller in magnitude, which is consis-
tent with theoretical predictions [4,10] [Figs. 1(e) and 1(f)].
When the Ni is used as a FM, we find a dramatic increase
of Vg for both Nb [Fig. 2(b)] and Ru [Fig. 2(d)] indicating
a large DLT with positive sign for both cases that cannot be
explained by the SHE. The enhanced DLT (for both Ru and
Nb) including the sign change in Vg (for Nb) is consistent
with Eq. (1) suggesting a large Jouy generated by the NM
which is manifested as the OHT using Ni as a ferromagnetic
detector while dominating over the SHT. Figures 2(e) and 2(f)
show the negligible results when Ni is sandwiched between
the symmetric layers (Ru/Ni/Ru and Nb/Ni/Nb samples). The
measurements show that the self-induced torques, resonant
heating, and other thermal artifacts are negligible [44]. Our
data cannot be explained by the “self-induced torques” as
that would lead to the opposite sign of the DLT as we ob-
serve for NM/Ni bilayers considering the sign of the SHE of
Ni [45].

B. Ferromagnet thickness dependence of the torques

Figure 3 shows the variations of &rvr as a function of Ni
thickness (fn;) for both Nb [Fig. 3(a)] and Ru [Fig. 3(b)],
showing robust experimental evidence of long-range torques,
which can be well described by Eq. (1). Since the strong
ferromagnet dependence in Nb(Ru)/Ni and Nb(Rb)/FCB as
presented in Fig. 2 is consistent with the theory of orbital-Hall
torques (OHTs) and is also consistent with the experimental
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FIG. 4. Experimentally measured STFMR data in Ru/Pt/FCB/Pt
for Ru thickness 4 nm (a) and 2 nm (b). (c) The dependence of the
DLT efficiency per unit field (§pr. £) as function of Pt thickness (tp) in
symmetric Ru/Pt(tp,)/FCB /Pt(tp,) heterostructures. Experimentally

measured STFMR data in Nb/Pt/Py/Pt for Ru thickness 4 nm (d) and
2 nm (e).

reports of previous works [21,23-27], it is possible to attribute
the variation of &gvr Wwith fy; (Fig. 3) to the combination of
SHT and OHT as presented in Eq. (1). However, a detailed
theoretical analysis is needed considering the actual electronic
and band structures and interfacial hybridization between the
thin-film nonmagnet (Ru or Nb) and ferromagnet (Ni), to fully
understand this unusual behavior of the damping-like torques
as shown in Fig. 3. At present, by fitting the experimental data
with Eq. (1), we can quantify the possible contributions of
SHE and OHE. The SHE contribution (£sy) is estimated to be
small for both Nb (ésy &~ —0.007) and Ru (&sy =~ +0.003),
which is qualitatively consistent with Figs. 2(a) and 2(c) and
DFT calculations [Figs. 1(e) and 1(f)] [4,10]. The estimated
OHT efficiencies per unit current om, ) and field (§qy ;) are

approximately &) ; ~ 0.025 (63} ; ~ ££6.1 x 10* (m)™")
and &8, ~ 0.016 [£8% . ~ £5.86 x 10* (Qm)~'] for Nb
and Ru, respectively. From this fit, we calculate Ay; of Ni is
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FIG. 5. (a) Schematic representation of dc-bias STFMR setup. (b) Measured linewidth (A) as a function of applied dc current (/) for
positive and negative field sweeps. (c) The difference in the linewidth [A(4+H )-A(—H)] for the positive and negative swept field as a function

of applied dc bias current.

2.240.7 nm and 2.7 £ 0.9 nm in Nb/Ni and Ru/Ni samples,
respectively, suggesting that 8—10 nm Ni is needed to obtain
the full strength of OHT from Jop_.s (Fig. 2). This length
scale is substantially larger than the regular SHT [28,29]
and this could possibly be a key signature of OHT uniquely
different from the SHT. The inset of Fig. 2 shows plots of
1/épmr Vs 1/tni which has been a standard way to quantify
the &pr, using the STFMR measurements in the presence of
the interfacial FLT [39]. Using this technique, we find that
&pL approaches infinity for Nb/Ni, which is not realistic,
highlighting the importance of the proposed alternate expres-
sion for the torque [Eq. (1)]. Note that in this analysis, we
consider only the DLT produced by the effective spin cur-
rent [Eq. (1)] and neglect interfacial opFLT from the spin
current as it is generally small [41]. However, the proposed
model [Eq. (1)] can fairly explain the thickness dependence
of the measured torques (Fig. 3). We find that the AMR of
Ni-based films is very large (more than 1%, largest among
Py, Co, Fe, and FeCoB) that enhances the rectified dc voltage
from the spin torques where spin-pumping effects would be
negligible [44].

C. Harnessing orbital current to spin current using
the SOC of Pt

In this section we show the conversion of Jog_, s using the
SOC of a HM (Pt in this case) that can produce a torque on
any FM for broader technological application. We implement
devices as shown in Fig. 1(c) with Ru being the source of
Jon and Pt being the converter of Jog_s. Even though Ru
exhibits a negligible SHE [Fig. 2(c)] (épL.; =~ +0.001), a siz-
able DLT is observed in Ru/Pt(1)/FCB/Pt(1) heterostructures,
&pL,y = 0.03 £ 0.004 for a Ru thickness 4 nm [Fig. 4(a)] and
&pr,y = 0.029 £0.004 for a Ru thickness 2 nm [Fig. 4(b)],
suggesting the Jog generation in the bulk of Ru by OHE.
In this method the sign of DLT (hence Vs) should have the
same sign of SHE of Pt since Joy is positive in these metals
[4,10] which is also evident in Ru(4)/Pt(1)/FCB/Pt(1) samples
[Figs. 4(a) and 4(b)]. Note that Jsy generated by 1 nm Pt
nearly cancels from both sides producing negligible torques in

Ru/Pt/FCB/Ru samples (see the Supplemental Material [31]).
Further, we have quantified the &pL g as a function of Pt
thickness, fp; [Fig. 4(c)], which shows the enhancement of
DLT up to tp; = 1 nm and then an exponential decay of the
DLT with the approximate estimated decay length of 2.5 nm.
This behavior suggests that conversion of Jog_.s in the Pt
takes place at a much shorter length scale (<1 nm) as com-
pared to Ni (Fig. 3). For the Nb/Pt(1)/Py/Pt(1) samples we
also observe a large enhancement of Vg but with the opposite
sign [Figs. 4(d) and 4(e)] which cannot be explained by the
OHE. We speculate this could be due to the interface gener-
ated spin [46-48] and/or orbital current [15,49]. While this
is an interesting finding in itself, but not the main focus of
this work, we provide more discussions in the Supplemental
Material [31].

D. Measurement of dc-bias STFMR

As an independent measurement, we have performed the
linewidth (A) analysis as a function of applied dc-bias current
in Ru(4)/Pt(1)/FeCoB(1.8)/Pt(1) samples in the planar Hall
geometry, which is an improved dc-bias STFMR technique
[50], capable of measuring the dampinglike torque more sen-
sitively. In this technique, both rf current and dc current are
simultaneously applied in the longitudinal direction using a
bias tee as shown in Fig. 5(a) while a transverse dc voltage
is measured by sweeping the external magnetic field (H) at
angles ¢ = 65° and —115° with respect to the current flow
direction (¢ = 65° corresponds to +H sweep and ¢ = —115°
corresponds to —H sweep). The transverse voltage reduces
the background offset voltage and hence improves the signal
to noise ratio as discussed in Ref. [50]. FeCoB of 1.8 nm
thickness is used in this study as it is in-plane magnetized and,
due to the lower thickness, it enables us to measure a greater
change in the linewidth. Figure 5(b) clearly shows a linear
trend of the linewidth modulation as a function of applied
dc-bias current with opposite signs of the slope for +H and
—H sweeps. Figure 5(c) shows the difference of linewidth
for +H and —H sweeps as a function of the applied dc-bias
current that eliminates any contribution from the heating sig-
nal which can be appreciated by the linear modulation of the
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TABLE I. The efficiencies of DLT per unit current density (ép. ;) and per unit electric field (&p ) for different samples suggesting a
negligible SHT in Nb (or Ru)/FeCoB samples, sizable DLT (SHT combined with OHT) in Nb (or Ru)/Ni samples (including the sign change

in Nb), and large DLT in Ru/Pt/FeCoB/Pt samples driven by Joy.

Net DLT Nb/FeCoB Ru/FeCoB Nb/Ni Ru/Ni Ru/Pt/FeCoB/Pt
&pL.s —0.001 £ 0.001 +0.001 £ 0.001 +0.018 + 0.005 +0.019 & 0.005 +0.03 +0.004
EpLe 10°2£(Qm)™! —24+24 +3.6+3.6 +44 412 +69.6 + 18.3 +110+ 15

linewidth difference [A(+H )-A(—H)] with the applied dc-
bias current. From these measurements we can independently
quantify the dampinglike torque efficiency to be épL g =
2(7.8 £2.0) x 10*(2m)~" which is quite comparable to the
previously obtained values on the Ru(4)/Pt(1)/FCB(5)/Pt(1)
samples [£p. r = 2-(11.0 + 1.5) x 10*(2m)~'] as summa-
rized in Table I.

VI. CONCLUSION

In summary, we report the generation of a large orbital-
Hall current by elemental Ru and Nb determining the lower
bound of the OHC to be 7-(6.1 =1,5) x 10* (2m)~"' and
2(5.86 £ 1.4) x 10* (2m)~", respectively, which is an or-
der of magnitude larger than the measured SHC, providing
direct agreement with the theoretical predictions which was
not possible to ascertain from the previous measurements
done on the oxide-based nonmagnetic films due to the poorly
defined structure. We report two striking observations, i.e., (1)
strong dependence of the OHT on the adjacent ferromagnet
(including the sign reversal in some cases such as Nb/Ni)
and (2) the long-range action of the torques that tend to sat-
urate for a Ni thickness approximately 8—10 nm. Both these
observations cannot be explained by the regular spin-Hall
effect induced spin-orbit (spin-Hall torque) torque and these
could be key signatures of the orbital-Hall torque. We finally
unambiguously demonstrate that an additional HM layer can
generate an efficient torque by converting Jog to Jg providing
the necessary flexibility for the device applications.

Note added. During the preparation of the paper we be-
came aware of a recent and relevant work of orbital-torques
generated by Ti [27].
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