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Recently emergent current-induced orbital torque is considered more effective for magnetization switching
than the well-established spin-orbit torque. However, long-range orbital transport in polycrystalline films and
the theory on orbital transport in polycrystalline heterostructures remain elusive. Here we report a large torque
effect in CoFeB/Ru/Al,O;5 polycrystalline stacks. The unfilled d-shell and small spin-orbit coupling in Ru
provide an ideal platform for orbital generation and transport. The orbital current from the Ru/Al,O; interface
can go through a thick Ru layer, with a peak value at 7-nm-thick Ru, and then induces a strong torque effect in
CoFeB. The torque efficiency increases unprecedentedly with increasing CoFeB layer thickness, leveling off at
~(0.3 for 12-nm-thick CoFeB. Theoretical analysis shows that the orbital transport in polycrystalline materials
exhibits a unique random precession behavior, leading to a more efficient orbital transport than that in single
crystals. Besides the fundamental significance, our findings advance the development of practical orbital torque

devices.
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I. INTRODUCTION

The efficient current-induced spin-torque effect is of great
significance for developing spintronic memory and logic de-
vices. In the past decade, there has been intensive focus on
spin-orbit torque, which utilizes spin-orbit coupling (SOC)
in heavy metals (and/or Rashba interfaces) to generate spin
current and resultant torque to manipulate the magnetization
of an adjacent ferromagnetic layer [1-3]. Recently, great inter-
est has emerged on the torque effect based on orbital angular
momentum injection and SOC in the ferromagnet called or-
bital torque (OT) [4-8]. While spin current carries, at most,
/i/2 angular momentum with each electronic state, the angular
momentum carried with a state in an orbital current has no
limitation, suggesting a more significant efficiency with OT.
Indeed, theoretically, orbital-current generation efficiency is
much larger than its spin counterpart in most metal elements
[7,9]. Also, materials selection for the orbital source is ex-
tremely wide due to SOC not being necessary, instead of
being limited to a few kinds of heavy metals like spin-current
generation [10]. These make OT an attractive candidate for
the operation principle of practical spintronic devices.

Industrial on-silicon production requires the development
of OT devices based on polycrystalline stacks. In previous
reports, OT was experimentally observed in polycrystalline

“These authors contributed equally to this work.
Tkouxf@shanghaitech.edu.cn; songcheng @mail.tsinghua.edu.cn;
yotani @issp.u-tokyo.ac.jp

2469-9950/2022/105(10)/104434(6)

104434-1

stacks prepared by room-temperature evaporation or sput-
tering [4-6,11-13], mainly based on the interfacial orbital
Rashba effect (ORE), with the possibility of controlling OT
by layer design [4—6,12]. In these reports, an interface or a
bulk containing Cu or Pt is utilized as a source of orbital
angular momentum. However, the filled d-shell of Cu [5]
and the large SOC of Pt [6] hinder orbital transport and
complicate the analysis of OT in polycrystalline stacks. It
is also reported that orbital transport in Cu is assisted by
oxidation, which surely would provide a complexity on the
structure [14]. Meanwhile, due to the complexity of orbital
transport in polycrystalline heterostructures, theoretical works
have focused on orbital generation and transport in single
crystalline structures [15,16]. It is highly warranted to bridge
the gap between experiment and theory by obtaining efficient,
long-range orbital transport in a uniform polycrystalline layer
and developing a corresponding theory on orbital transport,
which remains elusive.

In this work, we experimentally study the current-
induced torque effect in polycrystalline ferromagnetic metal
(FM)/Ru/Al,O3 stacks [Fig. 1(a)], and demonstrate a high
torque efficiency due to the ORE at the Ru/Al,O3 interface.
Ru is chosen because of its electronic configuration of 4d75s'
and a small bulk-originating spin-orbit torque [17] so that
orbital current generation is allowed by orbital hybridization,
orbital current propagation is not limited by the absence of d-
electrons at the Fermi level or SOC-related relaxation, and OT
is not disturbed by the conventional spin Hall torque. We also
propose a theoretical orbital generation and transport model
across polycrystalline stacks, showing that orbital transport
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FIG. 1. (a) Schematic of the orbital torque in FM/Ru/AlL,Os;.
(b) Experimental setup of the ST-FMR measurement. (c)—(f) ST-
FMR spectra and fitting for the CoFeB(7)/Ru(6)/Al,03(2) (c) and
CoFeB(7)/Ru(6) (d) devices at 8 GHz, and NiFe(7)/Ru(6)/Al,03(2)
(e) and NiFe(7)/Pt(1)/Ru(6)/Al,05(2) (f) devices at 6 GHz. The
red circles are experimental data; the red lines are fitting curves.
The symmetric and antisymmetric components are plotted in the
right panel with green and blue lines, respectively. Schematics of the
sample layout are shown in the inset.

can be even more efficient than that in single-crystal structures
with perfect crystal fields.

II. EXPERIMENT

We performed spin-torque ferromagnetic resonance
(ST-FMR) measurements [Fig. 1(b)] on polycrystalline
FM/Ru/Al,03 stacks prepared by room-temperature
sputtering on thermally oxidized Si/SiO, substrate. In
Fig. 1(c), we show the Vj,;x signal obtained from the ST-FMR
measurement of a CoyoFes0B20(7)/Ru(6)/Al,05(2) stack
(units in nanometers) trilayer. The current-induced torque
drives magnetization precession at the resonance condition,
giving rise to a resonance peak. The ST-FMR spectrum is
fitted by the asymmetric (A) and symmetric (S) Lorentzian
components. As shown in Fig. 1(a), a sizable negative S
component is observed for the CoFeB(7)/Ru(6)/Al,03(2)
stack, demonstrating the existence of the current-induced
damping-like torque. Note that the small amplitude
of the resonance signal is due to the small in-plane
magnetoresistance (~ 0.06%) of CoFeB, and the possible
spin-pumping contribution to S is excluded [18]. The small

signal cannot survive with large dc current injection, making
it difficult to evaluate torque efficiency via current-induced
damping modulation. We also note that the thick CoFeB layer
and the large demagnetization field hinder a reliable signal
from the second harmonic measurement technique. Hence,
torque efficiency is mainly evaluated by analyzing ST-FMR
spectra. Additionally, we also perform a unidirectional spin
Hall magnetoresistance (USMR) measurement to provide
additional independent evidence for the presence of the
torque. The USMR could be sufficiently large due to the large
spin polarization of CoFeB, as discussed later.

Utilizing the ST-FMR spectrum, we evaluate the current-
induced torque efficiency &pyr with the following equation
[19,20]:

JL S 47 Metgtry 1
A h

47TMff 12
jC%‘i:FMR:_ + = :| , (D

Hy

where ji, is the angular momentum current density absorbed
by the FM layer, jc is the charge current density in the Ru
layer, M is the saturated magnetization, e is the elementary
charge, 7 is the reduced Planck constant, #r is the thickness
of the FM layer, and tg, is the thickness of the Ru layer.
We found that the sign of observed A is unchanged for all
devices, consistent with the sign of the Oersted field torque
[19]. It supports the restricted or negligible contribution of
the field-like torque for the A component in the thick FM
thickness regime [20]. For the CoFeB(7)/Ru(6)/Al,03(2)
stack, &pyr is evaluated to -0.15, which is even larger than
the spin-torque efficiency of the widely used heavy metal Pt
(~0.1). In contrast, the S component becomes much smaller
in CoFeB(7)/Ru(6) [Fig. 1(d)], corresponding to &pvr =
—0.04, less than one-third of that in the sample with the Al O3
capping. These contrasting values of &pyr indicate that the
generation of the orbital current dominantly comes from the
Ru/Al,Oj3 interface rather than the CoFeB/Ru interface or the
bulk Ru layer.

Interestingly, less than five times smaller |Epvgr| = 0.03 is
observed for NigygFeyo/Ru(6)/Al,03(2), where only the FM
layer is replaced from CoFeB to NiggFe, [Fig. 1(e)]. Such a
large difference is difficult to explain by the different interfa-
cial transparencies depending on the FMs [20,21]. Instead, it
indicates that the generation mechanism of the large torque is
deeply linked to the FM layer. On the contrary, we obtain large
and positive S component, corresponding to |€pvr| = 0.08,
after inserting a thin Pt layer (1 nm) between the NiFe and
Ru layers [Fig. 1(f)]. The distinct torque efficiency dependent
on the FM could originate from the different orbital-to-spin
conversion efficiency 7 _g, which is also related to the spin
Hall effect (SHE) and the anomalous Hall effect (AHE). In
the literature, we find that CoFeB has negative SHE [22].
Also, numbers of effect originated by SOC—for example,
AHE and spin-rotation coupling in NiFe with a composition
rate around Ni : Fe = 80 : 20 —are commonly very small,
possibly deeply connected to the opposite sign of the AHE
between polycrystalline Ni and Fe [23,24]. Therefore, an extra
layer is required in order to obtain large torque when FM =
NiFe, and it is realized after inserting the Pt layer, which has
large and positive nr_s [7,9]. Note that the opposite sign of
OT is observed between Fe/Cu/CuO, and NiFe/Cu/CuOy
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FIG. 2. (a) ST-FMR spectra of CoFeB(7)/Ru(6)/Al,03(2) de-
vices with different CoFeB thicknesses. (b) Ferromagnetic thickness
dependence of &mr and 4mM.; of CoFeB(f)/Ru(6)/Al,05(2).
(¢) &mmr and 47 M. of NiFe(tg)/Ru(6)/Al,03(2) as a func-
tion of ferromagnetic layer thickness. (d) USMR signal of
CoFeB(12.2)/Ru(6)/Al,05(2) at current density 1.7 x 10°A cm™.
AT represents the thermal contribution to the second harmonic sig-
nal. (e) Schematic of the angular momentum current-to-spin torque
conversion processes of OT and spin-orbit torque in the ferromag-
netic metal.

in an experimental study [12], although the first-principles
calculation gives a positive-sign 1 _g for single crystalline
Fe, Co, and Ni, which can also explain some OT experiments
[11,13]. Likely, these conflicting assertions reflect that the
orbital-to-spin conversion could be critically determined by
material conditions, such as single or polycrystalline states of
FMs, or pure or alloy states of FMs.

The thickness of FM could be a factor for &gvr, consider-
ing that the orbital-to-spin conversion occurs in the FM layer.
The ST-FMR spectra of the CoFeB(¢)/Ru(6)/Al,03(2) stack
with various CoFeB film thicknesses (fg = 4.8—17.8 nm) is
presented in Fig. 2(a). Concomitant &pyr and 4w Mg are
summarized in Fig. 2(b). The comparable M reflects sim-
ilar magnetic properties for the CoFeB layer in all of the
samples. Note that |Epyr| increases with the increase of
the CoFeB layer thickness, and finally reaches a saturation
value ~0.3 at tg = 12.6 nm. Meawhile, the contribution of
the field-like torque could lead to the overestimation of &pyig
[20]. We never find a sign change of the A component in the
CoFeB(tr)/Ru(6)/Al,03(2) stack, consistent with the sign of
the Oersted field torque. [Fig. 2(a)]. The studied CoFeB thick-
ness range is much larger than the typical FM layer thickness,
where a field-like torque-induced artifact is important (e.g.,
tr ~ 3 nm for Pt/CoFe [20]). Hence, the large &rvr in the thick
FM layer reflects the high torque efficiency. Identical exper-

iments were carried out in NiFe(t)/Ru(6)/Al,03(2) control
samples, yielding &pmr and 4w M [Fig. 2(c)]. The torque
efficiency keeps a value of £gyr as small as ~0.03 for all NiFe
thicknesses.

We carried out the USMR measurement for the
CoFeB(12.2)/Ru(6)/Al,03(2) stack with a thick CoFeB
layer [Fig. 2(d)]. Actually, the second harmonic longitu-
dinal resistance signal Rxx 2w can be generated by both
the USMR and thermal effects. We carefully consider the
thermal contribution and eventually obtain a pure USMR
signal ARysmr/R = 1.1 x 107 at a current density of 1.7 x
10°A cm™2, which is larger than the USMR signal in Pt/Co
[25], Ta/Co [25], and NiFe/oxidized Cu [26]. This large
USMR can be understood owing to the huge orbital torque
effect shown in Fig. 2(b) [18].

Depending on the selection of FM materials (CoFeB and
NiFe with different values of 1), OT magnitude and OT
dependency on the FM thickness completely change, re-
vealing the unique feature of OT. In conventional spin-orbit
torque [27] and other interfacial torque mechanisms, such as
anomalous spin-orbit torque [28,29], the torque efficiency is
constant with the change in FM thickness. The different FM
thickness dependence between OT and other torques can be
understood by the different role of FM as an aspect of torque
generation [Fig. 2(e)]. For the former, the angular momentum
transfer between the orbital current and the magnetization
is mediated by SOC. In contrast, for the latter, the angular
momentum transfer between the spin current and the mag-
netization is based on the s-d exchange interaction. Since
SOC is much smaller than the s-d exchange interaction, the
orbital current can propagate a long distance in FM [15]. Note
that a recent Rashba-Edelstein magnetoresistance experiment
reported similar ferromagnet thickness-dependent behavior
due to the characteristic orbital transport [30]. In compari-
son, spin-current dephasing occurs rapidly in FM due to the
strong s-d exchange interaction, thus the propagation length
is much shorter. Such a long propagation length allows the
OT to manipulate thick ferromagnet, which is favorable for
the memories and magnetic sensor applications.

We now turn toward Ru thickness-dependent orbital
torque. CoFeB is fixed to 7 nm for this experiment. Fig-
ure 3(a) shows evaluated &gyr as a function of Ru thickness
in the CoFeB(7)/Ru(t)/Al,03(2) stack. Remarkably, the
absolute value of &gyr turns out small (|épmr| = 0.05)
for fgy = 2nm, but it enhances with increasing Ru thick-
ness. When fg, = 7nm, |&gvr| reaches a maximum of
0.18; a further increase in tg, makes |épvr| decrease.
Measurements of the Ru thickness dependence of OT
is performed for the NiFe(7)/Pt(1)/Ru(tgry)/Al,03(2) and
NiFe(7)/Ru(try)/Al,03(2) stacks [Fig. 3(b)]. Similar to OT
in the stack with FM = CoFeB, &pyr increases with increas-
ing fg, for fgy < 6nm, and decreases when fg, > 7nm in
the NiFe(7)/Pt(1)/Ru(fry)/Al,O3(2) stack. The decreasing
|épMr| suggests that an orbital relaxation process reduces
OT in the thick Ru layer, which is distinct from OT purely
coming from the bulk [11,13]. Hence, the ORE from the
Ru/Al, O3 interface contributes importantly to the observed
large torque effect in the CoFeB/Ru/Al, O3 stack. The much
smaller torque effect at small #g, demonstrates that the ORE
contribution is also smaller with an ultrathin Ru layer, which
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FIG. 3. tg, Dependence of the calculated &pyg of

CoFeB(7)/Ru(tr,)/Al,03(2) (a), and NiFe(7)/Ru(tr,)/Al,O03(2)
(black circles) and NiFe(7)/Pt(1)/Ru(tr,)/Al,05(2) (blue circles)
(b). The inset of (a) is the schematic illustration of the orbital current
propagating across the Ru layer, converted to the torque via SOC.

can be ascribed to the degradation of material quality (e.g.,
roughness, crystalline quality) of the Ru/Al,O3 interface [5].
In contrast to the previous results, £pyr exhibits no obvious gy
dependence in the NiFe(7)/Ru(tr,y)/Al,O03(2) stack. Almost
constant &gyr for this stack is consistent with the small i _g
of NiFe. We note that, unfortunately, we could not obtain a
clear ST-FMR signal for samples with a thick Ru thickness
due to the small anisotropic magnetoresistance of CoFeB and
the current-shunting effect in the Ru layer. The orbital Hall
effect in Ru [31] may also contribute to the torque effect,
but cannot explain the decreasing OT efficiency in the thick
Ru regime, and thus cannot be the origin of the thickness-
dependent behavior. Using other kinds of ferromagnets with
both large SOC and anisotropic magnetoresistance for thicker
Ru may help to quantify the contributions of ORE and orbital
Hall effect further, but is beyond the scope of the present work.

III. THEORY

We theoretically consider orbital generation and transport
in the Ru/Al,O3 polycrystalline structure. The generation of
the orbital current due to ORE requires interfacial orbital
hybridization, which can survive in polycrystalline interfaces,
as evidenced by the orbital reconstruction-induced voltage
control magnetic anisotropy effect in polycrystalline stacks
[32,33]. Hence, we develop two tight-binding models on the
simple square and diamond lattices, typical two-dimensional
lattices; we consider Ru dy;, dy,, and d,, orbitals and O py,
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FIG. 4. (a) Fermi-level dependence of the ORE. (b) Schematics
of 1D atom chain with uniform crystal field and random crystal field
in bulk. The crystal fields of the first and the last atom are set to
be zero. (c) and (d) are the time evolution of the orbital angular
momentum L, in the uniform and random crystal field atom chains,
respectively. The blue curve represents L, at the first atom (atom 1),
and the red curve represents the L, at the last atom (atom 9), with
crystal field V = 0.1eV and atom number / = 9. The positive and
negative maximum L, are labeled as Ly and L,, respectively. (e)
and (f) are the atom number / dependence of L, + L,, with uniform
and random crystal field, respectively, and crystal field magnitude
V =0eV (black), 0.05 eV (red), 0.1 eV (green), and 0.2 eV (blue).
Data points for the random crystal field are obtained from 200 simu-
lations, and the error bar is the corresponding standard deviation.

py orbitals [16]. The d orbitals distribute between -0.1 and
0.2eV [18]. The strength of the ORE can be evaluated by
O0L/E, where SL is the nonequilibrium orbital accumulation
and E is the applied electric field. As illustrated in Fig. 4(a),
ORE in the square and diamond lattice show the same sign
and similar Fermi-level dependence. When the d-bands are
filled (Er > 0.3eV), 6L/E is almost zero. L/E starts to in-
crease when Er moves toward the middle point of the d-bands
and reaches a maximum near Er = 0. When Ef further de-
creases, 6L/E starts to drop. Fermi-level dependence reveals
that partially filled d-electrons are critical for orbital gener-
ation, while the crystal orientation just provides a negligible
effect. Notably, the chiral orbital texture depends only on the
energy difference between the Ru d— and the O 2p—states. It
would not be influenced by the crystal orientation, causing the
survival of the ORE in the polycrystalline samples.

The ORE at the polycrystalline Ru/Al,Os interface corre-
sponds to an average of several single crystals with different
orientations. The propagation of orbital current in polycrys-
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talline structures is greatly different from that of single
crystalline structures. Single crystalline structures with orbital
degeneracy provide a long lifetime for the orbital superpo-
sition state [15]. However, a crystal field-splitting A of the
orbitals in the single crystalline structures drives the orbital
superposition states into oscillation. It causes a relaxation
in the orbital current during the time of #; ~ /i/A. On the
other hand, in polycrystalline samples, if the crystal field A is
random, the electrons carrying the orbital angular momentum
could meet both positive and negative oscillation, which can-
cels out. This cancellation leads to a counterintuitive result;
with the same crystal field A, polycrystalline structures are
more favorable for orbital transport than single crystalline
structures.

‘We now use the quantum evolution equation |y (t + 6t)) =

exp(—i %(St)hp(t)) on a one-dimensional (1D) atom chain to
calculate the orbital transport in single crystalline and poly-
crystalline structures. In the initial ( = 0) state, the first atom
has an electron, and all other orbitals are empty. The electron
on the first atom has a wave function |) = \/Li(d o — idyy),
which gives an orbital angular momentum in y-direction L, =
. The Hamiltonian consists of the crystal field £A, which is
uniform [Fig. 4(b), upper panel] or random [Fig. 4(b), lower
panel], with a hopping term J between the same orbital and
J' between different orbitals of nearest atoms. We use J =
0.3 eV, and J distributed from —0.06 to 0.06 eV determined by
atom orientations, and the detail of the Hamiltonian is given
in Ref. [18]. Note that the model for the random crystal field
is suitable for polycrystalline structures with small grain size.
Considering that the grain size of the Ru layer is less than
10 nm, as supported by the absence of a clear grain in the
high-resolution transmission electron microscope observation
[18], the condition of the stacks in this study is well fitted with
the model.

Figure 4(c) displays the time evolution of the orbital an-
gular momentum at the first and last atoms in an / =9, 1D
atom chain with uniform crystal field A = 0.1eV. Atr =0,
atom 1 has L, =/ and atom 9 has L, = 0. Then, L, of
atom 1 decreases due to electron hopping, and the orbital
angular momentum is transferred to the atoms in the middle.
When r = 20 7/eV, the electron wave function reaches atom
9, carrying the orbital angular momentum —0.6%. The nega-
tive sign reveals that crystal field-induced orbital oscillation
accumulates during transport, and orbital angular momentum
is switched from the initial state. In contrast, under a random
crystal field, the L, peak valueis 0.6 fiatt ~ 20/i/eV, with the
same sign as the initial orbital angular momentum due to the
compensation of the different oscillation directions at differ-
ent atoms. To analyze orbital transport efficiency, we evaluate
the positive and negative maximum L, on the last atom, la-
beled Ly and Ly, respectively, from t =0 to t = 80 7/eV.
Usually, one of Ly and Ly, is the L, peak due to orbital
transport, and the other one represents the amplitude of the
random orbital fluctuation. Hence (Ly; + Ly, ) is selected as the
figure of merit of orbital transport. We numerically calculate
atom chains with atom number / = 5 to 15 and A = 0, 0.05,
0.1 and 0.2 eV. For the calculation of the random crystal field
condition, data points are collected from an average of 200
simulations. As shown in Fig. 4(e), the strongest orbital trans-

port is shown for A = 0 with a uniform crystal field. In the
uniform crystal field condition, the positive-negative-positive
orbital oscillation starts to be driven when A = 0.05eV, and
similar behavior persists for A > 0.05eV.

At A =0, due to orbital mixing hopping J', orbital
transport is less efficient when the crystal field is random
[Fig. 4(f)]. However, as A increases, orbital transport is
maintained without oscillation, although decay of orbital an-
gular moment is not negligible. Hence, we conclude that
long-range orbital transport can occur in the random crystal
field case if the crystal field is smaller than the hopping energy.
In contrast, a uniform crystal field with the same magnitude
can quickly destroy orbital transport. Although band disper-
sion and filling in actual samples can lead to more complicated
crystal field dependence of orbital transport [14], the 1D
model captures the key point of the different orbital oscillation
behavior between uniform and random crystal fields, which
should appear in the actual samples in complex condition.
Thus, this model indicates that polycrystalline structures are
possibly more efficient for some materials with crystal fields
than single crystalline structures.

The principle of material selection for orbital sources in
OT devices can be summarized accordingly. Compared with
single crystals, polycrystalline stacks are much more compati-
ble with silicon-based technology and provide an opportunity
for long-range orbital transport in the presence of a crystal
field. In polycrystalline stacks, orbital generation requires
d-states near the Fermi energy for orbital hybridization. Or-
bital transport is affected by a number of factors, such as
crystal field, orbital-mixing hopping, and disorder-induced
localization. Hence, the orbital source should be selected
from materials with relatively simple structures and itinerant
d-electrons. Besides Ru presented here, efficient orbital gener-
ation and transport could be explored in other transition metals
and simple conductive transition metal oxides with itinerant
d-electrons, such as IrO; [34].

IV. CONCLUSION

In conclusion, we have demonstrated remarkable OT in the
polycrystalline FM/Ru/Al,O3 stack, mediated by efficient
long-range orbital transport in the uniform polycrystalline Ru
layer. We find characteristic behaviors of OT: (i) the sign and
magnitude of the torque efficiency are strongly dependent on
the FM materials and insertion layers according to the sign
and magnitude of their SOC; and (ii) torque efficiency is
enhanced with increasing CoFeB layer thickness #g, with a
large saturation torque efficiency 0.3 for s = 12 nm, consis-
tent with the long propagation length of the orbital current in
the ferromagnet. The torque efficiency reaches a maximum
value at a Ru layer thickness of 7 nm, and decreases with Ru
layer thickness, revealing the ORE at the Ru/Al, O3 interface
as the origin of the orbital current. The tight-binding model
with different crystal structures shows that ORE can be main-
tained at polycrystalline interfaces. Our quantum evolution
simulation shows the unique random processing feature of
orbital transport in polycrystalline materials, which enables
long-range orbital transport in polycrystalline samples even in
the presence of a crystal field. Our results show that transition
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metal-based materials with a small SOC, simple structure,
and itinerant d-electrons can provide a suitable platform for
studying orbital transport in polycrystalline structures and
developing torque devices.

Note added. Recently, a preprint reported the long-range
orbital transport in Ti/Ni and W/Ni bilayers [40]. In that work,
the orbital current is generated from the bulk orbital Hall
effect, while our work focuses on the orbital current generated
from the interfacial orbital Rashba effect.
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