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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   The orbital torque switching of perpendicular magnetization is achieved in Ti/ferrimagnet bilayer.

■   The current-induced orbital torque originates from the bulk orbital Hall effect in the light metal Ti.

■   The torque efficiency increases four-fold by enhancing the spin-orbit coupling in Fe1-xGdx ferrimagnets.
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Orbital torque,  associated with orbital  current,  enables light metals to effi-
ciently manipulate  magnetization  with  rich  tunability.  A  clear  demonstra-
tion  of  perpendicular  magnetization  switching  using  light  metals  alone  is
essential  for  understanding  orbital  physics  and  developing  high-density
orbitronic devices.  Here,  we report  orbital  torque switching of  perpendicu-
lar  magnetization  of  ferrimagnet  (Fe1-xGdx)  using  Ti  3d  light  metal  alone.
The  torque  efficiency  increases  four-fold  by  enhancing  the  spin-orbit
coupling in Fe1-xGdx through modulating Gd composition,  which is a char-
acteristic  feature  of  orbital  torque.  Our  findings  demonstrate  that  light
metals in combination with rare earth-transition metal ferrimagnets can be
employed for  efficient  orbitronic devices and serve as a model  system for
studying orbitronics.
 

INTRODUCTION
Achieving  effective  control  of  magnetization  through  electrical  means  is

central  to  modern  information  technology.1-3 Methods harnessing  the  elec-
tron’s  spin  angular  momentum,  such  as  the  spin-orbit  torque  (SOT),  have
already  facilitated  vast  device  applications.4-7 Recently,  the  electron’s  orbital
degree of freedom has sparked attention as an emergent way to manipulate
magnetization, known as orbital torque (OT).8-10 OT is associated with orbital
current generated by either interfacial or bulk effect, e.g., the orbital Hall effect
(OHE).  In  the  case  of  OHE,  an  external  electric  field  induces  a  transverse
orbital  current,  which  can  then  be  converted  into  spin  angular  momentum
and exert  an  OT on  the  magnetization.11-24 The  generation  of  orbital  current
does not require spin-orbit coupling (SOC), so even 3d light metal (LMs), such
as Ti, can be utilized as sources of OT.25,26

θOH

As  depicted  in Figure  1A,  OT  typically  comprises  three  main  processes:
charge-to-orbital conversion, orbital-to-spin conversion, and spin-to-magne-
tization transfer.  The OHE serves as a method for  generating orbital  current
via charge  current.  The  polarization  direction  of  the  orbital  current  is  deter-
mined  by  the  sign  of  the  intrinsic  orbital  Hall  angle  ( ) of  LMs.  Subse-
quently, the orbital current is injected into the adjacent magnets, where orbital-
to-spin  conversion  occurs  due to  the  SOC of  the  magnetic  material.  Finally,
the  resultant  spin  current  interacts  with  local  magnetizations  via  exchange
coupling,  thereby  generating  torque.  OT  has  already  been  characterized  in
various  LM-magnetic  bilayers/multilayers.20,21,23,27-30 It  has  been  shown  that
the torque efficiency of LMs is comparable or even greater than that of tradi-
tional  heavy  metals  (HMs,  such  as  Ta,  Pt,  and  Ir)  usually  employed  for
SOT.11,12,15,31 The  correlation  between  OT  and  the  adjacent  magnetic  layer’s
SOC  also  provides  a  new  avenue  for  enhancing  the  torque  efficiency.17,18

Therefore, LMs can control magnetization with the advantages of being envi-
ronmentally friendly and low-cost due to the diverse material choices.

To  realize  high-density  orbitronic  applications  with  OT  and  further  unlock
its  technological  potential,  it  is  crucial  to  demonstrate  the  switching  of
perpendicular  magnetization  with  3d  LMs  alone.9,10 Previous  efforts  have
employed  LM/HM/ferromagnet  multilayers  and  4d  Zr-magnetic  bilayers/
multilayers  (such  as  Cr/Pt/CoFeB,  Zr/[Co/Pt]3 and  Zr/CoFeB/Gd/CoFeB),
where large  torque  efficiency  and  magnetization  switching  has  been  identi-
fied.21,22,32-35 However, the sign changes of the measured torques and the use
of HMs or 4d LMs make it difficult to distinguish the contributions of OT and
SOT as well as the other contributions, such as self-torques and the Oersted
field.  Recently,  the  OHE and orbital  pumping effect  have  been discovered in
the typical 3d LM Ti.25,36 However,  a clear demonstration of an OT switching
of  perpendicular  magnetization  via  3d  LMs  alone  remains  elusive.  More

importantly,  the  strong  SOC  correlation,  which  is  a  key  feature  of  OT,  and
tunability  of  OT  efficiency  from  the  magnet  side  have  also  not  been  well
explored in the magnetization switching.

Here,  we  report  on  OT  in  3d  light  metal/ferrimagnet  (Ti/Fe1-xGdx)  bilayers
that are large enough to induce full  switching of the perpendicular magneti-
zation  in  the  absence  of  traditional  HMs.  The  OT  efficiency,  extracted  via
harmonic  voltage  measurement,  shows  that  it  is  dominated  by  the  bulk
orbital Hall effect (OHE). Furthermore, the rare earth-transition metal (RE-TM)
ferrimagnet (FIM) employed here enables additional control  of its SOC while
maintaining almost identical magnetic parameters. Taking advantage of this
feature,  we  found  that  the  OT  efficiency  in  Ti/Fe1-xGdx shows  a  four-fold
increase  when  the  ferrimagnetic  layer’s  SOC  is  enhanced,  which  is  a  key
characteristic of OT. Our results show that LMs alone can switch perpendic-
ular magnetization with great tunability from the magnet side. 

MATERIALS AND METHODS

x

Magnetic  multilayers  of  stacking  order  Ti(tTi)/Fe0.70Gd0.30(10)/Si3N4(5),
Si3N4(5)/Fe0.70Gd0.30(10)/Ti(10),  Ti(10)/Fe0.80Gd0.20(10)/Si3N4/(5),  Si3N4(5)/
Fe0.70Gd0.30(10)/Si3N4(5)  (number  denotes  the  thickness  in  nanometer)  are
fabricated on thermally oxidized silicon substrates by using ultrahigh vacuum
magnetron sputtering system (AJA Orion 8).  The base pressure of the main
chamber is better than 1×10−8 Torr and the Ar pressure is at 3 mTorr. A 1 nm
Ta  layer  is  used  as  an  adhesive  layer  and  an  upper  insulating  Si3N4 (5  nm)
layer is used for preventing oxidization, respectively. Notably, compared to 1
nm-thick Ta adhesive layers,  the much thicker Ti  and FeGd layers are more
electrically  conductive,  allowing  most  of  the  charge  current  to  flow  through
them.  The  Fe1-xGdx FIM  layers  are  synthesized  by  co-sputtering  the  Fe  and
Gd targets, in which the atomic ratio ( ) can be adjusted by fixing the growth
power of the Fe target while changing the growth power of the Gd target. The
chemical  composition of  the deposited Fe0.70Gd0.30 FIM layers can be deter-
mined by the deposition rates of the Fe and Gd targets, which can measured
using  the  in-situ  thickness  monitor  in  the  magnetic  sputtering  chamber.
Notably  the  deposition  condition  of  Fe1-xGdx FIM  layers  are  maintained  the
same for the Ti(tTi)/Fe0.70Gd0.30(10)/Si3N4(5) multilayers with various Ti thick-
ness. Magnetic multilayers were patterned into Hall bar devices with a chan-
nel width of 20 μm by utilizing standard photolithography and Ar ion milling.
The contact electrodes are made of Ta/Pt (20 nm/50 nm). The interface and
crystalline structure of  the multilayers were examined using cross-sectional
scanning transmission  electron  microscopy  (STEM,  Thermo  Fischer  Scien-
tific  Themis  Z)  operated  at  300  kV.  Thin  section  of  the  grown  film  are
prepared  using  a  focused  ion  beam  (FIB)  system.  Energy  dispersive  X-ray
spectroscopy  (EDS)  measurements  are  conducted  to  further  confirm  the
chemical  composition  of  the  FeGd  ferrimagnetic  alloy  (Figure  S1).  The
magnetic  hysteresis  loops  were  measured  by  using  a  magnetic  property
measurement system (MPMS, Quantum Design) with a maximum magnetic
field of  7T.  The magnetic  fields were applied along the in-plane and out-of-
plane  direction  at  room  temperature.  The  anomalous  and  planar  Hall  effect
(AHE) measurements were performed by using a home-built electrical trans-
port  measurement system, in which the maximum magnetic field is  2T.  For
all  electrical  transport  measurements,  standard  Hall  bar  configuration  was
adopted  and  the  electric  current  was  set  along  the  x  axis.  The  current-
induced magnetization switching is performed by injecting current pulses of
duration 1  ms  into  the  Hall  bar  devices  and  the  corresponding  AHE  resis-
tances  were  detected  using  a  lock-in  amplifier  (SR830).  A  low  alternating-
current (ac) harmonic measurement using the lock-in technique is employed
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and  two  lock-in  amplifiers  are  used  to  simultaneously  record  the  first  and
second  harmonic  signals.  The  frequency  of  the  ac  current  is  233  Hz.  The
applied low ac current can effectively avoid the thermoelectric contribution in
the harmonic signals. 

RESULTS AND DISCUSSION 

Perpendicular magnetization switching with Ti

RH−H

RH

RH

RH−Hx

To demonstrate the OT-induced perpendicular magnetization switching,  a
typical 3d LM Ti is employed. Ti exhibits negligible spin Hall conductivity due
to  its  negligible  SOC,  yet  it  has  a  large  orbital  Hall  conductivity.11,12,15,23-25

Ti/ferrimagnet  bilayers  with  stacking  order  Ti(10)/�Fe0.70Gd0.30(10)/Si3N4(5)
were  first  fabricated  on  thermally  oxidized  silicon  substrates.  The  Fe1-xGdx

alloy  is  a  typical  RE-TM  ferrimagnet  with  two  inequivalent  and  antiparallel
magnetic  sublattices.  A  finite  net  magnetization  remains  because  of  the
uncompensated  magnetic  moments  from  the  oppositely  aligned
sublattices.37-39 The  magnetic  properties  of  Fe1-xGdx ferrimagnets  are  highly
tunable  through  the  chemical  compositions.  The  Fe0.70Gd0.30 composition  is
magnetically Gd-dominant in which the Gd sublattice is parallel  with the net
magnetization. The samples were patterned into Hall bar devices as shown in
Figure 1B, which also illustrates the measurement configuration. The out-of-
plane magnetic hysteresis loop M–H (Figures 1C & S2-S3) and the anoma-
lous  Hall  effect  (AHE)  loop  (Figure  1D)  indicate  that  the  ferrimagnet
possesses strong perpendicular  magnetic  anisotropy (PMA).  The Hall  resis-
tance ( ) is predominantly attributed to the anomalous Hall effect, as deter-
mined by the measured transverse voltage in Hall bar devices. The values of
the anomalous Hall resistance  remain nearly constant at zero field in both
out-of-plane  (OOP)  and  in-plane  (IP)  measurement  configurations.  This  is
attributed  to  the  strong  perpendicular  magnetic  anisotropy  (PMA)  of  the
Fe0.70Gd0.30 ferrimagnetic layers. The jump in the  loop arises from the

Hx Hx

abrupt  magnetization switching during continuous sweeping of  the in-plane
field ,  a  phenomenon caused by  the  slight  misalignment  of  within  the
film plane.
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Hx
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Next,  we  examine  the  OT-induced  magnetization  switching  in
Ti(10)/Fe0.70Gd0.30 device.  Due  to  the  strong  SOC  of  Gd,  the  orbital  current
injected  from  the  Ti  layer  can  be  converted  into  spin  current,  which  further
applies  a  torque  on  the  local  (net)  magnetic  moments  of  the  ferrimagnet.
During the current-induced OT switching measurements,  a series of  current
pulses with varied amplitude and fixed duration were applied along longitudi-
nal direction (x axis) of Hall bar devices. The current pulses have a maximum
amplitude of 80 mA and a duration of 1 ms. In between two adjacent current
pulses,  the  magnetization states  of  the  Fe0.70Gd0.30 can be inferred from the

. The interval between successive current pulses is set to be 4 s, which is
significantly longer than the pulse duration.  This combination of  short  pulse
duration and extended interval helps to reduce current-induced Joule heating.
A longitudinal in-plane magnetic field ( ) was simultaneously applied along
the  current  pulse  direction,  which  is  required  for  realizing  a  deterministic
switching.  When  flows  in  the  x-direction,  the  system’s  symmetry  with
respect  to  the  x-z  plane  is  preserved  in  the  absence  of ,  which  does  not
allow  deterministic  switching.  In  contrast,  applying  breaks  the  inversion
symmetry,  enabling  deterministic  switching  of  perpendicular
magnetization.40,41 Note that the current density in Ti layers ( ) can be esti-
mated through the parallel resistor model (Figure S4).

Hx =+40mT −40mT
RH

Hx

Hk

Hx

Figures  1E-F  show  the  Hall  resistance  as  a  function  of  the  current  pulse
with  varying  amplitudes  under  a  fixed  and , respec-
tively.  Compared  with  field-driven  change,  nearly  complete  current-
induced switching is realized just by injecting a series of current pulses.  is
much  smaller  than  the  magnetic  anisotropy  field  ( ),  and  the  slight
misalignment of  is insufficient to induce abrupt magnetization switching.
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Figure 1.  Perpendicular  magnetization  switching  with  Ti (A)  Schematic  of  the  OT  switching  of  perpendicular  magnetization  in  Ti/ferrimagnet  bilayer.  The  orbital  current  is
generated through the OHE in Ti, which is then injected into the adjacent ferrimagnet. The orbital-to-spin current conversion is directly achieved due to the moderate SOC of Gd.
Lastly, the converted spin current interacts with the local magnetization through the exchange coupling and gives rise to the OT.  denotes the orbital-to-spin current conver-
sion efficiency related to SOC of ferrimagnet. (B) Optical image of the Hall bar device and the corresponding measurement configuration. (C) The OOP magnetic hysteresis loop
for the Ti(10)/Fe0.70Gd0.30(10) sample. (D) The corresponding anomalous Hall loops measured with OOP (black) and IP (red) field sweeping. The pink (green) arrow denotes the
spin orientation of Fe (Gd) magnetic sublattice. (E-F) The current-induced magnetization switching curves under an in-plane field  and . The arrows denote
the switching polarities.
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Notably,  if  the  slight  misalignment  of  the  fixed  is  critical,  deterministic
switching cannot be achieved just by injecting a series of current pulses. The
critical switching current density  is . The value is compa-
rable  to  those  originally  reported  for  the  SOT-driven  switching  in  HM/ferro-
magnet devices.42-44 Figure 2A further illustrates the current-induced magne-
tization  switching  cycles  in  the  Ti(10)/Fe0.70Gd0.30 device,  indicating  the  high
repeatability and stability of the OT switching. The current-induced switching
reverses its polarity after applying opposite in-plane field, which is consistent
with  the  symmetry  of  OT.  Additionally,  the  critical  switching  current  density
reduces  with  increased  (Figures  S5-S7),  which  occurs  because  of  the
reduced energy barrier between up and down magnetization states.

To  verify  the  crucial  role  of  Ti,  control  film  stack  of  Si3N4/Fe0.70Gd0.30(10)/
Ti(10) and the corresponding devices were fabricated and examined. Similar
to the spin Hall effect, the orbital Hall effect generates a purely z-axis-flowing
orbital  current  when  a  charge  current  is  injected  along  the  x-axis.  Notably,
orbital currents with opposite polarizations (+y and -y) accumulate at the top
and bottom interfaces of the Ti layer, respectively. For the inverted film stack,
the  OT  should  reverse  its  sign  due  to  the  opposite  polarization  of  orbital
current generated in Ti layer and so does the switching polarity. As shown in
Figure  2B,  the  experimental  switching  polarity  reverses  the  sign  compared
with the original film stack as expected.

To  further  rule  out  other  possible  effects,  such  as  self-torques  and  the
Oersted  field,  we  fabricated  and  examined  Si3N4/Fe0.70Gd0.30(10)/Si3N4 and
Cu/Fe0.70Gd0.30(10)/Si3N4 samples  and  devices.  As  shown  in Figure  2B,  no
magnetization  switching  was  observed  in  either  sample.  Furthermore,  the
energy  dispersive  spectroscopy  (EDS)  element  mapping  demonstrates  that
there is no obvious variation in the chemical composition along the thickness
direction of Fe0.70Gd0.30 layer (Figure S8). Hence, the recently discovered self-
torque in RE-TM ferrimagnets can be excluded.45-48 Notably,  the Cu material
possess negligible SHE and OHE.31 This not only excludes the dominated role
of the self-torque but also signifies the critical role of the orbital Hall material

Ti.  Additionally,  the  Cu  material  is  more  electrically  conductive  and  the
Oersted  field  effect  can  be  enhanced  in  the  measured  OT  device.  However,
the perpendicular magnetization of FeGd ferrimagnet cannot be switched by
the  enhanced  Oersted  field,  which  directly  excludes  the  role  of  the  Oersted
field.

ΔRH

Jth
C

1.3×107Acm−2

θsh

In  order  to  compare  OT  with  SOT,  we  deposited  and  patterned  a
Pt/Fe0.70Gd0.30/Si3N4 multilayer  into  a  standard  Hall  bar  device.  Pt,  a  typical
spin  source  material,  generates  spin  current  via  the  SHE.43,49,50 Under  the
same  measurement  configuration,  current-induced  SOT  switching  was
observed. Compared to the field-driven AHE resistance change ( ), nearly
full  current-induced  switching  can  also  be  achieved  by  conventional  SOT
(Figure  S9).  The  critical  switching  current  density  is  approximately

,  comparable  to  values  for  OT-driven  switching  in
Ti/Fe0.70Gd0.30 devices. The spin Hall angle ( ) of the Pt spin source material
has been reported to be about ~0.1, which is similar to the measured effec-
tive orbital  Hall  angle discussed in the following section.49,50 Additionally,  the
critical  switching current  density in Ti/Fe0.70Gd0.30 samples is  also compara-
ble to that in Pt/FeTb sample.51 This demonstrates that Ti, a 3d LM, can serve
as  an  efficient  orbital  Hall  material,  rivaling  typical  5d  heavy  metals.  To
confirm the universal  OT in LM/FeGd bilayer,  we have further performed OT
switching in V/Fe0.80Gd0.30 and Cr/Fe0.80Gd0.30 samples. OT-induced determin-
istic full switching can also be achieved (Figure S10). 

Thickness dependence of the orbit torque switching

Hx =−40mT

To  further  characterize  the  OT,  current-induced  switching  measurements
were  performed in  other  Ti(tTi)/Fe0.70Gd0.30 devices with  varying  the  Ti  thick-
ness. The varying thickness of the Ti layer has a negligible effect on the PMA
of  the  Fe0.70Gd0.30 ferrimagnetic  films,  as  confirmed  by  magnetometry  and
anomalous Hall measurements (Figure S1). As shown in Figure 2C, determin-
istic OT switching can be achieved in all Ti(tTi)/Fe0.70Gd0.30 devices under an in-
plane external field . Their corresponding switching curves with

 

±2.5×107Acm−2 Hx =−40mT
Hx =+40mT

Hx =−40mT
JthC

Figure 2.  Thickness dependence of the orbital torque switching (A) Repeatable magnetization switching by a series of current pulses of  at . (B) The
current-induced  magnetization  switching  curves  for  the  inverted  Si3N4/Fe0.70Gd0.30/Ti,  Si3N4/Fe0.70Gd0.30/Si3N4,  and  Cu/Fe0.70Gd0.30/Si3N4 stacking  at .  (C)  Current-
induced magnetization switching curves for Ti(tTi)/Fe0.70Gd0.30/Si3N4 multilayers with varying Ti thickness at . (D) The evolution of the critical switching current density

 as a function of Ti thickness.
 

V1ωH Hx
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χOT
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Figure 3.  Determination of orbital torque efficiency (A) First harmonic Hall voltage  as a function of the longitudinal magnetic field  for Ti(10)/Fe0.70Gd0.30(10) at different
current densities.  The unit  of  the current density is  106 A·cm−2.  (B)  The corresponding second harmonic Hall  voltage  as a function of  the longitudinal  magnetic field  at
different current densities. The inset displays the harmonic signal across the entire filed range. (C) The current density  dependence of the damping-like effective field  for
Ti(tTi)/Fe0.70Gd0.30(10)/Si3N4 samples  with  varying Ti  thickness and Si3N4/Fe0.70Gd0.30(10)/Si3N4 sample.  (D)  The orbital  torque efficiency  and the  effective  orbital  Hall  angle

as a function of Ti thickness tTi.
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sign  reversal  at  can  be  found  in Figure  S7.  A  deterministic
switching cannot be achieved in in Ti(4 nm)/Fe0.70Gd0.30/Si3N4 sample due to
its low OT efficiency, which is further confirmed in the following part. The crit-
ical  switching  current  density  ( )  reduces  to  with  the  Ti
thickness  up  to  12  nm,  as  illustrated  in Figure  2D.  Compared to  the  low 
observed  in  the  Zr/CoFeB/Gd/CoFeB  sample,  the  higher  critical  switching
current  density  in  the  present  Ti/Fe0.70Gd0.30 sample  may  stem  from  lower
orbital torque efficiency.35 This could be attributed to the relatively low SOC in
the  Fe0.70Gd0.30. Additionally,  recent  reports  indicate  that  interface  trans-
parency  to  orbital  currents  significantly  impacts  OT.52 Since interface  trans-
parency can vary across different material systems, this variation could also
contribute to the difference in critical switching current density. Furthermore,
the  Fe0.70Gd0.30 ferrimagnetic layer  switched  by  OT  in  our  study  is  approxi-
mately 10 nm thick, which is considerably thicker than the CoFeB/Gd/CoFeB
layer (~3 nm). This increased thickness may further contribute to the higher
switching current density observed in the Ti/Fe0.70Gd0.30 devices.

V1ω
H V2ω

H

Hx

V1ω
H

V2ω
H

HDL

HFL Hx Hk

The harmonic Hall voltage measurements were performed to quantify the
OT efficiency by using a low-current excitation lock-in technique. We applied
a low-frequency ac current  to  the Hall  bar  and simultaneously  measure the
first harmonic ( ) and second harmonic ( ) Hall voltage with two lock-in
amplifiers by sweeping . When a sinusoidal current is applied, the current-
induced  effective  field  oscillates  in  sync  with  the  applied  current.  Based  on
the  macrospin  model,  the  oscillating  effective  fields  induce  small  oscillation
of  the  magnetization  about  its  equilibrium  direction,  generating  a  second
harmonic  contribution  to  the  Hall  voltage.53-56 The  first  harmonic  Hall  term
( ) relates to the equilibrium direction of the magnetization and is indepen-
dent  of  the  effective  fields.  The  second  harmonic  term  ( )  measures  the
susceptibility  of  the  magnetization  to  the  current-induced effective  fields.  In
general, the effective filed can be decomposed into the damping-like field 
and  field-like  field .  When  is  larger  than  the  anisotropy  field ,  the
magnetization  is  nearly  aligned  along  the  external  field  and  the  secondary
harmonic Hall voltage signals can be written as 

V2ω
H =

VAHE

2
HDL

|Hx−Hk|
+VPHE

HFL

|Hx|
+Vthermal

Hx

|Hx|
(1)

VAHE VPHE

Vthermal

V2ω
H

VPHE VAHE

where the  and  are the anomalous Hall  and planar Hall  voltage and
 is  the  thermal  contribution  from  the  anomalous  Nernst  and  spin

Seebeck  effects.57-60 Note  that  the  thermal  contributions  can  be  measured
and separated by studying the field dependence of  in the high field limit
(Figure  S11).  In  addition,  since  the  is  much  smaller  than  for  the

HDL

perpendicular  FeGd  ferrimagnets,  the  second
term  can  be  neglected.  Thus,  the  effective
damping-like field  is mostly relevant to the
current-induced magnetization switching.

V1ω
H V2ω

H

Hx

Hx Hk

V2ω
H −Hx

HDL

Figures  3A-B  show  the  first  and  second
harmonic  Hall  voltage  (  and )  of
Ti(10)/Fe0.70Gd0.30(10)/Si3N4 sample as  a  func-
tion of  at different current densities, respec-
tively. As shown in Figure 3A, the net magneti-
zation  is  aligned  along  the  in-plane  direction
when  is  larger  than .  Through  fitting  the

 curves with the equation (1), the effec-
tive  damping-like  field  ( )  can  be  acquired.
The first  and second harmonic Hall  signals for
other  samples  of  various  Ti  thickness  can  be
found in Figures S12-S15. The variations of the

HDL

χOT = HDL/JC

tTi ≈ 10 χOT

1.3×10−7mTcm2A−1

 as  a  function  of  the  current  density  in  all  samples  are  summarized  in
Figure  3C.  By  a  linear  fitting,  the  OT  efficiency  ( ) can  be  deter-
mined. Figure 3D shows the evolution of OT efficiency with the Ti thickness.
As Ti thickness increases, the orbital torque efficiency first increases and then
saturates at nm. The increase of  with increasing the Ti thickness
suggests that the OT is dominated by the bulk effect rather than the interfa-
cial effect such as the orbital Rashba-Edelstein effect.61-64 When the Ti thick-
ness is 12 nm, the OT efficiency reaches . This increas-
ing OT efficiency is  consistent  with the decreasing critical  switching current
density with Ti thickness shown in Figure 2D.

θeff
OH

θeff
OH = 2e/ℏ ·Ms · tFeGd ·χOT ℏ

Ms tFeGd
θeff

OH

θeff
OH

tTi

θeff
OH 0.1

The  effective  orbital  Hall  angle  ( )  can  be  estimated  by  using
,  where  e  is  the  electron  charge,  is  the  reduced

Planck constant,  (~163 emu/cc) is the saturation magnetization and 
(~10 nm) is the ferrimagnetic layer thickness. As shown in Figure 3D, the 
have a similar trend with the orbital torque efficiency. The  first increases
and  then  saturate  at  a  maximum  value  as  exceeds  the  orbital  diffusion
length.  The  orbital  diffusion  length  (~10  nm)  in  Ti  is  much  longer  the  spin
diffusion length (~4 nm) in Pt.49,50 The  approaches  when the Ti thick-
ness is increased to 12 nm. This value is comparable to the reported effec-
tive spin Hall angle of traditional HMs like Pt, suggesting the OT to be an effi-
cient way to switch perpendicular magnetization. 

Correlation between orbit torque and spin-orbit coupling

θeff
OH = θOH ·ηLS

θOH

ηLS

ηLS

A key feature of the OT is its correlation with SOC of the magnetic layer, as
the orbital current is converted to the spin current via the SOC. Therefore, the
effective orbital Hall angle ( ) is not only determined by the intrin-
sic orbital Hall angle ( ) of the LM, but also influenced by the orbital-to-spin
conversion efficiency . Notably, all the examined Ti(tTi)/Fe1-xGdx samples in
the  present  work  nearly  possess  the  same  interface  and  hence,  the  similar
interface transparency to the orbital current. Since  is related to the SOC of
the  magnetic  layer,  the  OT  can  be  probed  and  tuned  through  the  chemical
composition of the ferrimagnetic alloys in Ti/Fe1-xGdx magnetic bilayers. This
is  in  stark contrast  to the conventional  SOT,  where the role  of  the magnetic
material choice is less important.

To  investigate  the  SOC  correlation  of  OT,  the  film  stack  of  Ti(10)/
Fe0.80Gd0.20(10)  with  less  Gd  content  was  also  fabricated  through  the  same
growth condition. The Fe0.80Gd0.20 composition is magnetically Fe-dominated,
which is contrast to the Gd-dominant Fe0.70Gd0.30. As shown in Figure 4A, the
polarity  of  the  AHE  loop  for  Fe0.80Gd0.20 is  opposite  to  that  of  Fe0.70Gd0.30

M
a

teria
ls

 

Hx =±40mT JC
HDL

HC

Hk

χOT
θeffOH

Figure 4.  Correlation  between  orbital  torque  and
spin-orbit  coupling (A)  The  anomalous  Hall  loops
for  Ti(10)/Fe0.80Gd0.20(10) sample.  (B)  The  corre-
sponding  current-induced  magnetization  switching
curves under .  (C)  The current  density 
dependence  of  the  damping-like  effective  field 
for  Ti(10)/Fe0.70Gd0.30(10)  and  Ti(10)/Fe0.80Gd0.20(10)
samples.  (D)  The  coercive  field  and  magnetic
anisotropy field  for both samples in top panel and
the  corresponding  orbital  torque  efficiency  and
effective orbital Hall angle  in bottom panel.
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(Figure 1D). This is because the dominance of the spin-dependent transport
property from the outer shell 3d magnetism of Fe element, as compared with
the inner  shell  4f  magnetism  of  Gd  element.  So  the  anomalous  Hall  resis-
tance mainly captures the magnetization direction of Fe.

HC Hk MS

As  shown  in  the  top  panel  of Figure  4D,  by  fine  tuning  the  magnetic
composition,  Fe0.80Gd0.20 and  Fe0.70Gd0.30 possess  nearly  the  same  coercive
field ,  magnetic  anisotropy  field ,  and  saturation  magnetization 
(Figures  S2-S3).  In  such  a  case,  for  OT  switching,  the  main  difference
between  these  two  systems  is  the  strength  of  SOC  due  to  the  different  Gd
composition.  In  contrast,  similar  SOT  efficiency  is  expected  with  these  two
different compositions, which has been observed in previous works.51,65,66

HDL

The  current-induced  switching  and  harmonic  Hall  measurements  were
then performed in the Ti(10)/Fe0.80Gd0.20(10) device. As shown in Figure 4B, a
deterministic  magnetization  switching  is  also  achieved.  The  current  density
dependence of the effective damping-like field  for both Ti/Fe0.80Gd0.20 and
Ti/Fe0.70Gd0.30 samples are plotted in Figure 4C. As shown in the bottom panel
of Figure 4D, despite having nearly the same magnetic properties, the OT effi-
ciency  in  Ti/Fe0.70Gd0.30 is  increased  by  four-times  comparing  with  that  in
Ti/Fe0.80Gd0.20.  The  critical  switching  current  density  for  Fe0.70Gd0.30 is  also
smaller than that of Fe0.80Gd0.20 due to this larger OT efficiency. The enhance-
ment of the OT efficiency is due to the larger orbital-to-spin conversion effi-
ciency  from  the  increased  Gd  content  and  the  corresponding  larger  SOC.
Therefore,  more  efficient  OT  switching  can  be  expected  through  increasing
the Gd concentration. Such strong correlation also confirms that the current-
induced  switching  is  dominated  by  the  OT  generated  by  the  Ti  light  metal.
Moreover,  it  also demonstrates that  the OT efficiency can be systematically
tuned  through  the  chemical  composition  of  ferrimagnet  in  LM/ferrimagnet
bilayers. Notably, tunable orbital torques have been recently demonstrated in
Co100-yGdy/CuOx bilayers  with  in-plane  magnetization  by  changing  the  Gd
content;  however,  OT-induced  perpendicular  magnetization  switching
remains elusive in these systems.29

6.0×106Acm−2

θeff
OH

To further confirm the SOC correlation of the OT, we fabricated and exam-
ined perpendicularly magnetized Ti/CoFeB/MgO and Ti/[Co/Pt]3/Si3N4 control
samples and their corresponding devices. No deterministic switching can be
observed  in  the  Ti/CoFeB/MgO  sample,  whereas  it  does  occur  in  the
Ti/[Co/Pt]3/Si3N4 sample  (Figures  S16-S17).  Given  that  Ti  has  a  negligible
spin Hall  effect  and  CoFeB has  minimal  SOC,  the  perpendicular  magnetiza-
tion  of  CoFeB  cannot  be  switched  by  Ti,  which  is  consistent  with  previous
findings.67 For  the  Ti/[Co/Pt]3/Si3N4 sample,  the  large  SOC  of  [Co/Pt]3 layer
allows its perpendicular magnetization to be switched via OT at a low critical
current  density  ( ). Through  harmonic  Hall  voltage  measure-
ments (Figure S18), the OT efficiency can be quantified, and the  is deter-
mined  to  be  ~0.4,  which  is  also  larger  that  of  Ti/Fe0.70Gd0.30 device.  These
results  further  confirm the OT mechanism and indicate that  the spin torque
contribution  of  Ti  is  negligible.  Lastly,  by  comparing  the  switching  polarities
and  the  signs  of  the  measured  torques,  we  determined  that  the  sign  of  the
SOC in Fe0.70Gd0.30 is negative (Figures S9 & S17-S18). 

CONCLUSION
We  have  successfully  realized  the  orbital  torque-induced  switching  of

perpendicular ferrimagnet Fe1-xGdx by utilizing a typical 3d light metal Ti with-
out the use of traditional  heavy metals.  Due to the strong SOC of rare earth
element  Gd,  an  efficient  orbital-to-spin  current  conversion  can  be  directly
achieved in Fe1-xGdx layer. The thickness dependent torque efficiency shows
that  the OT is  dominated by the bulk  orbital  Hall  effect  of  Ti.  We found that
the critical switching current density and orbital torque efficiency are compa-
rable to the traditional Pt used for SOT. Furthermore, the correlation between
OT and SOC of Fe1-xGdx is confirmed, making RE-TM ferrimagnetic material a
versatile  platform  for  investigating  OT-related  effects.  Our  work  establishes
the possibility of OT-driven perpendicular magnetization reversal  utilizing 3d
light metals in combination with RE-TM ferrimagnets, which is promising for
developing efficient orbitronic devices.
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