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C O N D E N S E D  M AT T E R  P H Y S I C S

Colossal anisotropic absorption of spin currents 
induced by chirality
Rui Sun1,2†, Ziqi Wang3,2†, Brian P. Bloom4†, Andrew H. Comstock1,2, Cong Yang3,2,  
Aeron McConnell1,2, Caleb Clever4, Mary Molitoris4, Daniel Lamont5, Zhao-Hua Cheng6, Zhe Yuan7, 
Wei Zhang8, Axel Hoffmann9, Jun Liu3,2*, David H. Waldeck4*, Dali Sun1,2*

The chiral induced spin selectivity (CISS) effect, in which the structural chirality of a material determines the pref-
erence for the transmission of electrons with one spin orientation over that of the other, is emerging as a design 
principle for creating next-generation spintronic devices. CISS implies that the spin preference of chiral structures 
persists upon injection of pure spin currents and can act as a spin analyzer without the need for a ferromagnet. 
Here, we report an anomalous spin current absorption in chiral metal oxides that manifests a colossal anisotropic 
nonlocal Gilbert damping with a maximum-to-minimum ratio of up to 1000%. A twofold symmetry of the damp-
ing is shown to result from differential spin transmission and backscattering that arise from chirality-induced spin 
splitting along the chiral axis. These studies reveal the rich interplay of chirality and spin dynamics and identify 
how chiral materials can be implemented to direct the transport of spin current.

INTRODUCTION
Spin currents are essential for the development of modern spintron-
ics concepts (1). These spin currents and the concomitant transport 
of angular momentum can come in the form of spin-polarized charge 
currents, pure spin currents, or magnetic excitations (spin waves). 
The transport of spin through any of these means can be used to 
manipulate magnetic states through spin-torques and interrogate the 
magnetic states via magnetotransport phenomena, thereby laying 
the foundation for energy-efficient information technologies based 
on encoding data in nonvolatile magnetization configurations (2). 
Initially, i.e., for the seminal discovery of giant magnetoresistance (3, 
4), spin currents were generated from electric currents via exchange 
interactions, where a ferromagnetic (FM) conductor acts as polarizer 
for electron spins, similar to concepts familiar from ordinary optics 
(5). Subsequently, spin-orbit torques have been recognized as a more 
efficient source of spin currents and now are key to next-generation 
spintronic device developments (6). Even more recently, it has been 
recognized that angular momentum transport may even originate 
just from the orbital dynamics of electrons (7). Toward this end, 
materials with chiral structures are of increased interest because their 
electronic properties can naturally have a momentum dependent 
orbital polarization, which, in turn, can result in intriguing spin 
generation effects (8). Related effects have been termed chiral in-
duced spin selectivity (CISS), but the underlying microscopic physics 
of CISS is still a matter of active controversy (9).

A pure spin current, Js, is a tensor given by the outer product of 
two vectors: one is the spin angular momentum (polarization of the 
spin degree of freedom) Pi

s
 , which is an axial vector, and the other 

is the translational momentum (a net flow direction of propagating 
spins) Jj, which is a polar vector. Note that i and j represent the Car-
tesian coordinates x, y, and z. One basic feature of spintronic devices 
relies on the detection of Pi

s
 (up or down) at an electrode terminal. 

The relative alignment between spin orientation and magnetic 
moments, the spin up versus spin down states, can be differentiated 
by interfacing to an adjacent FM layer and measuring the giant mag-
netoresistance (3, 4). In contrast to the analysis of Pi

s
 , another in-

creasingly compelling strategy is to manipulate the transmission of 
Js in nonmagnetic materials (NMs). Such a differentiation of spin 
state acts like an “on-off switch” for spin-current and can be achieved 
by harnessing the anisotropic absorption of spin currents during 
propagation in NMs. This process is akin to gate control of electrical 
conductivities in Si-based field-effect transistors and holds great 
potential for designing spin-based transistors.

Spin angular momentum can be transferred from a FM layer into 
an adjacent NM layer, resulting in a pure spin current flow in the 
NM. Via spin pumping, the flow of Js across the FM/NM interface 
can be probed by examining the phenomenological Gilbert damp-
ing factor, α, and it constitutes one of the key parameters describing 
the dynamics of FM materials and the spin-related characteristics of 
an adjacent NM (10, 11)

where γ is the gyromagnetic ratio, ℏ is the reduced Planck constant, 
M is the magnetic moment, Ms is the saturation magnetization, 
and dFM is thickness of the FM layer. α0 is the intrinsic Gilbert 
damping constant of the FM, and g↑↓ is the spin mixing conduc-
tance, which describes the difference between spin-dependent re-
flection and transmission coefficients at the FM/NM interface. g↑↓ 
can be cast in terms of an enhancement of the Gilbert damping Δα 
(i.e., Δα = α − α0) (10). The magnitude of Δα is typically deter-
mined by the material parameters for a prepared FM/NM interface 
and is isotropic regardless of the spin polarization orientations (see 
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Fig. 1A). On-demand control over the anisotropy of local Gilbert 
damping α has been realized by rotating the magnetization orien-
tation of the FM, either through the modification of interfacial 
anisotropic density of states or through variation of spin-orbit 
coupling (SOC), to affect the anisotropic transmission of spin cur-
rents (12–14). While maximum-minimum anisotropic ratios up to 
~400 to 650% have been reported for a local spin state (13, 14), 

achieving higher anisotropic transmission of nonlocal spin current 
is desirable.

The connection between the electron spin and chiral symmetry, 
i.e., the CISS effect, has only begun to emerge into the scientific fore-
front over the past two decades; however, its implications in biology 
(15), chemistry (16, 17), and physics (8, 18, 19) promise transfor-
mative applications. Chirality, the absence of mirror and inversion 
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Fig. 1. Schematic diagram of spin current absorption through achiral and chiral channels and properties of L-Co, D-Co, and M-Co thin films. (A) In an achiral mate-
rial, spin current Js with spin polarization perpendicular (left) and parallel (right) to z flows along the z direction. The transmitted spin current Jt

s,∥
 and reflected spin current 

J
r

s,∥
 (right of the object) is identical to Jt

s,⊥
 and Jr

s,⊥
 (left of the object), resulting in an isotropic nonlocal Gilbert damping factor in achiral spin channel. (B) In a chiral mate-

rial, Js still flows along the z direction, which is also the direction of the material's chiral axis. The spin current transmission through the interface with spin polarization 
parallel to the material's chiral axis is greatly enhanced compared to that with spin polarization perpendicular to the chiral axis, i.e., Jt

s,∥
≫ J

t

s,⊥
 , whereas Jr

s,∥
≪ J

r

s,⊥
 , resulting 

in a difference of the enhanced damping factor. (C) Circular dichroism (CD) spectra and absorbance (inset) of L-Co, D-Co, and M-Co thin films in arbitrary unit (a.u.). (D) A 
schematic representation of the Hall device measurements and corresponding measured Hall voltages (VH) as a function of gate voltage (VG) with a fixed source drain 
current (ISD) in different cobalt oxide films. The error bars represent the SD of the mean for three independently prepared Hall devices.
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symmetry, fundamentally breaks the corresponding symmetries of 
electronic structure and spin/orbit textures. Recent work suggests 
that chiral matter displays large effective SOC, beyond that of the 
atomic spin-orbit interaction commonly probed in spectroscopy, 
and manifests efficient “spin filtering” when a charge current passes 
along the chiral axis of materials (20, 21). According to the general-
ized Landau-Lifshitz-Gilbert equation (22, 23), the Gilbert damping 
factor is treated as a tensor, implying that control over the rotational 
or orientational anisotropy could play a crucial role in directing spin 
current, as shown in Fig. 1B. The combination of structural chirality 
and enhanced SOC along the chiral axis presents an exciting oppor-
tunity to engineer the anisotropy of the Gilbert damping factor 
through the CISS effect.

Here, we report the emergence of colossal anisotropic absorption 
of nonlocal spin currents in chiral cobalt oxide thin films. We find 
that the Gilbert damping in a chiral cobalt oxide film exhibits a max-
imum (minimum) value when the direction of the spin polarization 
is parallel (perpendicular) to the chiral axis, whereas an achiral ana-
log of the cobalt oxide film shows isotropic damping. By rotating the 
magnetization orientation of the FM from the in-plane to the out-
of-plane direction, a twofold symmetry of the anisotropic damping 
manifests and displays a maximum-minimum ratio of 10 times. 
This effect is attributed to the strong spin-flip process arising from 
chirality-induced band spin splitting, which yields a reciprocal large 
spin transmission probability along the chiral axis. These studies re-
veal a pathway for tailoring anisotropic nonlocal Gilbert damping 
through structural chirality.

RESULTS
Spin filtering properties of chiral metal oxides
In this work, chiral metal oxide thin films are used to study the 
anisotropic absorption of spin currents (24). Levo–cobalt oxide 
(L-Co), Dextro–cobalt oxide (D-Co), and achiral, meso–cobalt 
oxide (M-Co) thin films were prepared by electrodeposition from 
solutions of their corresponding cobalt tartrate solutions as de-
scribed previously; see Methods for additional details (24, 25). Fig-
ure 1C shows the absorbance (inset) and circular dichroism (CD) 
spectra measured for the three films. The mirror-image CD re-
sponse for the L-Co and D-Co films demonstrates control over the 
chiro-optical response by manipulation of the tartrate’s enantiomer-
ic form, whereas the M-Co film displays no CD signal and is achiral. 
Characterization of the films using x-ray photoelectron spectrosco-
py, x-ray diffraction, and surface topography measurements indi-
cates that the structural and morphological features of the L-Co and 
D-Co films are indistinguishable from those of the M-Co, aside 
from the chiroptical response (see Supplementary Text S1 for ex-
perimental details). The spin filtering properties of the chiral oxide 
films were confirmed by Hall bar measurements. Figure 1D shows 
the schematic principle of the Hall bar configuration and the corre-
sponding Hall voltages measured under different gate voltages. For 
the chiral cobalt oxide films, the Hall voltage is linearly proportional 
to the gate voltage (over the range studied) and exhibits a reversal 
of polarity for the Hall voltage depending on the enantiomorph 
(L-Co versus D-Co). No appreciable Hall voltage is detected for the 
achiral M-Co film. Magnetic conductive atomic force microscopy 
(mc-AFM) measurements on L-Co and D-Co further corroborate 
the Hall measurements (see Supplementary Text S2). Collec-
tively, the CD, Hall bar, and mc-AFM measurements confirm the 

structural chirality of the prepared cobalt oxide thin films and the 
corresponding spin-dependent electron transmission arising from 
the CISS effect.

Colossal anisotropic absorption of spin current
We performed the FM resonance (FMR) spectroscopy to character-
ize the absorption of pure spin current by chiral metal oxides in prox-
imity to a FM layer by spin pumping. Three types of Ni81Fe19 (NiFe)/
Cu/cobalt oxide heterostructures were prepared: (i) a chiral hetero-
structure, Ni81Fe19(15 nm)/Cu(50 nm)/L-Co(25 nm) (NiFe/Cu/L-
Co); (ii) an achiral heterostructure, Ni81Fe19(15 nm)/Cu(50 nm)/
Meso-Co(25 nm) (NiFe/Cu/M-Co); and (iii) a control sam-
ple, Ni81Fe19(15 nm)/Cu(50 nm)/glass substrate (see Methods). A 
50-nm-thick Cu spacer layer is inserted to act as a spin transport 
channel between the Ni81Fe19 and cobalt oxides while excluding any 
possible proximity effects (26). A schematic diagram of the FMR 
measurement geometry is shown in Fig. 2A. In the FMR measure-
ments, a microwave field with a fixed frequency, f (f = ω/2π), is 
transmitted through a high bandwidth waveguide and excites the 
NiFe layer, whereas a magnetic field, H, is swept across the reso-
nance condition. Under the FMR condition, the magnetization 
precession of the NiFe layer generates a pure spin current, which 
propagates through the Cu spacer layer and interacts with the cobalt 
oxide layer. A derivative absorption profile for the NiFe resonance 
as a function of H (modulated FMR) represents the nonlocal spin 
current absorbed by the adjacent Cu/cobalt oxide layer. Figure 2B 
plots the H-dependent FMR spectra for the NiFe/Cu/L-Co (red), 
NiFe/Cu/M-Co (blue), and NiFe/Cu (green) samples at f = 6 GHz 
and magnetic field angle with respect to the z axis, θH = 90°, and the 
resonance field and full-width-at-half-maximum linewidth, ΔH, 
were extracted from the spectra. The chiral NiFe/Cu/L-Co exhibits 
a broader FMR linewidth compared to that of the achiral NiFe/Cu/
M-Co and NiFe/Cu, indicating that enhanced spin current dissipa-
tion arises from the chiral oxide films upon spin pumping (27). 
When the magnetization of the NiFe is rotated toward the chiral axis 
of the cobalt chiral film (at θH = 45°, see Fig. 2C), a much broader 
FMR linewidth of the chiral NiFe/Cu/L-Co (red) is observed, in 
sharp contrast to the moderately increased linewidths for the achiral 
NiFe/Cu/M-Co (blue) and NiFe/Cu (green) control samples. 
Figure 2D plots the linewidth, μ0ΔH, obtained for NiFe/Cu/L-Co 
(left), NiFe/Cu/M-Co (right, top), and NiFe/Cu (right, bottom) as a 
function of microwave frequency at different θH, respectively. The 
relationship between μ0ΔH and f can be described by (28)

where Fij denotes the coefficient of the parabolic approximation for 
the free energy (see Supplementary Text S4), and μ0ΔH0 is the inho-
mogeneous broadening linewidth caused by sample roughness, 
defects, or orientation of crystallites. For a magnetic system without 
strong magnetic anisotropy and anisotropic damping factor, the 
Gilbert damping α is proportional to the slope of μ0ΔH versus f, i.e., 
μ0ΔH =

4πα

γ
f + μ0ΔH0 . For the NiFe/Cu/L-Co sample at θH = 90°, 

according to the linear fit, α(L − Co, 90°) = 0.033 and is ~3 times 
larger than that for the NiFe/Cu/M-Co sample, α(M − Co, 90°) = 
0.0132. The parameter α(90°) is the summation of the intrinsic 
Gilbert damping of NiFe and the conventional nonlocal Gilbert 

μ0ΔH =
αγ

(

Fθθ +
1

sin2θ
Fφφ

)

Ms ∣dω∕dH ∣
+ μ0ΔH0

(2)
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damping. When H is tilted out-of-plane, μ0ΔH of the NiFe/Cu/
M-Co and NiFe/Cu control samples remain linearly proportional 
to f (see right panels in Fig. 2D). A slight increase of the slope in achiral 
and control samples is expected due to magnetic mosaicity. Unex-
pectedly, μ0ΔH versus f in the NiFe/Cu/L-Co sample is nonlinear, 
and μ0ΔH increases markedly at higher microwave frequencies. The 
nonlinearity becomes more pronounced as the applied field angle 
approaches the out-of-plane direction, i.e., the chiral axis of the 
metal oxide, and it results in a “colossal” anisotropy in the damping 
that is orders of magnitude different with respect to the chiral axis. 
Here, measured μ0ΔH in the NiFe/Cu/L-Co sample can exceed 
150 mT at f = 6 GHz and θH = 40°. This conclusion was corrobo-
rated through a vector network analyzer under the same FMR 
conditions (Supplementary Text S5). It is also noteworthy that 

μ0ΔH versus f shows a similar nonlinearity when the applied field 
direction is inverted (+H or −H), which implies that the nonlinear 
damping is not selective to the injected spin polarization being par-
allel or antiparallel to the chiral axis.

Time-resolved magnetic-optical Kerr effect
Whereas the FMR measurements show the θH dependence for the 
anisotropic damping factor in the NiFe/Cu/L-Co sample, the large 
increase in linewidth at lower field angles (θH < 40°) makes its esti-
mation by the FMR technique challenging. Thus, we performed 
time-resolved magnetic-optical Kerr effect (TR-MOKE) measure-
ments in a polar MOKE configuration to investigate the anisotropy 
of the damping factor at lower field angles. Figure 3A shows a sche-
matic representation of the TR-MOKE measurement in which a 
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Fig. 2. Spin current transport in chiral and achiral channel characterized by FMR. (A) Schematic of the FMR measurements in which the microwave transmits through 
the planar waveguide, and a radio-frequency field with a frequency f excites the magnetization dynamics. A pure spin current diffuses from the FM, through the Cu layer, 
and then into the metal oxide. (B) Representative FMR spectra for NiFe/Cu/L-Co (red), NiFe/Cu/M-Co (blue), and NiFe/Cu (green) measured at 6 GHz with θH = 90°. The 
dashed curve is a fit according to eq. S4 (Supplementary Text). (C) The f-dependent μ0ΔH for NiFe/Cu/L-Co, NiFe/Cu/M-Co, and NiFe/Cu at θH = 45°. (D) Field angle θH and 
frequency dependence of linewidth for NiFe/Cu/L-Co (left). The measurements are conducted with θH varied from 90° to 20° and 270° to 200°. The right panel shows the 
linear ΔH versus f in NiFe/Cu/M-Co and NiFe/Cu, which are both achiral, systems when the magnetic field is in-plane and tilted out-of-plane. All of the solid curves are a fit 
to the data using global analysis.
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femtosecond laser pulse initiates precession of the magnetization 
vector, i.e., magnetization precession, in the NiFe layer. Figure 3B 
(left) shows the measured magnetization dynamics for the NiFe/
Cu/L-Co (red), NiFe/Cu/M-Co (blue), and NiFe/Cu control (green) 
with a 350-mT applied magnetic field at θH = 10°. A prominent large 
damping for NiFe/Cu/L-Co occurs, with dynamics ceasing after 
~1 period (~53 ps), whereas the oscillations in the NiFe/Cu/M-Co 
and NiFe/Cu persist for over 1 ns. Figure 3B (right) shows the case 
of θH = 50° at which the TR-MOKE signal of the NiFe/Cu/M-Co 
and NiFe/Cu displays a relatively long-lived precession with a mag-
netization relaxation time, τ, of 775 and 685 ps, respectively. In con-
trast, the signal of the chiral NiFe/Cu/L-Co sample dampens over an 
order of magnitude faster, within ~69 ps. This difference in behavior 
between NiFe/Cu/L-Co and NiFe/Cu/M-Co and NiFe/Cu samples 
suggests that chirality strongly influences the magnetic dynamics 
and dissipation at the NiFe/Cu/L-Co interface. The resonance fre-
quency, f, increases with the magnetic field strength for both the 
NiFe/Cu/M-Co and NiFe/Cu/L-Co samples and can be described by 
the Kittel equation (see fig. S11) (28, 29).

To further characterize differences in the magnetization dynamics 
arising from the presence of structural chirality, the effective damp-
ing factor, αeff, and the Gilbert damping factor, α, were extracted 

from the relaxation time, τ, through Eq. 3 (see Supplementary Texts 
S4 and S6) (29, 30)

Figure 3 (C and D) shows the dependence of αeff on the applied 
external magnetic field strength μ0H, at different θH values for NiFe/
Cu/L-Co and NiFe/Cu/M-Co, respectively. At low external fields, 
the in-plane demagnetization field, μ0Ms, leads to a larger misalign-
ment between the magnetic moment and the applied external mag-
netic field, giving rise to a larger αeff. As H increases, M tilts toward 
H so that αeff approaches α, as shown by the data in Fig. 3D (31). The 
value of α in the NiFe/Cu/M-Co sample is ~0.013, only slightly larg-
er than that of the NiFe/Cu control sample, ~0.008 (see fig. S11), and 
is consistent with the FMR results. Conversely, αeff for the NiFe/
Cu/L-Co sample is much larger than that of the NiFe/Cu/M-Co. 
When θH is >70°, αeff in the NiFe/Cu/L-Co sample decreases with 
increasing H, but αeff markedly increases with increasing H as the 
external field is tilted out-of-plane along the chiral axis of the metal 
oxide. At θH = 10°, an ~4 times increase in αeff is observed when the 
external field is increased from 100 to 400 mT, without showing any 
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Fig. 3. Spin current transport revealed by TR-MOKE. (A) Schematic diagram of the measurement geometry using the pump-probe time-resolved magnetic-optical Kerr 
effect (TR-MOKE) technique. The pump laser pulse (red) excites the magnetization and is then probed by a delayed laser pulse (blue). A pure spin current diffuses from the 
NiFe layer, through the copper, and into the metal oxide. (B) TR-MOKE signal for NiFe/Cu/L-Co (red), NiFe/Cu/M-Co (blue), and NiFe/Cu (green) measured with H = 350 mT 
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with varied θH for NiFe/Cu/L-Co (C) and NiFe/Cu/M-Co (D), respectively. The solid lines are simulated global fits to the data.
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saturation. The anomalous field dependent αeff for the chiral NiFe/
Cu/L-Co differs from that reported in heavy metal and topological 
materials with strong SOC (32–34). The observed increase of αeff 
with applied field sharply contrasts with the nonlinearity reported 
for two-magnon scattering (35), in which αeff is suppressed as the 
magnetization is tilted out-of-plane and greatly diminished when 
θM < 45° (36). Furthermore, the strength of two-magnon scattering 
decreases as the magnetic field increases, resulting in either a satura-
tion or diminishing dependence of α on the applied field (36), in 
contrast to our observations. Other extrinsic effects, such as drag 
arising from magnetic anisotropy or mosaicity induced broadening 
can also be excluded because of the increasing slope of ΔH versus f 
shown in the FMR measurements.

Twofold symmetry of anisotropic damping
Both TR-MOKE and FMR measurements unambiguously demon-
strate the presence of the colossal anisotropic damping factor that 
changes as a function of the spin polarization’s alignment with the 
chiral axis in the NiFe/Cu/L-Co sample. To quantify the anisotropic 
damping in the NiFe/Cu/L-Co sample, the Gilbert damping factor, 
α is expressed as

where θM is the magnetization angle of the FM (the change in θM as 
a function of applied field H and angle θH  are shown in fig. S5B). 
α′ is the summation of intrinsic Gilbert damping of NiFe and the 

“conventional” nonlocal Gilbert damping caused by the spin pump-
ing in the metal oxide, both of which have no angular dependence 
(37); and the term proportional to λ term parameterizes how 
the anomalous damping depends on the angle. The angle depen-
dence of the damping factor α for the three samples is plotted in 
Fig. 4. The NiFe/Cu (green) and NiFe/Cu/M-Co (blue) samples 
both exhibit isotropic α with respect to θM (Fig. 4A), whereas α in 
the NiFe/Cu/L-Co (red) sample is strongly anisotropic (Fig. 4B). A 
global fitting analysis of the FMR data for the NiFe/Cu/L-Co sample 
through Eqs. 2 to 4 gives values of α′ ~ 0.033 and λ = 0.95 ± 0.1. 
Similarly, global fitting of the TR-MOKE data provides α′ ~ 0.035 
and λ = 0.9 ± 0.1. Here, the anisotropy of damping factor is de-

fined as A ≡
α(θM)

α(θM = 90
◦

)
 . A theoretical maximum anisotropic ratio, 

Afit =
α(θM = 0

◦

)

α(θM = 90
◦

)
∼ 3000% could be achieved according to the fitted 

parameters from Eq. 4. From the obtained FMR data for the NiFe/
Cu/L-Co sample, α has a minimum value at θM = 90° (0.033) and a 
maximum value at θM = 65° (~0.328), resulting in the measured 

colossal anisotropic ratio, Aexp =
α(θM = 65

◦

)

α(θM = 90
◦

)
∼ 1000%.

DISCUSSION
At θM = 90°, an extra enhancement of α in the chiral sample com-
pared to that in the achiral sample can be understood through 
the spin pumping effect in which chirality-enhanced effective SOC 

α = α� + λcos2θM (4)
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Fig. 4. Anisotropy of nonlocal Gilbert damping factor from chirality selective spin absorption. Comparison of angle-dependent intrinsic damping factor, α, in NiFe/
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occurs, similar to the geometric curvature induced SOC reported 
for C60 (38). However, the twofold symmetry of the anisotropic 
damping factor, λcos2θM, cannot simply be attributed to anisotropic 
SOC emanating from the chiral metal oxide. Moreover, in contrast 
to the sin2θM dependence of a spin transfer torque model between 
the FM and spin sink layer (39), here, we observe a Δα ∝ cos2θM 
dependence. Therefore, we attribute the observed colossal aniso-
tropic damping from nonlocal spin current absorption, shown in 
Fig. 4B, to the CISS effect.

Consider a classic solenoid model in which a charge current in-
duces a magnetic field up to several tesla (40). The effective mag-
netic field induced by the structural chirality can then select for a 
spin current with a spin polarization aligned with the field and sup-
press the spin polarization perpendicular to the field. This picture 
corroborates the emergence of a chirality-induced unconventional 
SOC in chiral molecules (41), which leads to a splitting of the spin-
degenerate continuum electronic band (Fig. 4C) into two sub-bands 
that are shifted with respect to each other in the kz direction (i.e., the 
chiral axis of the metal oxide). These two sub-bands share similar 
energy dispersion but have opposite spin polarization states due to 
time reversal symmetry. The spin polarization is oriented either 
parallel or antiparallel to kz due to the one-dimensional parallel 
spin-momentum locking from chirality induced unconventional 
SOC (41). Because the preservation of time reversal symmetry 
exists in a chiral system, it leads to an equivalent pure spin current 
absorption for the spin-up and spin-down in kz-dependent spin 
splitting bands. This pure spin transport in chiral materials should 
be distinguished from the common CISS demonstrations in which 
the structural chirality induces the electron-to-spin conversion, 
leading to a preferred spin orientation depending on the handedness.

The precession of the magnetization in the NiFe layer generates 
pure spin current, Js, which transmits through the Cu layer and dis-
sipates in the metal oxide layer via a spin-flip process modulated by 
the chirality-induced unconventional effective SOC. When the in-
jected spin polarization Ps is parallel to ±kz, the spin current is 
largely absorbed by one of the two split bands; see the top panel of 
Fig. 4C; i.e., t ≫ r (t is the spin transmission probability across the 
Cu/L-CoOx interface, and r is the spin reflection probability of the 
Cu/L-CoOx interface). The transmitted spin current, Jt

s
 , is large, 

whereas the reflected spin current from spin backflow, Jr
s
 , is small, 

resulting in notable damping of the precession in the FM layer. Con-
versely, when Ps is perpendicular to ±kz (Fig. 4C, bottom), the influ-
ence of chirality on the spin selectivity is negligible, i.e., t ~ r and 
more closely mimics that of an achiral system. In the context of spin 
pumping, t and r are proportional to Ps∙kz, and, thus, the spin 
current dissipation torque scales with ∣t∣2 − ∣r∣2 (10, 42–44). The 
behavior is thus expressed as an angle-dependent damping factor 
term, Δα ∝ λcos2θM, as shown in Eq. 4. It is important to note that 
differences in the damping anisotropy for cobalt oxide having op-
posite handedness are negligible (see fig.  S8), whereas substantial 
difference appears between the chiral and achiral sample (i.e., M-Co 
sample). Such behavior further validates the physical origin of 
anisotropic absorption of spin currents induced by chirality.

The observed colossal anisotropy of spin current absorption in 
the chiral NiFe/Cu/L-Co heterostructures is unprecedented and 
sharply contrasts the expected response for a magnetic multilayer 
system (43–46). In previous reports, anisotropic damping factors 
have been shown to arise from interfacial SOC effects or bulk crys-
talline anisotropy (12–14, 47), and the anisotropic damping factor 

has reached values as high as ~400 to 650% for single-crystal 
CoFeB(001) films, with a maximum damping factor of ~0.03 (13, 
14). However, such an anisotropic damping in CoFeB films results 
from the magnetic layer itself, i.e., the intrinsic damping factor of 
the local magnetic moment, not from nonlocal spin current trans-
mission. Although nonlocal anisotropic damping factors related 
to spin current transmission have been presented (48–51), the 
anisotropic ratio is less than 100%. For the NiFe/Cu/L-Co hetero-
structures investigated here, the chirality-induced nonlocal spin 
current propagation gives rise to an anisotropy in the Gilbert damp-
ing factor that is ~30 times larger (theoretically ~3000%) and dis-
plays a maximum damping factor of 0.328 (measured value). This 
improvement is attributed to chirality-induced spin splitting of spin 
states, in which the chiral principal axis of the material affords 
spin selective transmission. Particularly, our results favor a “spin-
polarizer” model as a possible mechanism of the CISS effect rather 
than a “spin-filter” in the presence of pure spin current injection 
into the chiral materials (52). A combination of TR-MOKE and 
FMR measurements provides crucial and complementary informa-
tion on the pure spin current generation and magnetization dy-
namics of chiral materials. The substantial tunability of the nonlocal 
damping factor heralds a paradigm shift in design strategies for 
improving the performance of spin memory devices, i.e., faster 
magnetic switching and larger spin injection efficiency for next-
generation spintronic applications, such as spin field-effect transis-
tors and spintronic terahertz emitters.

METHODS
Electrodeposition and characterization of chiral cobalt oxide 
thin films
Chiral cobalt oxide thin films were prepared by using an electrode-
position method following a previously reported procedure (24). 
Briefly l- or d-tartaric acid (0.8 mmol) and CoCl2.6H2O (0.08 mmol) 
were added to 10 ml of water to make a Co-tartrate complex. Next, 
sodium carbonate (2 mmol) was added to the solution, and the total 
volume was increased to 20 ml. A three-electrode system was used 
in which the counter electrode was a Pt sheet, the reference elec-
trode was Ag/AgCl, and the working electrode comprised 10- to 
80-nm Au/5- to 10-nm Ti on a glass, quartz, or silicon wafer sub-
strate. Before the electrodeposition, the substrate was cleaned by 
placing it in boiling acetone and ethanol for 10 min each, and, then, 
it was rinsed with water and dried using argon. The electrodeposi-
tion was performed at a 0.7-V constant potential for a fixed amount 
of time until an ~25-nm-thick film was formed. Note that, for thicker 
films, a longer deposition time was used.

Hall effect device
Hall effect measurements were performed using devices compris-
ing a GaN/AlGaN two-dimensional electron gas (2DEG) capped 
with a 5-nm gold layer (53). The surface was cleaned by heating in 
1-methyl-2-pyrilidone at 80°C for 5 hours. A polydimethylsiloxane 
electrochemical cell was assembled around the device and cured for 
18 hours at 45°C. Next a thin film (20 to 25 nm) of chiral cobalt 
oxide was deposited on the device’s Hall bar using electrodeposi-
tion. For the deposition, a three-electrode setup was used, where 
the Au layer on the Hall device acts as the working electrode and 
Ag and Pt wires were used as the reference and counter electrodes, 
respectively.
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For Hall effect measurements, a cobalt oxide–coated Hall device 
was placed in an inert electrolyte (0.1 M KCl solution in water) and 
biased at a voltage with respect to a counter/gate electrode (80-nm 
Au evaporated onto a 0.2-mm-thick glass coverslip). Buried in the 
working electrode is a Hall circuit that senses the magnetization 
induced on the electrode surface. During the measurement, a con-
stant current of 50 μA is driven through the 2DEG channel and a 
polarizing voltage is applied by a gate electrode using a Keithley 
2636B Source Meter, and the Hall effect voltage was measured 
using a Keithley 2181A Nanovoltmeter. The measurement pro-
ceeds by applying a bias voltage between the working electrode and 
the counter electrode while the voltage between the Hall electrodes 
within the internal circuit is monitored. The gate voltage, using an 
Au film, generates a charge polarization in the cobalt oxide layer 
and, because of the CISS effect, generates a magnetization that is 
sensed by the Hall bar circuit. Figure  S2 shows a representative 
measurement of a Hall voltage response arising from the appli-
cation of a fixed gate voltage for L-Co and D-Co samples, and the 
Hall response as a function of gate voltage is shown in Fig. 1D. Each 
data point represents the average of multiple measurements of each 
device as a function of the gate voltage and replicate measurements 
on multiple devices.

FMR measurement
For the FMR measurements, the NiFe/Cu/L-Co, NiFe/Cu/M-Co, 
and NiFe/Cu are mounted to the waveguide of a commercially avail-
able FMR (NanOsc). To improve the signal-to-noise ratio, the 
magnetic field is modulated using a Helmholtz coil supplied with a 
voltage generated from an SR 830 reference output. The reference 
signal driving the Helmholtz coil uses a 233-Hz frequency. A Key-
sight EXG Analog Signal Generator N5173B was used as a micro-
wave power source with an amplitude of 0 dBm and frequencies 
between 3 and 18 GHz. The modulated signal was intercepted by a 
Krytar microwave power detector model 201B and then was input 
to SR 830 Lock-in amplifier.

Time-resolved magneto-optical Kerr effect
In the TR-MOKE measurements, a mode-locked Tsunami Ti:Sapphire 
laser (Spectra Physics) produces a train of pulses at a repetition rate of 
80 MHz with a temporal pulse width of 250 fs and a center wave-
length of 785 nm with a full width at half maximum ~ 10 nm. The 
laser is separated into pump and probe beams with orthogonal linear 
polarizations by a polarizing beam splitter. A mechanical delay stage 
is used to produce a delay time between the pump beam and probe 
beam. The reflected linearly polarized probe is split into two orthogo-
nal polarizations with a Wollaston prism. The changes of the polariza-
tion on reflection from the sample are measured by the changes in the 
intensity of the two orthogonal polarization states with a balanced 
detector. Further details on TR-MOKE can be found in Supplemen-
tary Text S6.
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This PDF file includes:
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Figs. S1 to S12
Legends for data S1 and S2
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