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Impact of crystallinity on orbital torque generation in ferromagnets
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We investigate the impact of crystallinity on the generation of orbital torques in Ni, which is predicted to
exhibit the strongest orbital response among conventional 3d ferromagnetic metals. We show that the current-
induced torques in Hf/Ni bilayers are primarily dominated by the orbital torque, arising from the orbital Hall
effect in the Hf layer. We find that the orbital torque efficiency is enhanced by a factor of 2 when the stacking
order of the Hf/Ni bilayer is altered. Through the examination of bulk and interfacial structural properties of the
Ni and Hf layers, and by quantifying the torque efficiency in a symmetric Hf/Ni/Hf trilayer, we show that the
orbital torque efficiency is strongly dependent on the crystallinity of the Ni layer. This dependence is in stark
contrast to conventional spin-orbit torques, which arise from the spin Hall effect and are typically insensitive to
the crystallinity of the ferromagnetic layer. These findings highlight the significant role of the crystalline structure
of the ferromagnetic layer in its orbital response and illustrate the potential of crystal structure engineering in
optimizing orbital torques.
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I. INTRODUCTION

The ability to electrically manipulate magnetization
through current-induced spin-orbit torques offers a pathway to
create energy-efficient, nonvolatile spintronic devices [1–5].
A primary mechanism for generating the spin-orbit torque
is the spin Hall effect (SHE), which generates a spin cur-
rent from a charge current through spin-orbit coupling [6,7].
The spin-orbit torque arising from the SHE has been shown
to be significantly influenced by the crystalline structures in
ferromagnetic-metal/nonmagnetic-metal (FM/NM) bilayers.
In particular, the SHE in heavy metals, such as W and Ta,
is strongly enhanced by altering the structure to the highly
resistive phase, providing a route to improve the performance
of spintronic devices [7]. In contrast, it has been demonstrated
that the crystalline structure of the FM layer does not play an
important role in generating the spin-orbit torque by the SHE
[8].

The SHE has been predicted to emerge from the combined
effects of the orbital Hall effect (OHE) and spin-orbit coupling
[9]. The OHE is a phenomenon in which a charge current
generates an orbital current, a flow of the orbital angular mo-
mentum of electrons. This phenomenon originates from the
interband superpositions of Bloch states with different orbital
characters induced by applying an electric field [10]. Recent
studies have shown that the OHE can exert a torque on the
magnetization in FM/NM structures, which is known as an
orbital torque [11–19]. These studies have revealed the unique
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features of the orbital transport and orbital torque, opening the
field of orbitronics [20,21]. In solids, the dynamics of elec-
tronic orbital angular momentum is governed by crystal fields.
Although this suggests that the orbital torque is sensitive to
the crystal structure of FM/NM bilayers, the impact remains
unclear.

In this paper, we show that the crystallinity of the FM layer
has a significant impact on the orbital torque generation in-
duced by the OHE. The evidence is obtained by investigating
the current-induced torque in Hf/Ni and its inverted structure,
where Ni has been shown to exhibit strong orbital response
[12,14]. We show that this system allows us to probe the im-
pact of the crystallinity of the Ni layer on the orbital response
without significantly altering the electronic and structural
properties of the Hf layer by inverting the stacking order. In
contrast to the spin-orbit torque arising from the SHE, which
is insensitive to the crystalline structure of the FM layer,
we demonstrate that the orbital torque efficiency originating
from the OHE is doubled by improving the crystallinity of
the Ni layer. This result illustrates the strong impact of the
crystallinity of a FM on the orbital torque, providing insights
for deeper understanding of the orbital response and transport.

II. EXPERIMENTAL METHODS

We investigated the current-induced torque using
spin torque ferromagnetic resonance (ST-FMR) for the
Hf(tHf )/Ni(12 nm), Ni(12 nm)/Hf(tHf ), Hf(10 nm)/Ni(tNi),
and Ni(tNi)/Hf(10 nm) bilayers, where the numbers in
parentheses represent the thickness. The films were deposited
on SiO2/Si substrates by radio frequency (rf) magnetron
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sputtering in an Ar atmosphere, where the base pressure
was better than 6×10−6 Pa. During the sputtering of the Hf
layer, a linear shutter was used to vary the thickness. The
Hf(Ni) thickness variation across each device is 0.06(0.02)
nm. To protect the film surface from oxidation, we sputtered
a 4-nm-thick SiO2 film. The films were patterned into
150 µm×10 µm stripes by photolithography and Ar ion
milling. On the edges of the stripes, Au(300 nm)/Ti(3 nm)
electrodes were sputtered for the rf current application.

For the ST-FMR measurement, an rf current with a power
of P = 100 mW and a frequency of f was passed through the
device, and a direct current (dc) voltage, Vdc, was measured
while sweeping an in-plane external magnetic field H applied
at an angle θH with respect to the applied rf current. The rf
current generates both dampinglike (DL) and fieldlike (FL)
effective fields, HDL and HFL, as well as an Oersted field HOe.
These fields drive the magnetization precession in the Ni layer
at the FMR, which results in the oscillation of the device re-
sistance due to the anisotropic magnetoresistance (AMR). The
mixing of the oscillatory resistance and the oscillatory applied
current produces a dc voltage. The dc voltage was measured
using a bias tee and a nanovoltmeter at room temperature.

III. RESULTS AND DISCUSSION

A. Spin-torque ferromagnetic resonance

In Fig. 1(a), we show the ST-FMR spectra measured for
the Hf(10 nm)/Ni(12 nm)/SiO2-substrate at θH = 45◦. To
determine the DL-torque efficiency [14,22],

ξE
DL = ζ

2e

h̄
μ0MstNi

HDL

E
, (1)

we fit the measured ST-FMR signal using the sum of
the symmetric and antisymmetric functions [23]: Vdc =
SW 2/[(μ0H − μ0Hres)2 + W 2] + A[W (μ0H − μ0Hres)]/
[(μ0H − μ0Hres )2 + W 2], where h̄ is the reduced Planck
constant, Ms is the saturation magnetization, tNi is the
thickness of the Ni layer, E is the applied electric field,
Hres is the FMR field, and W is the linewidth. ζ = 1 for the
NM/FM structure and ζ = −1 for the FM/NM structure. The
polarization direction of the orbital current injected into the
Ni layer is opposite between the Hf/Ni and Ni/Hf bilayers. In
fact, the sign of HDL determined by the ST-FMR is opposite
between the Hf/Ni and Ni/Hf bilayers. In contrast, the signs
of the spin and orbital Hall conductivities of the Hf layer are
independent of the stacking order. By introducing the factor
of ζ = ±1, the DL-torque efficiency ξE

DL is defined such that
its sign is determined by the sign of the dominant mechanism
of the torque generation, i.e., the SHE or OHE, of the Hf
layer.

In the Vdc signal, the DL effective field HDL is proportional
to the symmetric component S as [24]

μ0HDL = 2
√

2SW

Irf�RAMR

2μ0Hres + μ0Meff

μ0Hres + μ0Meff

√
1 + μ0Meff

μ0Hres
, (2)

where �RAMR is the resistance change of the device due to the
AMR. Irf is the rf current flowing in the device, which is de-
termined by monitoring the resistance change induced by the
Joule heating due to the application of the rf current [24–26].
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FIG. 1. (a) ST-FMR spectra for the Hf(10 nm)/Ni(12 nm) bilayer
at θH = 45◦. The frequency f was varied from 7 to 12 GHz. The
solid circles and curves represent the experimental data and the fitting
results, respectively. In-plane magnetic field angle θH dependence of
(b) the symmetric component S and (c) the antisymmetric component
A for the Hf(10 nm)/Ni(12 nm) bilayer. The solid circles are the ex-
perimental data. The solid curve is the fitting result using a function
proportional to cos θH sin 2θH .

The antisymmetric component A is proportional to the sum
of the FL effective field HFL and the Oersted field HOe. As
shown in Figs. 1(b) and 1(c), we find S ∝ cos θH sin 2θH and
A ∝ cos θH sin 2θH , consistent with the model of the ST-FMR
[24]. This result indicates that an out-of-plane Oersted field is
negligible, showing that the applied rf current flows uniformly
in the device.

Figure 2(a) shows Hf-layer-thickness tHf dependence of
ξE

DL for the Hf/Ni bilayer. This result shows that the sign of the
DL torque is positive and the DL torque efficiency increases
with increasing tHf . The tHf dependent variation in ξE

DL shows
that the DL torque originates from the current flow in the
bulk of the Hf layer, indicating that the observed torque can
be attributed to the SHE or the OHE. We note that the sign
of the SHE is negative, while that of the OHE is positive in
Hf [27]. This indicates that the DL torque is dominated by
the OHE in the Hf layer in the Hf/Ni bilayer. This result
aligns with previous studies on the current-induced torque
generated by Hf [28–30]. In the devices used in the previous
studies, the FM layer is CoFeB. In such devices, the SHE
dominates the current-induced torque arising from the current
flow in the Hf layer. In contrast, our results indicate that the
OHE provides the dominant contribution to the torque when
the FM layer is Ni. The difference in the roles of the SHE
and OHE between the CoFeB-based and Ni-based devices
is consistent with the fact that the orbital response strongly
depends on the electronic structure of the FM layer [31].
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FIG. 2. (a) Hf-layer-thickness tHf dependence of the DL torque
efficiency ξE

DL for the Hf(tHf )/Ni(12 nm) bilayer (blue) and the
Ni(12 nm)/Hf(tHf ) bilayer (red). (b) Ni-layer-thickness tNi depen-
dence of the DL torque efficiency ξE

DL for the Hf(10 nm)/Ni(tNi)
bilayer (blue) and the Ni(tNi)/Hf(10 nm) bilayer (red). The open
circles are the experimental data. The solid curves are the fitting
results.

In fact, a similar conclusion has been obtained for Ta/FM
bilayers; the current-induced torque is dominated by the SHE
in a Ta/CoFeB bilayer, whereas it is dominated by the OHE
in a Ta/Ni bilayer due to the stronger orbital response of Ni
compared to CoFeB [12].

To verify our assumption that the observed torque in the
Hf/Ni bilayer is dominated by the OHE in the Hf layer, we
investigated the DL torque efficiency by varying the thickness
of the Ni layer tNi, as shown in Fig. 2(b). In the Ni layer,
the behavior of spin and orbital transport is fundamentally
different. When a spin current is injected into a FM, the spin
current decays within 1 nm due to spin dephasing. In contrast,
an orbital current can propagate over much longer distances
than the spin dephasing length [32]. Because of the short spin
dephasing length, ξE

DL should be independent of the FM layer
thickness within the range studied in Fig. 2(b) when the SHE
is dominant. However, Fig. 2(b) shows that ξE

DL increases with
tNi, which is consistent with the long-range nature of orbital
transport in FMs [14,15,17,19,32,33]. This result provides
further evidence that the DL torque in the Hf/Ni bilayer is
dominated by the OHE.
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FIG. 3. (a) ST-FMR spectra for the Ni(12 nm)/Hf(10 nm) bilayer
at θH = 45◦. The frequency f was varied from 7 to 12 GHz. The
solid circles and curves represent the experimental data and the fitting
results, respectively. In-plane magnetic field angle θH dependence of
(b) the symmetric component S and (c) the antisymmetric component
A for the Ni(12 nm)/Hf(10 nm) bilayer. The solid circles are the ex-
perimental data. The solid curve is the fitting result using a function
proportional to cos θH sin 2θH .

We analyze the tHf dependence of ξE
DL based on a spin

and orbital drift-diffusion model [15]. We assume that the
spin-orbital interconversion is sufficiently weak in the Hf
layer such that λS � λL, λLS, where λL(S) is the spin (orbital)
diffusion length, and λLS is a parameter that characterizes
the strength of the spin-orbital interconversion. In the limit
of a transparent interface [23], the orbital torque efficiency
under this assumption is proportional to 1 − sech(tHf/λL) as
ξE

DL = ξE
DL,L[1 − sech(tHf/λL)], where ξE

DL,L characterizes the
strength of the orbital torque. The experimentally determined
tHf dependence of ξE

DL suggests that there is a contribution to
the DL torque that is independent of tHf . To take into account
this contribution, we fit the experimental data using

ξE
DL = ξE

DL,L

[
1 − sech

(
tHf

λL

)]
+ C, (3)

where C represents the tHf -independent contribution to the DL
torque. The independence of C on tHf suggests its interfacial
nature, which can be attributed to interfacial spin-orbit torques
due to interfacial Rashba-type spin-orbit coupling. By fitting
the experimental data shown in Fig. 2(a) using Eq. (3), we
obtain ξE

DL,L = 622 ± 62 �−1cm−1, λL = 15.6 ± 2.8 nm, and
C = 222 ± 32 �−1cm−1 for the Hf/Ni bilayer. The extracted
characteristic length λL is clearly larger than the spin diffusion
length of Hf, around 2 nm [30,34], consistent with recent
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TABLE I. Comparison of the Hf/Ni/SiO2-substrate and Ni/Hf/SiO2-substrate devices. The DL torque efficiency ξE
DL,L of the Ni/Hf bilayer

is larger than that of the Hf/Ni bilayer by a factor of 2. The resistivity of the Ni(12 nm) layer, ρNi(12 nm), and that of the Hf layer, ρHf (tHf ),
and the crystallite size of the Ni(12 nm) layer, DNi, in the Hf/Ni and Ni/Hf bilayers are summarized. The tHf -dependent resistivity ρHf (tHf )
was determined by fitting the measured resistivity of the Hf layer using ρHf (tHf ) = ρbulk + at−1

Hf , where ρHf is the resistivity in the bulk limit
and at−1

Hf represents the resistivity due to the surface scattering.

Device ξE
DL,L (�−1cm−1) ρNi(12 nm) (µ�cm) ρHf (tHf ) (µ�cm) DNi (nm)

SiO2/Hf/Ni/SiO2 substrate 622 ± 62 19.6 79.1 + 5.86×10−7t−1
Hf 5.19 ± 0.13

SiO2/Ni/Hf/SiO2 substrate 1352 ± 213 14.4 91.6 + 1.58×10−7t−1
Hf 8.41 ± 0.05

reports that the orbital diffusion length is longer than the spin
diffusion length [14,32].

Our finding is that the DL torque efficiency ξE
DL,L is

enhanced by reversing the stacking order of the Hf/Ni/SiO2-
substrate structure. The ST-FMR result for the inverted
Ni(12 nm)/Hf(10 nm)/SiO2-substrate structure is summa-
rized in Fig. 3, and the determined values of ξE

DL are shown in
Fig. 2. From the result shown in Fig. 2(a), we obtain ξE

DL,L =
1352 ± 213 �−1cm−1, λL = 23.6 ± 4.1 nm, and C = 592 ±
34 �−1cm−1 for the Ni/Hf bilayer. This result demonstrates
that the DL torque efficiency of the OHE, ξE

DL,L, is doubled by
reversing the stacking order of the Hf/Ni bilayer.

To reveal the origin of the enhancement of the orbital
torque efficiency, we express the orbital torque efficiency
as ξE

DL,L[1 − sech(tHf/λL)] = ηFMTintσOHE, where Tint and
σOHE are the interfacial orbital transparency and the orbital
Hall conductivity of the Hf layer, respectively. Here, ηFM

represents the strength of the orbital response in the FM
layer, which arises from a combined action of the spin-orbit
coupling and spin-exchange coupling in the FM layer [11].
To obtain insight into σOHE in the Hf/Ni and Ni/Hf bilayers,
we determined the resistivity ρHf of the Hf layer in the Hf/Ni
and Ni/Hf bilayers (see Table I). This result shows that the
Hf layer is in the moderately dirty regime in both the Hf/Ni
and Ni/Hf bilayers, suggesting that the OHE in the Hf layer
is dominated by the intrinsic mechanism. Since the intrinsic
orbital Hall conductivity is predicted to be independent of
ρHf , we assume that σOHE is nearly identical between the
Hf/Ni and Ni/Hf bilayers. This indicates that the difference
in the orbital torque efficiency between the Hf/Ni and Ni/Hf
bilayers can be attributed to a difference in ηFMTint.

B. Materials characterization

To clarify the origin of the difference in the orbital torque
efficiency, or ηFMTint, between the Hf/Ni and Ni/Hf bilayers,
we examined the crystalline structure of the Hf and Ni layers
by conducting x-ray diffraction (XRD) measurements for the
Hf(28 nm)/Ni(12 nm) bilayer and the Ni(12 nm)/Hf(28 nm)
bilayer, as shown in Fig. 4. As shown in Fig. 4(a), the XRD
patterns of the Hf layer demonstrate that the Hf layer is a
hexagonal closed-packed (hcp) structure in both the Hf/Ni
and Ni/Hf bilayers. This result also shows that the XRD
patterns are almost identical between the bilayers, confirm-
ing that the crystallinity of the Hf layer is insensitive to the
stacking order. In contrast, the XRD patterns of the Ni layer
in the different films are strongly dependent on the stacking
order. The XRD patterns shown in Fig. 4(b) indicate that the

Ni layer is a face-centered cubic (fcc) structure in the Hf/Ni
and Ni/Hf films.

From the XRD results, we estimate the crystallite size D
using the Scherrer equation [35–37],

D = Kλ

β cos θ
, (4)

where K = 0.9 is the Scherrer constant, λ is the x-ray wave-
length, β is the full width at half maximum of the XRD peaks
in radians, and θ is the Bragg angle. Here, D for the (hkl )
peak represents the volume-weighted mean column length,
that is, a mean crystallite size in the direction perpendicular
to the (hkl ) plane [37], where hkl are the Miller indices.
The crystallite size of the Hf layers is almost identical in the
Hf/Ni and Ni/Hf bilayers; we obtain DHf = 11.61 ± 0.05 nm
and DHf = 11.28 ± 0.04 nm for the Hf(28 nm)/Ni(12 nm)
and Ni(12 nm)/Hf(28 nm) bilayers, respectively, from the
Hf(0002) peaks shown in Fig. 4(a). Here, the error of D
estimated from the Scherrer equation is the standard error
of the Gaussian fitting. In contrast to the almost identical
crystallite size of Hf layers in the different films, the XRD

FIG. 4. (a) XRD patterns for the Hf(28 nm) layer in the
Hf(28 nm)/Ni(12 nm) bilayer (blue) and the Ni(12 nm)/Hf(28 nm)
bilayer (red). The XRD patterns show that the Hf layer is a
hexagonal closed-packed (hcp) structure. (b) XRD patterns for the
Ni(12 nm) layer in the Hf(28 nm)/Ni(12 nm) bilayer (blue) and
the Ni(12 nm)/Hf(28 nm) bilayer (red). The XRD patterns show that
the Ni layer is a face-centered cubic (fcc) structure.
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ages of the (a) Hf/Ni and (b) Ni/Hf bilayers. Fast Fourier transform
patterns for the Ni layers of the (c) Hf/Ni and (d) Ni/Hf bilayers,
and the Hf layers of the (e) Hf/Ni and (f) Ni/Hf bilayers.

results demonstrate that the crystallite size of the Ni layer
strongly depends on the stacking order; the crystallite size
estimated from the Ni(111) peak is DNi = 5.19 ± 0.13 nm for
the Hf(28 nm)/Ni(12 nm) bilayer, and DNi = 8.41 ± 0.05 nm
for the Ni(12 nm)/Hf(28 nm) bilayer, showing better crys-
tallinity of the Ni layer in the Ni/Hf bilayer compared to that
in the Hf/Ni bilayer.

The degree of texture can be quantified by estimating the
peak height ratio from a single XRD pattern. For the Hf
layer, the peak height ratio of A(101̄1)/A(0002) is 0.32 for
the Hf/Ni bilayer and 0.28 for the Ni/Hf bilayer. The obtained
results are very close, indicating a similar crystallinity of the
Hf layers in the Hf/Ni and Ni/Hf bilayers. For the Ni layer,
the clear difference in the strength of the XRD peaks suggests
a higher degree of (111) texture in the Ni/Hf bilayer compared
to the Hf/Ni bilayer. However, it is challenging to quantify
the degree of texture from the XRD patterns because only
one XRD peak is observed. Since the XRD peak intensity
depends on many factors during the measurements, such as
the small tilting angle of the film surface to the sample holder,
it is inappropriate to directly compare the XRD peak intensity
from the XRD patterns of each sample. Thus, to further study
the microstructure of the Ni and Hf layers, we have performed
the cross-sectional transmission electron microscope (TEM)
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FIG. 6. XRR profiles for (a) the Hf(28 nm)/Ni(12 nm) bilayer
and (b) the Ni(12 nm)/Hf(28 nm) bilayer. The solid circles and
curves are the experimental data and the fitting results, respectively.
Schematic illustration of the structure with the thickness of the inter-
mixing layer is also shown in the inset.

observations on the Hf/Ni and Ni/Hf bilayers, as shown in
Figs. 5(a) and 5(b), respectively.

From the TEM results, the structures of the Ni and the
Hf layer are characterized using the fast Fourier transform
(FFT) patterns. As shown in Fig. 5(c), the FFT pattern of
the Ni layer in the Hf/Ni bilayer reveals a diffraction ring,
indicating the presence of small crystallites of Ni without
a preferred crystallographic orientation during the thin film
growth. This suggests that the polycrystalline grains are ran-
domly distributed in the Ni layer. In contrast, as shown in
Fig. 5(d), the FFT pattern of the Ni layer in the inverted
structure (Ni/Hf) shows strong diffraction spots along the film
normal direction from {111} plane diffraction, which confirms
a strong Ni (111) texture. This indicates that, besides the {111}
planes, nearly no other crystallographic facets are parallel to
the film surface. These results are consistent with the XRD
results, where a vanishingly small Ni (111) peak in the Hf/Ni
bilayer and a strong Ni (111) peak in the Ni/Hf bilayer are
observed, supporting a higher degree of (111) texture in the
Ni layer of the Ni/Hf bilayer compared to the Hf/Ni bilayer.
For the Hf layers, the FFT patterns show strong diffraction
spots along the film normal direction in both the Ni/Hf and
Hf/Ni bilayers, indicating a strong crystallographic texture.
These results are also consistent with the XRD results.

We also characterize the interfaces by x-ray re-
flectivity (XRR) for the Hf(28 nm)/Ni(12 nm) and
Ni(12 nm)/Hf(28 nm) bilayers, as shown in Figs. 6(a) and
6(b). By fitting the data based on the Levenberg-Marquardt
method, we obtain the thickness of the intermixing layer as
1.53 nm at the Hf/Ni interface and 1.13 nm at the Ni/Hf
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interface. This result suggests that the intermixing-layer
thickness, as well as the crystallinity of the Ni layer, is
different between the Hf/Ni and Ni/Hf bilayers. To study
the impact of the intermixing-layer thickness on the orbital
torque generation, we also measured the DL torque efficiency
for a Hf/Ni/Hf film (see Appendix). The result shows that
Tint is almost identical between the top Hf/Ni and bottom
Ni/Hf interfaces, suggesting that a slight difference in the
thickness of the intermixing layer does not significantly alter
the interfacial orbital transparency Tint. However, it cannot
be concluded that Tint is nearly identical between the Hf/Ni
and Ni/Hf bilayers because the microstructure of the Ni layer
is clearly different between the Hf/Ni and Ni/Hf bilayers,
while the nearly identical Tint is demonstrated between the
Hf/Ni and Ni/Hf interfaces with the well-crystalline Ni
layer. Rather, these observations imply that the primary factor
potentially leading to a difference in Tint between the Hf/Ni
and Ni/Hf bilayers could be the distinct microstructures of
the Ni layer rather than the thickness of the intermixing layer.
In the present study, we assume that both ηFM and Tint are
influenced by the crystallinity of the Ni layer. Identifying
which parameter is more sensitive to the crystallinity of the
Ni layer remains challenging at this stage, and we leave this
for future study.

The above results demonstrate the strong impact of the
crystallinity of the FM layer on the generation of the orbital
torque induced by the OHE. This result is clearly different
from the generation of the spin-orbit torque by the SHE. A
previous study has demonstrated that the spin-orbit torque
originating from the SHE is insensitive to the crystallinity of
the FM layer in FM/NM structures [8]. These observations
are consistent with a theoretical prediction that the spin injec-
tion is less susceptible to the crystalline structure, while the
orbital injection depends strongly on the crystallinity, which
determines the orbital hybridization [32]. Here, Fig. 2(a) also
shows a clear difference in the tHf -independent contribution
of ξE

DL, C: C = 222 �−1cm−1 in the Hf/Ni bilayer and C =
592 �−1cm−1 in the Ni/Hf bilayer. This result suggests that
the interfacial Rashba effect is more pronounced in the Ni/Hf
bilayer than in the Hf/Ni bilayer. This result is consistent
with a previous report, which suggests that the emergence
of the (111) structure in the FM layer enlarges the interfacial
symmetry breaking and consequently enhances the interfacial
Rashba effect [8].

IV. CONCLUSIONS

In conclusion, we have investigated the current-induced
torque in the Hf/Ni and Ni/Hf bilayers using the ST-FMR. We
found that the DL torque efficiency in the Hf/Ni and Ni/Hf
bilayers increases with increasing the Hf thickness. The sign
of the observed torque suggests that the OHE is the dominant
mechanism of the torque generation. We also found that the
torque efficiency increases by increasing the Ni thickness,
providing evidence that the torque is dominated by orbital
currents. Our results show that the orbital torque efficiency
of the Ni/Hf bilayer is larger than that of the Hf/Ni bilayer
by a factor of two, which is attributed to the difference in the
crystallinity of the Ni layer. A recent experiment has shown
that the orbital torque depends on the interface crystallinity

exp.
cosθH sin2θH
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FIG. 7. (a) ST-FMR spectra for the Hf(10 nm)/Ni(12 nm)/
Hf(10 nm) trilayer at θH = 45◦. The frequency f was varied from
9.5 GHz to 12 GHz. The solid circles and curves represent the
experimental data and the fitting results, respectively. (b) In-plane
magnetic field angle θH dependence of the symmetric component S
and the antisymmetric component A. The solid circles are the exper-
imental data. The solid curves are the fitting result using functions
proportional to cos θH sin 2θH .

[38]. Our results demonstrate that the bulk crystallinity of
the FM layer, as well as the interface crystallinity, plays an
important role in the orbital response. This is consistent with
the fact that the orbital dynamics is governed by crystal fields
in solids.
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APPENDIX

We measured the ST-FMR for a SiO2(4 nm)/Hf(10 nm)/
Ni(12 nm)/Hf(10 nm)/SiO2-substrate structure, as shown
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fit.
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FIG. 8. XRR profiles for the Hf(28 nm)/Ni(12 nm)/Hf(28 nm)
trilayer. The solid circles and curves are the experimental data and
the fitting results, respectively. Schematic illustration of the structure
with the thicknesses of the intermixing layers is also shown in the
inset.
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in Fig. 7. From this result, we obtain the DL torque ef-
ficiency of the symmetric Hf/Ni/Hf trilayer as |ξE

DL| =
16 �−1cm−1. The vanishingly small ξE

DL indicates the can-
cellation of the torques from the top Hf/Ni and bottom
Ni/Hf layers, demonstrating that TintσOHE is almost identi-
cal between the top Hf/Ni and bottom Ni/Hf layers. This
result shows that Tint is also almost identical between the
Hf/Ni and Ni/Hf interfaces because of the nearly identical

σOHE of the top and bottom Hf layers. Figure 8 shows the
XRR result for the Hf(28 nm)/Ni(12 nm)/Hf(28 nm) film,
which indicates that the thickness of the intermixing layer is
slightly different between the top Nf/Ni and bottom Ni/Hf
interfaces. These results suggest that the slight difference in
the thickness of the intermixing layer does not strongly al-
ter the interfacial orbital transparency Tint in the Hf/Ni/Hf
trilayer.
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