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It has been suggested that the anisotropic behavior of orbital transport can be distinct from that of the spin
counterpart. On another front, the microscopic mechanisms underlying the anomalous Hall effect and the spin
Hall effect are generally categorized into the intrinsic Berry curvature mechanism and the extrinsic mechanism
induced by disorder scattering, each with distinct scaling relations. A similar analysis for orbital transport has
rarely been performed. Here, we investigate both aspects of the orbital current generation in a light metal V.
The orbital-to-spin conversion is achieved using a heavy metal Pt insertion layer or Ni as the ferromagnetic
layer. Benefiting from the epitaxial growth of V with a low disorder strength, the orbital current generation is
characterized by a large transverse conductivity and long diffusion length, consistent with the expectation for
an intrinsic orbital Hall effect. Across all the heterostructures studied, we confirm the orbital current’s isotropic
nature, i.e., the orbital current generation is barely affected when the charge current is applied along different
crystallographic directions, consistent with the high-symmetry crystal structure. Crucially, the intrinsic nature of
the orbital current generation is demonstrated by the scaling analysis, showing a scattering-independent orbital

Hall conductivity.
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I. INTRODUCTION

Symmetry breaking, a common thread in physics, can ren-
der spatial directions inequivalent, leading to anisotropy. In
the context of spintronics, magnetizations, spin polarizations,
and orbital textures, etc., naturally select preferred directions,
laying the foundation for anisotropic transport phenomena
of technological significance [1]. Taking magnetic random-
access memory as an example, the initial versions utilizing
giant/tunneling magnetoresistance exploit anisotropic elec-
tron scattering that depends on the relative orientation of
the magnetization in different ferromagnetic (FM) layers [2];
While in the latest generations, exotic mechanisms for spin-
orbit torque generation are currently under intensive research
[3-5]. A pertinent example is altermagnets generating spin-
splitting torque depending on the applied electrical current
relative to specific crystallographic directions, where the re-
sultant spin polarization of the spin current can be collinear
with the Néel vector [6,7]. Another notable example is that
the concerted action of conventional and magnetic spin Hall
effects can lead to anisotropic spin current generation even in
a high-symmetry cubic noncollinear antiferromagnet [8].

Long assumed to be quenched by the crystal field, the or-
bital degree of freedom has been recently argued to be a more
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fundamental source of nonequilibrium angular momentum
than spin, when the electronic band structure is characterized
by varying orbital characters across the momentum space via,
e.g., the orbital Hall effect (OHE) [9-11]. In contrast to the
spin counterpart, the anisotropy of orbital angular momentum
transport has received less attention, although the anisotropy
can generally be expected considering the anisotropic prob-
ability distribution represented by most orbitals and the
hybridization between them. Indeed, several experimental
findings implicated the existence of such anisotropy. For ex-
ample, the difference in the characteristic length scale of
orbital torque generation in atomically ordered L.1,-CoPt and
disordered A1-CoPt alloys was argued to correlate with the
anisotropic in-plane and out-of-plane hybridization between
the Co and Pt d orbitals [12]. Furthermore, the orbital torque
efficiency was found to be significantly higher in fcc Ti(001)
than Ti(111) when they are, respectively, interfaced with a fcc
(111) FM, which was attributed to the different alignment con-
ditions between the momentum-space orbital Berry curvature
hotspots [13].

In the above works, however, the anisotropy manifests
more as a property of the orbital-torque-probing FM layer, or
as a characteristic of the specific combination of the orbital
current source and the FM layer. The anisotropy of orbital
current generation in the source layer itself has rarely been
explored. A theoretical study predicted significant anisotropy
in the OHE of light metals with a relatively low-symmetry
hexagonal close-packed structure; i.e., the orbital Hall
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conductivity differs substantially when the driving charge cur-
rent is applied along different crystallographic directions. The
anisotropy of the OHE was also found to be distinct from
the spin Hall effect, although both share identical symme-
try transformation properties [14]. The experimental effort
along this line was limited to interfacial effects and insulating
source layers: Anisotropic orbital Rashba-Edelstein effect was
recently demonstrated in epitaxial CuO films, with a four-
fold symmetry comprehensible only when the induced crystal
distortion is considered [15]. The anisotropies of the orbital
and spin angular momentum can be distinctly different due
to fundamental differences in the chiral structures of various
bands, which can be sensitive to the position of the Fermi
level in a multiorbital system. This was showcased by the
two-dimensional electron gas at the LaAlO3/SrTiO; interface,
where the orbital response is isotropic while the spin compo-
nent is anisotropic [16].

These findings highlight a central challenge in understand-
ing the anisotropy of orbital current generation: the response
function’s anisotropy cannot be naively inferred from the
underlying crystal symmetry without a detailed analysis of
how weighted contributions from bands with different or-
bital characters add up. Choosing a high-symmetry source
material, such as one with a cubic structure, is expected to
partially alleviate this difficulty. On another front, it has been
proposed that disorder plays a critical role in the relaxation of
nonequilibrium orbital densities, and the consideration of ex-
trinsic mechanisms may be vital in addressing the discrepancy
between theory and experimental results in OHE materials,
especially in thin films of light metal, such as Ti [17-20].
Therefore, differentiating the intrinsic versus extrinsic mech-
anisms underlying the orbital transport is also of primary
importance.

In this work, we investigate the orbital current genera-
tion in a light metal V with a bcc structure, which was
predicted to exhibit a large orbital Hall conductivity ooy ~
5.8 x 10°(i1/e)(2 cm)~! and a spin counterpart oy ~ —9 x
10'(i/e)(2 cm)~! [21]. Utilizing a heavy metal Pt inser-
tion layer or Ni as the FM layer for the orbital-to-spin
current conversion, we achieve a dampinglike torque effi-
ciency on the order of 0.1, corresponding to ooy ~ 1.8 X
10°(i/e)(2 cm)~!. By varying the V layer thickness, we
determine the orbital diffusion length to be Ayp ~ 5.38 nm.
Benefiting from the reduced scattering in our high-quality epi-
taxial V films, the ogy is orders of magnitude higher than ever
reported [22-25], and on the same order as the expected value
for intrinsic OHE from first-principles calculations [21]. Cru-
cially, compared with previous studies on amorphous V films,
our single-crystal films enable the application of electrical
current along different crystallographic directions. We con-
firm the isotropy of orbital current generation in V, which is
consistent with the expectation for cubic materials. Character-
izing the orbital current generation at different temperatures,
we found a scattering-independent scaling, consistent with the
expectation for intrinsic OHE.

II. EXPERIMENTAL METHODS

Samples of V/Ni, V/Pt/Py (Permalloy, Nig;Fe),
V/Pt/Py/Pt, and V/[Co/Pt]; heterostructures were deposited
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FIG. 1. (a) A schematic of the orbital current generation and
detection in a V/FM bilayer by ST-FMR measurements. Via the OHE
of V, an in-plane microwave current generates an orbital current,
which exerts torques on the FM magnetization after being converted
to a spin current in the FM layer, or via a heavy-metal insertion layer
before entering the FM layer (not shown). (b) High-resolution XRD
6-26 spectrum of a V single-layer film grown on the MgO(001)
substrate. The inset illustrates the bce structure of V. (¢) The ¢-scan
around V(101), showing a 45° epitaxial relation with the substrate.
(d) The surface morphology of V, characterized by AFM.

on MgO(001) single-crystal substrates by DC magnetron
sputtering with a base pressure below 5 x 1078 Torr. The
MgO(001) substrate was first pre-annealed at 600°C for
1 h under ultrahigh-vacuum conditions to remove surface
contaminants. Epitaxial V films were then deposited at 300 °C
with a V target (99.99% purity) at a sputtering power of 30 W
and Ar gas pressure of 3 x 1072 Torr, followed by postanneal-
ing at 300 °C for 1 h to enhance crystallinity. Ni, Py, Co, and
Pt layers were deposited at room temperature using sputtering
powers of 30 W for Ni and Py, and 20 W for Co and Pt, respec-
tively. The crystallinity of the V films was characterized by
high-resolution X-ray diffraction (XRD, Bruker D8 Discover)
with Cu K, radiation (A = 1.5406 A), including 6-26 scans
and ¢ scans. The surface morphology was measured by
atomic force microscopy (AFM, Park NX10) in noncontact
mode. Static magnetic properties were tested using a magnetic
property measurement system (Quantum Design). Spin-
torque ferromagnetic resonance (ST-FMR) measurements
were performed using a vector network analyzer (Keysight
N5232B) at microwave frequencies of 6-14 GHz, with a
low-frequency (277 Hz) ac magnetic field (0.2 mT) for signal
modulation. The radio frequency source output power was set
to 15-20 dBm, and the resonance response was verified to be
in the linear regime. The measurement scheme for ST-FMR is
shown in Fig. 1(a). While in typical ST-FMR measurements
only the orientation of the magnetic field is varied, here
the microwave current is also applied along different
crystallographic directions to study orbital current anisotropy.
In other words, ¢y is scanned from 0° to 360° in the film
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FIG. 2. (a) Schematic diagram of the crystallographic orienta-
tions of V and MgO in the (001) plane, and the direction of the
in-plane magnetic field, at an angle ¢ with respect to the V[110] di-
rection. (b)—(d) respectively shows the M—H loops of V/Py, V/Pt/Py,
and V/Ni measured at ¢y = 0° and 45°. Except for V/Ni, the
magnetization loops are basically isotropic along different in-plane
directions. For V/Ni, the slanted loop at ¢y = 45° can be attributed to
an anisotropy due to an induced epitaxy at the interface. The numbers
in the parentheses indicate the thickness of the corresponding layer
in nm.

plane for each fixed value of ¢g. The Hall resistance was
measured in a physical property measurement system (PPMS,
Quantum Design) with a dc source and lock-in amplifier.
The current-induced magnetization measurements were
conducted using a Keithley 6221 current source and a 2182
nanovoltmeter.

III. RESULTS

Figure 1(b) shows the high-resolution XRD 6-26 spec-
trum of a V single-layer film grown on MgO(001). The (00])
peaks reveal the film growth orientation and confirm the body-
centered cubic structure of V. As shown in Fig. 1(c), the ¢
scan of V(101) exhibits fourfold symmetry, with the V peaks
shifted by 45° relative to the MgO peaks, indicating the epi-
taxial relation of MgO(001)[100] || V(001)[110] [also shown
in Fig. 2(a)]. The smooth surface of the V film is evidenced by
a rms roughness of 0.20 nm over an AFM measurement area
of 5 x 5 um? [Fig. 1(d)]. These characterizations confirm the
high-quality and single-crystal nature of our epitaxial V films.

The orbital current generated in V must be converted to
a spin current before it can interact with the magnetization
in the adjacent FM layer and then be detected. For efficient
detection by ST-FMR, Py is chosen as the FM layer due
to its large anisotropic magnetoresistance. A heavy-metal Pt
layer is inserted between V and Py for orbital-to-spin con-
version. Alternatively, we use Ni as the FM layer, which is
an ideal orbital-to-spin converter due to its large spin-orbit
correlation at the Fermi level [26,27]. We first characterize
the static magnetic properties of these heterostructures, with a
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FIG. 3. (a) A schematic illustration of the field-modulated ST-
FMR measurement setup. A microwave and a dc current are applied
via a bias tee, while a coil modulates the applied field at a low
frequency. (b) The ST-FMR spectrum of V(10)/Pt(1.5)/Py(6) with
microwave frequency at 6 GHz. The black and red curves show the
antisymmetric and symmetric Lorentzian components of the reso-
nance peak, respectively. Note that the antisymmetric component
is labeled Vs while the symmetric one is labeled V, (see the main
text). (c¢) In-plane magnetic field angle ¢y dependence of Vs and
Va for V(10)/Pt(1.5)/Py(6) with the microwave current applied along
V[110](¢r = 0°). The solid lines show the fitting to cos¢ysin2¢y.
(d) The torque efficiency £ as a function of the Pt layer thickness #p,
for V(10)/Pt(tp,)/Py(6).

magnetic field applied in the (001) plane and at ¢ = 0° and
45° with respect to the V[110] direction. The magnetization
loops for V/Py, V/Pt/Py, and V/Ni are shown in Figs. 2(b)—
2(d), respectively. The rectangular shape of the loops and the
clear hysteresis confirm the easy-plane anisotropy of these
heterostructures, a prerequisite for ST-FMR measurements.
Importantly, no anisotropy can be observed for the loops
measured with different ¢5. The only exception is V/Ni,
for which the loop at ¢y = 0° shows a slanted shape and a
reduced remanence ratio of M, /Mg ~ 0.56 compared to 0.76
at ¢y = 45°. Such anisotropy might be due to an induced
epitaxy at the interface [28].

ST-FMR has been established as a powerful probe of or-
bital/spin torques [29]. In a typical ST-FMR setup, the signal
is a rectified voltage Vyix, whose line shape can be decom-
posed into a symmetric and an antisymmetric component near
the resonant condition, characterizing the in-plane spin-orbit
torque 7 and out-of-plane torque 7, respectively. In this
work, we employed a field-modulated ST-FMR technique
[Fig. 3(a)] to suppress large nonmagnetic background signals,
yielding a dVp,ix/dH signal. As mentioned above, Py is an
ideal FM layer for ST-FMR measurements due to its large
anisotropic magnetoresistance. However, due to the small osy
of V and the inefficiency of Py in orbital-to-spin conversion,
we exploit the strong spin-orbit coupling of a heavy-metal
Pt insertion layer [26,30]. A representative ST-FMR spec-
trum for V(10)/Pt(1.5)/Py(6) (thickness in nm) is shown in
Fig. 3(b). The signal can be decomposed into symmetric and
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antisymmetric Lorentzian components using Eq. (1) [31-33]:

—2VsA2(H — H,) + VAA[A? — (H — H))?]

dViix/dH =
/ [(H — H)* + A%]

ey
Note that due to the derivative nature of the signal in our
field-modulated mode, the antisymmetric Lorentzian compo-
nent corresponds to Vs while the symmetric Lorentzian one
to Va. The decomposition is corroborated by the ¢y depen-
dence of Vg and V, shown in Fig. 3(c), with both showing
a cos¢ysin2¢y dependence consistent with the expectation
for a conventional spin current with only y polarization. The
charge-to-spin conversion efficiency £ is calculated by Eq. (2)

[33,34]:
Vs e A7 Mo
= — —woMsteminm, | 1 + ———. 2
§ Va hMO sIFMINM + H )

In Egs. (1) and (2), H; is the resonance field, A is the
half width at half maximum, p is the vacuum permeability,
tem (tnm) is the thickness of the FM (nonmagnetic) layer,
M is the saturation magnetization, and M. is the effective
magnetization, which can be obtained from the Kittel equa-
tion f = 5—+/(H; + Hy)(H; + 4w Mg + Hy), where Hy is the
magnetocrystalline anisotropy field. We found that as the
thickness of Pt is increased, & increases first before saturating
attpe > 1.5 nm, consistent with the spin diffusion length of Pt
[35-37]. Therefore, in the following experiments on V/Pt/Py
heterostructures, we fix fp; at 1.5 nm.

Measurements of £ as a function of fy allow us to sep-
arately estimate the dampinglike (¢pp) and fieldlike (&pr)
torque efficiencies by Eq. (3) [33,34]:

.- 4
§ oL e poMsteminm

which shows that the intercept of 1/& in the limit of 1/fpm
— 0 yields &pr.. We focus on &pp, which is the main driving
force in many application scenarios of the spin/orbital cur-
rent, e.g., magnetization switching. For V(10)/Pt(1.5)/Py(zpy),
&pr = 0.176 is obtained. This large value of &p;, mainly comes
from the orbital current generated in V, which is efficiently
converted to a spin current by Pt and then exerts a large
torque on the magnetization of Py. To compensate for the
spin current generated by the Pt layer itself, we also fab-
ricated V(10)/Pt(1.5)/Py(tpy)/Pt(1.5), in which the spin Hall
contribution from Pt is canceled due to the symmetric con-
figuration. &p, indeed decreases, but still retains a large value
of 0.124. Notably, the positive sign of &p is consistent with
a dominant orbital contribution according to first-principles
calculations [21].

Next, we investigate the anisotropy of the spin current
converted from the orbital current of V. This is achieved by
varying the direction of the microwave current relative to
the crystallographic orientation of V, i.e., changing ¢g. For
each fixed ¢g, by ¢y-scanning measurements, as shown in
Fig. 3(c), we obtain the values of Vg and V, from a fitting to
the cos¢ysin2¢y angular dependence. £ can then be deter-
mined using Eq. (2). As shown in Figs. 4(c) and 4(d), for both
V(10)/Pt(1.5)/Py(6) and V(10)/Pt(1.5)/Py(6)/Pt(1.5), & shows
a negligible variation when ¢y traverses 90° from V[110].
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FIG. 4. 1/£ as a function of 1/tpy in V(10)/Pt(1.5)/Py(tpy) (a) and
V(10)/Pt(1.5)/Py(tpy)/Pt(1.5) (b). The solid line shows a linear fit.
The anisotropy of the orbital current generation, characterized by &
as a function of ¢, is shown in (c) for V(10)/Pt(1.5)/Py(6) and (d) for
V(10)/Pt(1.5)/Py(6)/Pt(1.5). The insets plot the resonance frequency
f as a function of the resonance field H,, where the overlapping
lines with different ¢z indicate the isotropy of the magnetism of Py,
echoing the results in Fig. 2.

The isotropy of the magnetism of Py has been confirmed in
Figs. 2(b) and 2(c), and is also reflected by the overlapping
lines in the insets of Figs. 4(c) and 4(d). The spin-orbit correla-
tion of Pt is also isotropic [8,38,39]. Therefore, the isotropy of
& confirms the isotropic orbital current generation in V, which
forms the main experimental finding of this work.

The efficient and isotropic orbital current generation in V
is also verified using Ni as the FM layer, where orbital-to-spin
conversion and spin-torque absorption occur simultaneously.
Varying the Ni thickness in V(10)/Ni(tn;), we obtain a large
&pL = 0.122 [Fig. 5(a)], corresponding to ooy = &pL/pxx =
1.8 x 10*(h/e)(2 cm)™! (with pe ~ 32.94 uQ2 cm). Note
that here we have assumed a perfect transmission of the orbital
current at the interfaces. In reality, the transparency is bound
to be less than 1, which translates to an even larger oop.
This indicates not only a high efficiency of orbital current
generation in V but also a conversion efficiency of Ni as high
as that of a Pt insertion layer. We also vary the thickness of
V while keeping the thickness of Ni constant. As shown in
Fig. 5(b), £ increases with ty first and then tends to saturate.
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FIG. 5. (a) 1/& as a function of 1/#y; in V(10)/Ni(#y;). The solid
line shows a linear fit. (b) & as a function of #y in V(#y)/Ni(6). The
solid line shows the fitting to a drift-diffusion equation (4). (c) & as
a function of ¢ for V(10)/Ni(6). The inset shows the slight in-plane
anisotropy of the Ni magnetism as reflected by the nonoverlapping
lines, echoing the results in Fig. 2.

The orbital diffusion length Ay can be obtained by fitting &
as a function of #y to a drift-diffusion equation [17,40]:

E(ty) = soo[l - sech(}fvb>:|, @)

in which & is the value in the limit of an infinitely thick
V. The fitting yields Ao = 5.38 nm. The increasing trend
of & and the relatively large Ao indicate that the orbital
current is generated in the bulk of V via the OHE. We exclude
the effect of the self-torque in Ni by a control sample of
Si/Si0,/Ni/Si3Ny4, which shows negligible Vs in our ST-FMR
measurements (not shown). Indeed, the self-torque of Ni is ex-
pected to manifest itself only when a thick Ni layer interfaces
with a heavy metal layer [41,42].

The ¢r dependence of & shown in Fig. 5(c) is again
basically isotropic. The ¢r dependence of & for various het-
erostructures shown in Figs. 4(c), 4(d), and 5(c), collectively
allows us to reach the conclusion of isotropic orbital current
generation in V.

To further confirm the isotropic nature of the orbital cur-
rent, we performed current-induced magnetization switching
experiments in V(10)/[Co(0.3)/Pt(0.7)]5. The Hall resistance
of the heterostructure with an out-of-plane magnetic field
with the current along V[100] and V[110] is shown, respec-
tively, in Figs. 6(a) and 6(b). The square loop originates
from the anomalous Hall effect of the FM layer with perpen-
dicular magnetic anisotropy. Current-induced magnetization
switching under an in-plane auxiliary magnetic field is shown
in Figs. 6(c) and 6(d). The cases for the current along
different crystallographic directions show a consistent switch-
ing ratio of ~88% and critical current density of 2.3 x
107 A cm~2, comparable to the value reported previously
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FIG. 6. The Hall resistance loops for V(10)/[Co(0.3)/Pt(0.7)];
are shown in (a) and (b), where the current is applied along
V[100] and V[110], respectively. (c) and (d) present the current-
induced magnetization switching under an in-plane auxiliary field
of + 200 Oe.

for V/CoFeB/MgO [22]. Notably, the current-induced mag-
netization switching properties show no dependence on the
direction of the applied current, again confirming isotropic
orbital current generation in V.

To investigate whether orbital current generation in V orig-
inates from intrinsic or extrinsic mechanisms, we performed
ST-FMR measurements across a range of temperatures. Due
to the good metallicity, the o, of V can be tuned substantially
by varying temperature (see the inset of Fig. 7). Since one
needs &p. for the extraction of ogy, and the determination of
&pL requires measurements on samples with varying FM layer
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FIG. 7. The electrical conductivity o, dependence of &/p,,, as
a measure of the orbital Hall conductivity ooy, for V(10)/Ni(6).
The dashed line and the shaded area guide the eye for the constant
behavior against variation in o,,. The inset shows the temperature
dependence of o, of the V(10) film.
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TABLE I. Comparison of the orbital transport properties of V
from various studies. For the first three rows, consideration of both
the spin Hall and orbital Hall effects is essential. For the remaining
rows, a dominant OHE is sufficient. For row 1, ooy should be treated
as an effective osy. For row 2, the small Ay results from fixing
oon to the first-principles calculation value when fitting the MOKE
signal. In other words, the large ooy in row 2 is not an experimentally
determined value. ooy takes a negative value for rows 1 and 7. For
row 8, we assume a perfect transmission of the orbital current at
the interfaces, and the ooy should be considered a lower bound of
the true value. HH: harmonic Hall; MOKE: magneto-optical Kerr
effect; ST-FMR: spin-torque ferromagnetic resonance; HMR: Hanle
magnetoresistance.

|UOH| }‘forb Puxx
Row Method (fi/e)(Qcm)™' (nm) (U2 cm) Ref.
1 HH 7.0 x 10° 143 [22]
2 MOKE 2.1 x 103 0.7 41 [43]
3 MOKE 9.8 x 10! 35 41 [43]
4 ST-FMR 3.6 [23]
5 HMR 7.8 x 10! 2 270 [24]
6 HMR 6.3 x 10! 2 380 [24]
7 ST-FMR 7.2 x 10? 15 85 [25]
8 ST-FMR 1.8 x 103 5.4 33 this work

thickness, here we use & / o, as a measure of ooy for a sample
with a fixed FM layer thickness. As shown in Fig. 7, £/ p,, is
basically constant in our range of oy, i.e., the orbital current
generation in V is independent of scattering.

IV. DISCUSSIONS

Dominant OHE. A complex competition among the bulk
spin Hall effect, OHE, and interfacial Rashba effect was sug-
gested to be responsible for the sign reversal of &pp with
increasing V thickness in V/CoFeB/MgO [22]. The over-
all thickness dependence of the magneto-optical Kerr effect
(MOKE) signal for thick V films can be accounted for only
with two distinct length scales, indicating that invoking both
the spin and orbital Hall effects is essential [43]. In contrast, a
dominant OHE was concluded from previous measurements
of ST-FMR, Hanle magnetoresistance, and THz emission
[23-25]. The large and positive &pp, we obtained translates to a
dominant opy over osy, consistent with the expectation from
first-principles calculations [21]. This is further reflected in
the single diffusion length extracted from Fig. 5(b), where the
increasing-then-saturating trend also points to the bulk nature
of the orbital current generation.

Magnitude of the OHE. The values of ooy extracted from
various reports are listed in Table I. The small ooy value (with
a negative sign) determined by harmonic Hall measurements
on V/CoFeB/MgO heterostructures (row 1), is due to the
cancellation between osy and ooy [22]. For magneto-optical
Kerr effect measurements (rows 2 and 3), ooy is a fitting
parameter that covaries with Ao, and is allowed to change in a
large interval [43]. For the ST-FMR data shown in row 7, ooy
takes a negative value, which was argued to be determined
by the competition between local electron circulation and
contributions that fundamentally originate in the circulation

of Wannier functions at the surface of the sample [25]. The
latter part is sensitive to the specific sample surfaces, and
the relative weights of the two contributions depend on the
position of the Fermi level. This might explain the differences
in the sign for samples prepared by different groups.

The small ooy reported to date has consistently been at-
tributed to disorder scattering in the V films, which are low
in crystallinity or even amorphous, as evidenced by the large
Pxr and, in some cases, absence of vanadium diffraction peaks
[22,24]. We note that, in studies of spin/orbital current gener-
ation, epitaxial growth of V has been reported previously only
in Ref. [22]. However, to ensure the perpendicular magnetic
anisotropy of the FM layer, the samples studied there were
actually in a thickness range where V is amorphous [22].
Benefiting from the epitaxial growth of high-quality V films,
we are able to achieve a low p,, and a large ooy on the same
order of magnitude as the first-principles calculated value for
the intrinsic OHE [21]. We remark that, in general, how the
improved crystallinity might enhance ooy is not a trivial ques-
tion and warrants further investigation. On the one hand, long
orbital lifetimes rely on good crystallinity, as experimentally
demonstrated at least in the context of orbital current filtering
through a tunnel barrier [16,44,45]. On the other hand, early
theoretical works suggest a ooy independent of p,, in a mod-
erately dirty regime [46]. Moreover, the enhanced crystallinity
of both the source layer and the FM layer may impose a more
stringent constraint on the matching of orbital Berry curvature
hotspots, thereby diminishing ooy [13].

The orbital diffusion length. Our Aoy, value is in reasonable
agreement with the reported values, which are also listed in
Table I, and comparable to the value for other light metal
orbital current source materials, such as Cr and Mn [47,48].
The large variation of Ay in rows 2 and 3 comes from the
fact that the A, and opp are interdependent fitting parameters
in MOKE data analysis [43], and the large ooy we obtained
tends to favor the short side of this interval. We also note a
first-principles calculation study suggesting the possibility of
mistaking the spin diffusion length as 1., due to the spatially
rapid orbital-to-spin current conversion [49], and an experi-
mental report of a subnanometer Aoy in heavy metals at the
THz timescale [50]. The implications of these results for the
current system are beyond the scope of our work.

The intrinsic OHE. The consistency between our ooy and
the value from first-principles calculations, and the scattering-
independent orbital Hall conductivity, combine to suggest a
dominant intrinsic OHE in V. In the study of the intrinsic
versus extrinsic mechanisms of the anomalous Hall effect
and the spin Hall effect, the common practice is to perform
scaling analysis of the relevant Hall conductivity against o,
[51,52]. It has been shown that the scaling behavior of OHE
can be distinct from the spin counterpart, especially in the
strong-scattering regime: in SrRuQOj3, ooy remains constant at
high o, but exhibits a striking enhancement as o,, decreases,
contrasting with spin Hall effect suppression at low o, [20].
In V, the intrinsic nature of the OHE was suggested by exam-
ining orbital transport using measurements spanning different
timescales, from quasistatic to picoseconds [25]. However,
observation of the scattering-independent orbital Hall conduc-
tivity has not been reported until now. In a previous study
where the orbital transport parameters were determined from
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the Hanle magnetoresistance, a decrease of ooy with the de-
crease of oy, was observed, due to the relatively small o,, of
the samples [48]. Our epitaxial growth of high-quality V films
allows us to reach the clean regime, with a o, one order larger
than that in Ref. [48], where the intrinsic OHE dominates, and
the scattering-independent scaling manifests. We note that in
the scaling analysis presented in Fig. 7, we use the value of
& / pxx for V(10)/Ni(6) as a measure of the orbital Hall conduc-
tivity oon. This might become inappropriate if Ay, increases
substantially with decreasing temperature, in which case &
may only saturate to a higher value for thicker V. This would
translate to an increasing ooy with decreasing temperature.
Such an Elliott- Yafetlike ooy is, however, characteristic of the
dirty limit [53], in contrast to the clean metal here.

V. CONCLUSION

The epitaxial growth of the films enables us to realize
efficient orbital current generation in the light metal V. The
orbital-to-spin current conversion is enabled by inserting a Pt
layer between V and the ferromagnetic layer, or by using Ni as
the ferromagnetic layer. Specifically for V/Ni, we determine
from spin-torque ferromagnetic resonance measurements an
orbital Hall conductivity ~1.8 x 103(i/e)(€2 cm)~!, and an
orbital diffusion length ~5.38 nm. By injecting charge current

at different angles relative to a crystallographic direction, we
uncovered the isotropic nature of orbital current generation,
consistent with the expectation for the orbital Hall effect in
a cubic material. Benefiting from the low level of disorder
in our high-quality V films, we were able to observe the
scattering-independent scaling characteristic of the intrinsic
orbital Hall effect.
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