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The Hanle magnetoresistance is a telltale signature of spin precession in nonmagnetic conductors, in
which strong spin-orbit coupling generates edge spin accumulation via the spin Hall effect. Here, we report
the existence of a large Hanle magnetoresistance in single layers of Mn with weak spin-orbit coupling,
which we attribute to the orbital Hall effect. The simultaneous observation of a sizable Hanle
magnetoresistance and vanishing small spin Hall magnetoresistance in BiYIG=Mn bilayers corroborates
the orbital origin of both effects. We estimate an orbital Hall angle of 0.016, an orbital relaxation time of
2 ps and diffusion length of the order of 2 nm in disordered Mn. Our findings indicate that current-induced
orbital moments are responsible for magnetoresistance effects comparable to or even larger than those
determined by spin moments, and provide a tool to investigate nonequilibrium orbital transport
phenomena.
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The angular momentum induced by electric currents in
thin films is at the origin of several types of magneto-
resistance. In ferromagnet/nonmagnet bilayers, the spin
current generated by the spin Hall effect in the nonmagnetic
conductor interacts with the magnetization in the ferro-
magnet, giving rise to the spin Hall magnetoresistance
(SMR) [1–9]. In the SMR scenario, the bilayer resistance
is maximum (minimum) when the magnetization M is
perpendicular (parallel) to the polarization ζ of the spin
current. When Mkζ, the spin current is reflected at the
interface and is converted into a transverse charge current
by the inverse spin Hall effect. This conversion yields a
lower resistance. In contrast, whenM⊥ζ, the spin current is
absorbed, the spin-to-charge conversion is inhibited, and
the resistance is maximum. A similar magnetoresistance
occurs when the spin polarization is generated by the
Rashba-Edelstein effect [10–12].
Similar to the SMR, the Hanle magnetoresistance

(HMR) also originates from the modulation of the spin-
charge interconversion by the inverse spin Hall effect
[13–17]. However, contrary to the SMR, the HMR appears
in single nonmagnetic layers when the interfacial exchange
field due to the magnetization is replaced by an external
magnetic field B. As sketched in Fig. 1, the spins accumu-
lated at the edges of the nonmagnetic layer by the spin Hall
effect precess about B, and the net spin polarization
decreases because of the combination of the precession
and electron diffusion. The consequent attenuation of the
inverse spin Hall effect results in a higher resistance. Since
the Larmor precession and spin dephasing are the core
ingredients of the Hanle effect, the HMR is large when
ωτ > 1, with ω and τ the Larmor frequency and the spin
relaxation time, respectively. If τ ≈ 1 ps, magnetic fields of
the order of a few Tesla are required to observe the HMR.
Overall, the SMR and HMR provide a powerful means to

understand the generation and transport of angular momen-
tum in thin films and across interfaces.
Both magnetoresistances scale as the square of the spin

Hall angle θ2, which quantifies the strength of the charge-
to-spin interconversion. Therefore, heavy elements with
large spin-orbit coupling such as Pt and Ta are known to
generate strong SMR and HMR. However, recent theories
[18–23] and experiments [24] have shown that electric
currents can induce a large orbital accumulation in both
light and heavy metals as a consequence of the orbital Hall
and orbital Rashba-Edelstein effects. The orbital angular
momentum can source spin-orbit torques [25–31] and
contribute to the magnetoresistance [32–34]. However,
whether the orbital momentum can induce the orbital
analog of the SMR and HMR is an open question [33].
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FIG. 1. (a) Schematic representation of the Hanle effect. The
angular momentum ζ induced by an electric current jc via the
spin or orbital Hall effect precesses about the magnetic field B.
The net ζ decreases because electrons traveling along different
paths accumulate different phases. (b) Hanle effect in three
different configurations. Left: when Bkζ, no precession occurs,
and the spin (orbital) current jζ polarized along −y is converted
by the inverse spin (orbital) Hall effect into a charge current jc
along x. The resistance is thus minimum. Middle and right: B
induces the precession of ζ, reducing ζy, and suppressing both jζ
and jc. The resistance is maximum. When Bkz (middle), an
additional charge current flows along y because of the field-
induced ζx. This current induces the transverse HMR.
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More generally, the physics underlying the bulk and
interfacial transport of orbital momentum, the interaction
of orbital moments with the magnetization and magnetic
fields, and the associated timescale and length scale remain
poorly understood.
Here, we demonstrate the existence of a sizable HMR in

single layers of Mn. The longitudinal and transverse HMR
of Mn can be as high as 6.5 × 10−5 and 2 × 10−5,
respectively, which are comparable to or even larger than
the HMR of Pt and Ta [15–17]. The magnitude of the HMR
and the weak spin-orbit coupling of Mn suggest that this
magnetoresistance is driven by orbital moments. The
orbital origin of the HMR is further supported by the very
small SMR ≈ 6.4 × 10−6 found in BiYIG=Mn bilayers, in
which orbital moments do not interact directly with the
magnetization of BiYIG [35]. The analysis of the field and
thickness dependence of the HMR in Mn provides insight
into the orbital relaxation time and diffusion length. Our
findings reveal the existence of a sizable magnetoresistance
of orbital origin in a light transition-metal element, which
provides a new tool to investigate nonequilibrium orbital
transport phenomena.
We studied the HMR in MnðtMnÞ layers with variable

thickness tMn ¼ 4–40 nm by performing both angular
measurements of the magnetoresistance at constant
magnetic field and field sweeps along orthogonal directions
[Figs. 2(a) and 2(b)]. The Mn layers were grown by
magnetron sputtering on Si=SiO2 substrates, capped with
SiN(8), and patterned in Hall bars by Ar ion etching [36]. In
the following, we generalize the parameters ζ and θ to the
orbital polarization and orbital Hall angle, respectively,
noting that the spin and orbital degrees of freedom are not
entirely separable in the presenceof spin-orbit coupling [29].
Figures 2(c) and 2(d) show the room-temperature longi-

tudinal resistance measured in Mn(6) while rotating the
magnetic field in the zx and zy planes. The resistance
remains constant when the field rotates in the zx plane,
which is perpendicular to the current-induced ζ (ky). In
contrast, the resistance shows a cos2 β dependence when
the field is rotated in the zy plane with the angles defined in
Fig. 2(b). In particular, the resistance is maximum when
B⊥ζ and minimum when Bkζ. This angular dependence
is typical of the HMR, whose longitudinal and transverse
components depend on the magnetic field vector
b ¼ B=B ¼ ½bx; by; bz� ¼ ½cos α sin δ; sin α sin δ; cos δ�,
with δ ¼ β, γ, as

R ¼ R0 þ ΔRð1 − b2yÞ; ð1Þ

RH ¼ ΔRHbz þ ΔRbxby; ð2Þ

where R0 is the field-independent longitudinal resistance,
and ΔR and ΔRH are determined by the diffusion and
precession of the spin and orbital moments, as described
below. The angular symmetry defined by Eqs. (1)–(2) is the

same as that of the SMR, however, the dependence of the
longitudinal resistance on the field strength [Fig. 2(d)] and
the absence of magnetic layers rule out the SMR as a cause
of the observed effects. The ordinary Lorentz magneto-
resistance is also excluded by the flat response measured in
the zx angle scans [Fig. 2(c)], the nonparabolic dependence
of ΔR and nonlinear dependence of ΔRH on the magnetic
field (see below, Fig. 3), and the nonmonotonic dependence
of ðΔR=R0Þ on the film thickness [see below, Fig. 4(a)].
Because these measurements are performed at room tem-
perature, weak antilocalization effects cannot influence the
sample resistance [15]. Finally, the magnetoresistance in
Figs. 2(c) and 2(d) cannot be associated with a magnetically
ordered state of Mn because the Néel temperature of bulk
Mn is far below room temperature [43,44], and our samples
do not show any indication of antiferromagnetism [36].
To confirm the Hanle origin of the observed magneto-

resistance, we performed field scans along the three
coordinate axes, as shown in Figs. 3(a) and 3(b). The
longitudinal resistance increases monotonically with the
magnetic field only if the latter is applied along x or z, and
remains stable when the field is along y. The transverse
resistance, instead, vanishes when the field is oriented
along x or y and follows a sigmoidal curve when the field is
along z. The dependence of both the longitudinal and
transverse resistances on the direction and amplitude of the
magnetic field are characteristic fingerprints of the HMR
[Fig. 1 and Eqs. (1)–(2)] [13–17]. As a reference, we show

FIG. 2. (a) Optical image of a Hall bar device and sketch of the
measurement configuration. R and RH are the longitudinal and
transverse resistance, respectively. (b) Coordinate system show-
ing the angle of the applied field in the xy, zx, and zy planes.
(c) Longitudinal resistance measured in Mn(6) by zx and zy angle
scans in a field of 7 T. (d) Longitudinal resistance in the same
device during zy angle scans at increasing magnetic fields. The
solid lines in (c),(d) are fits to a cos2ðβÞ function. The angle
scans are limited to the ½25° − 355°� range because of technical
constraints.
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in Fig. 3(c) and 3(d) similar measurements performed in a
Pt(5) device fabricated with the same procedure as for Mn.
The two materials show the same response to external
magnetic fields, although the parabolic (nonsaturating)
behavior of the longitudinal (transverse) magnetoresistance
of Pt indicates different scattering parameters compared to
Mn (see below and Table I in Ref. [36]). Importantly, the
normalized longitudinal HMR, defined as ðΔR=R0Þ ¼
½Rð7TÞ − Rð0Þ�=Rð0Þ, is 6.5 × 10−5 and 9.0 × 10−5 in
Mn(9) and Pt(5), respectively. Whereas the HMR of Pt
is in good agreement with earlier reports [15–17], the large
HMR of Mn is unexpected for an element with negligible
spin-orbit coupling [45]. As we discuss below, this HMR
provides evidence of physics beyond the spin Hall effect.
To obtain a quantitative insight into the HMR of Mn, we

performed systematic measurements of the magnetoresist-
ance as a function of tMn, as shown in Fig. 4(a). Here, the
normalized transverse HMR is calculated as ðΔRH=R0Þ ¼
½RHð7TÞ − RHð0Þ�=Rð0Þ. Both the longitudinal and trans-
verse HMR show a nonmonotonic dependence on the film
thickness that is typical of diffusive phenomena occurring
on the length scale of the diffusion length λ [14,15,17]. This
dependence is described by

ΔR
R0

¼ 2θ2
�
λ

t
tanh

�
t
2λ

�
−Re

�
Λ
t
tanh

�
t
2Λ

���
; ð3Þ

ΔRH

R0

¼ 2θ2Im

�
Λ
t
tanh

�
t
2Λ

��
; ð4Þ

where t is the film thickness and Λ−1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=λ2 þ i=λ2m

p
.

Here, λm ¼ ffiffiffiffiffiffiffiffiffiffi
D=ω

p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dℏ=gμBB

p
is an effective length

that quantifies the interplay between the electron diffusion
and field-induced precession of the angular momentum
(D, ℏ, g, and μB are the diffusion coefficient, the reduced
Planck constant, the Landé g factor, and the Bohr magne-
ton, respectively). Equations (3)–(4) describe the field and
thickness dependence of the HMR. In particular, they
predict that in the low-field regime (≲2 T) the longitudinal
and transverse resistance increase quadratically and linearly
with the magnetic field, respectively, which is consistent
with the experimental curves in Fig. 3.
Fitting Eqs. (3)–(4) to the field dependence in Fig. 3

(both longitudinal and transverse HMR) and the thickness
dependence in Fig. 4(a) yields consistent results, as
summarized in Table I in Ref. [36]. A most striking finding
is the similar θ of Mn and Pt, which are about 0.016 and
0.033, respectively. Whereas θ of Pt is in line with previous
measurements [15,17,46,47], that of Mn is 10 times larger
than found in spin-pumping measurements of YIG=Mn
bilayers [48,49]. The apparent contradiction between this
result and the weak charge-spin conversion efficiency
expected for an element with small spin-orbit coupling
may be reconciled if we consider the orbital polarization.
Theory shows that the orbital Hall effect is much stronger
than the spin Hall effect in 3d transition-metal elements
[50,51]. Because both spin and orbital moments precess in
a magnetic field, the orbital momentum should also give
rise to a finite HMR. Therefore, the unexpected large HMR
in the absence of heavy elements suggests the presence of
an important orbital Hall effect.
The parameters extracted from the fits give insight

into the physics of the orbital transport, which has re-
mained so far elusive. We find an orbital conducti-
vity σL ≈ 55ðℏ=eÞðΩ cmÞ−1, diffusion length λ ≈ 2 nm,
diffusion coefficient D ≈ 2.5 × 10−6 m2=Vs, and orbital
relaxation time τ ¼ λ2=D ≈ 2 ps. We note that the estimate
ofD and τ is affected by uncertainties on the Landé factor g.
Whereas g ¼ 2 for an electron with spin-only magnetic
moment, the Landé factor of an orbital-carrying conduction
electron depends on the orbital part of the wave function.

FIG. 3. (a)–(b) Longitudinal and transverse resistance of Mn(9)
measured during field scans along three orthogonal directions.
The contribution from the ordinary Hall effect was subtracted
from the transverse resistance measured in the z-field scan. The
solid line in (a) is a fit with shared parameters of Eq. (3) to both
the x- and z-field-scan magnetoresistance. The solid line in (b) is
a fit of Eq. (4) to the z-field-scan magnetoresistance. (c)–(d) Same
as (a)–(b) for Pt(5).

FIG. 4. (a) Thickness dependence of the normalized longi-
tudinal and transverse HMR. (b) Temperature dependence of
the longitudinal HMR (left axis) and longitudinal resistance
(right axis) in Mn(9).
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We thus expect g ≠ 2, but the exact value remains
unknown. The orbital diffusion length that we estimate
is 5 times shorter than the spin diffusion length determined
from spin pumping measurements in YIG=Mn [48].
Remarkably, λ is significantly smaller than the orbital
diffusion length estimated from spin-orbit torque measure-
ments in other 3d metals [27,29,31]. The estimated orbital
Hall conductivity is also significantly smaller than the value
predicted by theory for bcc Mn [50,51], which is about
9000 ðℏ=eÞðΩ cmÞ−1. In the absence of a clear theoretical
understanding of the mechanisms responsible for the
orbital quenching and relaxation, we hypothesize a relation
between the small orbital Hall conductivity, the short
diffusion length, and the disordered crystal structure of
sputtered Mn, as discussed below.
Mn has the largest and most complex unit cell of all

transition-metal elements [52,53], and can grow in different
crystalline phases. X-ray diffraction and resistivity mea-
surements indicate that our Mn films are polycrystalline
and disordered [36]. The unusual temperature dependence
of the Mn resistance in Fig. 4(b) is another indication of the
glass-like metallic behavior of Mn thin films, consistently
with previous work [54–56]. Because the transport of
orbital momentum depends strongly on the coherence of
the orbital part of the electronic wave function, electron
scattering at grain boundaries and crystal defects can be
major sources of the orbital quenching and relaxation. In
agreement with this hypothesis, the thickness dependence
of the Mn resistivity reported in Ref. [36] suggests an
electron scattering length shorter than 5 nm. Therefore, the
complex and disordered crystalline structure of Mn may be
the limiting factor of the orbital generation and diffusion.
The anomalous resistive behavior associated with the
structural complexity of Mn is likely also the reason for
the temperature dependence of the HMR reported in
Fig. 4(b). Differently from the HMR of Pt [15], the
HMR of Mn decreases at low temperature. Such a decrease
may be ascribed, at least in part, to the reduced low
temperature conductivity typical of disordered metal sys-
tems [56,57]. In future studies, relating the HMR, its
temperature dependence, and the orbital parameters to
the crystalline structure and disorder of metal films may
help to understand the mechanisms favoring orbital trans-
port. In this respect, we note that σL estimated from
magneto-optical measurements in a single nonmagnetic
Ti layer is also two orders of magnitude smaller than
predicted by theory [24]. This discrepancy and the scaling
of the orbital Hall angle with the longitudinal conductivity
[31] suggest that extrinsic mechanisms could possibly be
responsible for the orbital generation. So far, however, there
are no predictions of an extrinsic orbital Hall effect nor
estimates of the influence of the electronic scattering on the
orbital transport.
In comparison toMn, we find that Pt has a slightly higher

diffusion coefficient (D ≈ 4.5 × 10−6 m2=Vs), and a

shorter relaxation time (τ < 1 ps). These values are in
agreement with previous results [15], and explain the para-
bolic dependence of the magnetoresistance in Fig. 3(c). The
combination of a large diffusion coefficient and a small
relaxation time implies that stronger magnetic fields are
necessary to cause the dephasing of the angular momentum
and, hence, modulate the sample resistance.
In addition to these considerations, further evidence

of the orbital nature of the magnetoresistance in Mn is
provided by SMR measurements in bilayers of BiYIG=Mn
and BiYIG=Pt [36]. Because θ of Mn and Pt differ by a
factor ≈2–3, the SMR in BiYIG=Mn should be 5–10 times
smaller than in BiYIG=Pt if only spin accumulation
occurred at the interface. This prediction, however, is at
odds with our observation [Fig. 5]. In BiYIG=Ptð5Þ, the
normalized SMR is of the order of 2.6 × 10−4, which is
similar to earlier reports [4]. In contrast, the SMR in
BiYIG=Mnð10Þ is much weaker. Fitting a cos2 β function
to the zy angle scan yields an SMR of about 6.4 × 10−6,
which is 40 times smaller than in BiYIG=Ptð5Þ. In
comparison, the HMR in BiYIG=Mnð10Þ (≈4.5 × 10−5)
and BiYIG=Ptð5Þ (≈1.5 × 10−4) are similar to those found
in Mn and Pt single layers grown on SiO2 [36]. In principle,
the different SMR amplitude in BiYIG=Mn and BiYIG=Pt
could be assigned to a significant variation of the spin-
mixing conductance between the two samples. However,
previous works have found similar mixing conductance at
the YIG=Mn and YIG/Pt interfaces [48,49,58]. Therefore,
the similar and large HMR but very different SMR in Mn
and Pt indicate that different actors are at play in the two
elements. In Pt, the spin accumulation determined by the
strong spin-orbit coupling is responsible for both the HMR
and SMR because the spin angular momentum couples to
both the external magnetic field (HMR) and the interfacial
exchange field (SMR). In contrast, orbital moments precess
and dephase in the magnetic field, but do not interact
directly with the magnetization [35]. This means that a pure
orbital accumulation can generate a finite HMR, but cannot
produce any SMR. Therefore, we ascribe the magneto-
resistance of Mn to an orbital-driven effect. In this scenario,

FIG. 5. (a) Longitudinal resistance of BiYIG=Mnð10Þ
measured by rotating a constant magnetic field of 1 T in the
xy, zx, and zy planes. The red and gray lines are fits of cos2ðα; βÞ
to the data. (b) Same as (a) in BiYIG=Ptð5Þ.
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a small but nonzero spin orbit coupling may generate the
tiny SMR detected in BiYIG=Mnð10Þ.
In conclusion, we have observed a strong Hanle effect in

Mn thin films. The combination of an unexpected large
HMR with an almost zero SMR in a 3d element indi-
cates that this magnetoresistance originates from orbital
moments rather than spin moments. Similar orbital mag-
netoresistance effects may exist in other transition metals.
Additionally, we find an orbital Hall angle of about 0.016,
an orbital relaxation time of about 2 ps and an orbital
diffusion length of the order of 2 nm. The small orbital Hall
conductivity and short diffusion length are at odds with the
expected strength and length scale of orbital transport and
associated to the disordered structure of Mn thin films. The
Hanle effect therefore provides a new means to explore the
orbital physics in nonmagnetic elements.
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