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I
n 1879, 18 years before the discovery of
the electron and long before the discov-
ery of its spin, Edwin Hall observed an

effect that now bears his name; he meas-
ured a voltage (the Hall voltage) that arises
from the deflected motion of charged car-
riers (electrons and/or holes—the absence
of electrons) in solids under an external
electric field E and a magnetic field H (1).
In the late 20th century, the Hall effect,
which by then had become a routine and
perhaps unexciting characterization
technique, unearthed the unexpected
nature of two-dimensional charged
carriers in semiconductors. It hap-
pened twice, first in the discovery of
the quantized Hall effect and then
when the fractional Hall effect was
found (2). Because electrons have
spin in addition to charge, one may
wonder whether spin plays a role in
the Hall effect, whether a “spin” Hall
effect exists, and then how to observe
it and what are the details of its nature
(3). Recent research has begun to
answer all these questions.

In ferromagnets, the Hall voltage
consists of two contributions: the ordi-
nary Hall effect (OHE) that leads to
the effects originally discovered as
mentioned above, and an “anomalous”
part that is proportional not to the
external field H but to the magnetiza-
tion of the ferromagnet. This latter
phenomenon is called the anomalous
Hall effect (AHE) (4). Although the
mechanism of the AHE has been a subject
of controversy, it was known to originate
from the spin polarization of carriers (that
is, the imbalance in the population of carri-
ers with different spins). The charge current
in fer romagnets is dependent on spin
(denoted by σ, which can be either “up” or
“down”), and assuming Mott’s two-carrier
approximation (5, 6), one can define spin-

dependent resistivity ρσ by means of the
expression Jσ = (1/ρσ)E (where Jσ is the cur-
rent density). The spin dependence of ρσ
may be caused by spin-dependent elec-
tronic states or by spin-dependent scatter-
ing attributable to imperfections and
phonons in crystals. These effects manifest
themselves in the Hall voltage via the spin-
orbit interaction that couples spin with the
orbital motion of carriers. Historically,
these effects were thought to result from an

intrinsic effective magnetic f ield in the
momentum space due to the phase called
the Berry phase acquired by the moving
electron (7). Two extrinsic mechanisms,
skew-scattering (8) and side-jump (9), were
then proposed. Most of the experiments
have been analyzed in terms of the extrinsic
mechanisms, but the intrinsic AHE was
recently revisited (10) to give quantitative
explanations of AHE in ferromagnetic
semiconductors (11). 

When scattering is spin-dependent, up
and down spin electrons are scattered into
opposite directions, resulting in spin-up and
spin-down charge Hall currents along the
direction perpendicular to E. In ferromag-
nets, the intrinsic spin imbalance makes the
two charge Hall currents asymmetric and
produces a Hall voltage proportional to the

spin polarization (that is, the magnetiza-
tion). This is the extrinsic AHE. Here, the
Hall voltage produced by movement of
charge is accompanied by spin; thus, there
also exists, along with the charge accumu-
lation that produces the Hall voltage, spin
polarization with opposite polarity at the
two ends. This accumulation of spins shows
that the spin Hall effect (SHE) exists, but in
this case it is extrinsic because it originates
from spin-dependent scattering. Spin polar-
ization is usually much more difficult to
probe locally with high enough sensitivity.
For nonmagnets, although the two charge
Hall currents cancel and no Hall voltage
develops, spin-dependent scattering still
produces the up and down spin currents
(flow of spins) that flow in the opposite

directions, as long as the spin-orbit interac-
tion is nonvanishing, resulting in spin polar-
ization of opposite signs at the edges even
in the absence of applied magnetic fields.
Thus, SHE may exist with no accompany-
ing Hall voltage (12, 13).

As in the case of AHE, one can conceive
of an intrinsic SHE in nonmagnets on
which no external magnetic f ield is
applied. Murakami et al. (14) have pre-
dicted for p-type semiconductors that the
effective magnetic field originated from
the Berry phase makes up and down spin
electrons drift toward opposite directions
and leads to SHE. The spin-orbit interac-
tion that exists in any material may also
produce the intrinsic SHE even for n-type
semiconductors. Sinova et al. (15) have
predicted a constant spin Hall conductivity
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Three Hall effects.(Left) The ordinary Hall effect is caused by deflection of carriers moving along an applied elec-
tric field (electrons or holes) by an applied magnetic field. Charge accumulation results in a Hall voltage, but there
is no net spin accumulation because there are the same number of spin up carriers as spin down ones. (Middle) The
anomalous Hall effect is the result of spin-dependent deflection of carrier motion, which produces a Hall voltage
and spin accumulation at the edges. (Right) The pure spin Hall effect is caused by spin-dependent deflection of car-
riers and produces no Hall voltage when the numbers of deflected spin up and spin down electrons are the same
but gives rise to spin accumulation. For simplicity, only the motion of a few carriers is shown in the figure panels.
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n 1879, 18 years before the discovery of
the electron and long before the discov-
ery of its spin, Edwin Hall observed an

effect that now bears his name; he meas-
ured a voltage (the Hall voltage) that arises
from the deflected motion of charged car-
riers (electrons and/or holes—the absence
of electrons) in solids under an external
electric field E and a magnetic field H (1).
In the late 20th century, the Hall effect,
which by then had become a routine and
perhaps unexciting characterization
technique, unearthed the unexpected
nature of two-dimensional charged
carriers in semiconductors. It hap-
pened twice, first in the discovery of
the quantized Hall effect and then
when the fractional Hall effect was
found (2). Because electrons have
spin in addition to charge, one may
wonder whether spin plays a role in
the Hall effect, whether a “spin” Hall
effect exists, and then how to observe
it and what are the details of its nature
(3). Recent research has begun to
answer all these questions.

In ferromagnets, the Hall voltage
consists of two contributions: the ordi-
nary Hall effect (OHE) that leads to
the effects originally discovered as
mentioned above, and an “anomalous”
part that is proportional not to the
external field H but to the magnetiza-
tion of the ferromagnet. This latter
phenomenon is called the anomalous
Hall effect (AHE) (4). Although the
mechanism of the AHE has been a subject
of controversy, it was known to originate
from the spin polarization of carriers (that
is, the imbalance in the population of carri-
ers with different spins). The charge current
in fer romagnets is dependent on spin
(denoted by σ, which can be either “up” or
“down”), and assuming Mott’s two-carrier
approximation (5, 6), one can define spin-

dependent resistivity ρσ by means of the
expression Jσ = (1/ρσ)E (where Jσ is the cur-
rent density). The spin dependence of ρσ
may be caused by spin-dependent elec-
tronic states or by spin-dependent scatter-
ing attributable to imperfections and
phonons in crystals. These effects manifest
themselves in the Hall voltage via the spin-
orbit interaction that couples spin with the
orbital motion of carriers. Historically,
these effects were thought to result from an

intrinsic effective magnetic f ield in the
momentum space due to the phase called
the Berry phase acquired by the moving
electron (7). Two extrinsic mechanisms,
skew-scattering (8) and side-jump (9), were
then proposed. Most of the experiments
have been analyzed in terms of the extrinsic
mechanisms, but the intrinsic AHE was
recently revisited (10) to give quantitative
explanations of AHE in ferromagnetic
semiconductors (11). 

When scattering is spin-dependent, up
and down spin electrons are scattered into
opposite directions, resulting in spin-up and
spin-down charge Hall currents along the
direction perpendicular to E. In ferromag-
nets, the intrinsic spin imbalance makes the
two charge Hall currents asymmetric and
produces a Hall voltage proportional to the

spin polarization (that is, the magnetiza-
tion). This is the extrinsic AHE. Here, the
Hall voltage produced by movement of
charge is accompanied by spin; thus, there
also exists, along with the charge accumu-
lation that produces the Hall voltage, spin
polarization with opposite polarity at the
two ends. This accumulation of spins shows
that the spin Hall effect (SHE) exists, but in
this case it is extrinsic because it originates
from spin-dependent scattering. Spin polar-
ization is usually much more difficult to
probe locally with high enough sensitivity.
For nonmagnets, although the two charge
Hall currents cancel and no Hall voltage
develops, spin-dependent scattering still
produces the up and down spin currents
(flow of spins) that flow in the opposite

directions, as long as the spin-orbit interac-
tion is nonvanishing, resulting in spin polar-
ization of opposite signs at the edges even
in the absence of applied magnetic fields.
Thus, SHE may exist with no accompany-
ing Hall voltage (12, 13).

As in the case of AHE, one can conceive
of an intrinsic SHE in nonmagnets on
which no external magnetic f ield is
applied. Murakami et al. (14) have pre-
dicted for p-type semiconductors that the
effective magnetic field originated from
the Berry phase makes up and down spin
electrons drift toward opposite directions
and leads to SHE. The spin-orbit interac-
tion that exists in any material may also
produce the intrinsic SHE even for n-type
semiconductors. Sinova et al. (15) have
predicted a constant spin Hall conductivity
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To include the role of the skew scattering, a linear term
!sk ¼ a!xx is conventionally introduced [17,19,20,24],
which implies !sk ¼ a!xx0 þ a!xxT according to the
Matthiessen rule, where !xx0 and !xxT are the residual
and phonon-induced resistivity, respectively. Thus the con-
tributions to !AH from phonons and defects are treated on
the equal footings, which is not justified. Theoretically it
was already pointed out that phonons should have a much
smaller effect on skew scattering [28]. To clarify this, we
first treat them as two independent sources, i.e., !sk ¼
a0!xx0 þ a00!xxT , then determine the values of a0 and a00

by fitting !AH ¼ a0!xx0 þ a00!xxT þ b!2
xx to the data in

Fig. 1(d) using the experimentally measured !AH, !xx0,
!xxT , and !xx for different film thicknesses. The fitting
parameters of a0, a00, and b coming out from the best fits
are presented in Fig. 2(a), from which it is evident that a0

and a00 are indeed distinctly different, and a00 # 0. After
putting a00 ¼ 0, we show in black solid lines in Fig. 1(d)
the good fittings by !AH ¼ a0!xx0 þ b!2

xx, and in Fig. 2(a)
the corresponding new set of a0 and b. The fact that a00 ¼ 0
is the first experimental evidence that phonon contribu-
tion to the skew scattering in the anomalous Hall resis-
tivity is negligibly small. In addition, as noted in Fig. 2(a),
a0 is actually not a constant but exhibits strong thickness or
!xx0 dependence. This dependence is further analyzed in
Fig. 2(b) and can be described by a simple function of a0 ¼

"þ #!xx0, where " and # are real constants. It should be
mentioned here that in this Letter we focus our attention
only on films thicker than 4 nm where b # 1:1$
103 !%1 cm%1 is almost constant; the results in the ultra-
thin regime where b is decreasing deserve a separate dis-
cussion elsewhere.
To demonstrate the superiority of the new scaling

(!AH ¼ a0!xx0 þ b!2
xx) over the commonly held old one

(!AH ¼ ask!xx þ b!2
xx) [17,19,20,24], we compare them

side by side in Fig. 3, using the same set of experimental
raw data without involving any complicated data fitting.
Accordingly, a linear relationship would be expected from
!AH=!xx vs !xx for the old scaling [Figs. 3(a)–3(c)], but
!AH vs !2

xx for the new one [Figs. 3(d)–3(f)], respectively.
The comparisons show unambiguously that the new scal-
ing works much better, especially in the thin limit where
the old scaling deviates the most. It becomes clear now that
a proper scaling for the AHE should involve not only !xx

but also !xx0, i.e., !AH ¼ fð!xx0;!xxÞ—an important fact
that has long been hidden. With experimental tuning of the
film thickness, we have discovered an empirical relation
for the AHE in Fe:

!AH ¼ ð"!xx0 þ #!2
xx0Þ þ b!2

xx (1)
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I
n 1879, 18 years before the discovery of
the electron and long before the discov-
ery of its spin, Edwin Hall observed an

effect that now bears his name; he meas-
ured a voltage (the Hall voltage) that arises
from the deflected motion of charged car-
riers (electrons and/or holes—the absence
of electrons) in solids under an external
electric field E and a magnetic field H (1).
In the late 20th century, the Hall effect,
which by then had become a routine and
perhaps unexciting characterization
technique, unearthed the unexpected
nature of two-dimensional charged
carriers in semiconductors. It hap-
pened twice, first in the discovery of
the quantized Hall effect and then
when the fractional Hall effect was
found (2). Because electrons have
spin in addition to charge, one may
wonder whether spin plays a role in
the Hall effect, whether a “spin” Hall
effect exists, and then how to observe
it and what are the details of its nature
(3). Recent research has begun to
answer all these questions.

In ferromagnets, the Hall voltage
consists of two contributions: the ordi-
nary Hall effect (OHE) that leads to
the effects originally discovered as
mentioned above, and an “anomalous”
part that is proportional not to the
external field H but to the magnetiza-
tion of the ferromagnet. This latter
phenomenon is called the anomalous
Hall effect (AHE) (4). Although the
mechanism of the AHE has been a subject
of controversy, it was known to originate
from the spin polarization of carriers (that
is, the imbalance in the population of carri-
ers with different spins). The charge current
in fer romagnets is dependent on spin
(denoted by σ, which can be either “up” or
“down”), and assuming Mott’s two-carrier
approximation (5, 6), one can define spin-

dependent resistivity ρσ by means of the
expression Jσ = (1/ρσ)E (where Jσ is the cur-
rent density). The spin dependence of ρσ
may be caused by spin-dependent elec-
tronic states or by spin-dependent scatter-
ing attributable to imperfections and
phonons in crystals. These effects manifest
themselves in the Hall voltage via the spin-
orbit interaction that couples spin with the
orbital motion of carriers. Historically,
these effects were thought to result from an

intrinsic effective magnetic f ield in the
momentum space due to the phase called
the Berry phase acquired by the moving
electron (7). Two extrinsic mechanisms,
skew-scattering (8) and side-jump (9), were
then proposed. Most of the experiments
have been analyzed in terms of the extrinsic
mechanisms, but the intrinsic AHE was
recently revisited (10) to give quantitative
explanations of AHE in ferromagnetic
semiconductors (11). 

When scattering is spin-dependent, up
and down spin electrons are scattered into
opposite directions, resulting in spin-up and
spin-down charge Hall currents along the
direction perpendicular to E. In ferromag-
nets, the intrinsic spin imbalance makes the
two charge Hall currents asymmetric and
produces a Hall voltage proportional to the

spin polarization (that is, the magnetiza-
tion). This is the extrinsic AHE. Here, the
Hall voltage produced by movement of
charge is accompanied by spin; thus, there
also exists, along with the charge accumu-
lation that produces the Hall voltage, spin
polarization with opposite polarity at the
two ends. This accumulation of spins shows
that the spin Hall effect (SHE) exists, but in
this case it is extrinsic because it originates
from spin-dependent scattering. Spin polar-
ization is usually much more difficult to
probe locally with high enough sensitivity.
For nonmagnets, although the two charge
Hall currents cancel and no Hall voltage
develops, spin-dependent scattering still
produces the up and down spin currents
(flow of spins) that flow in the opposite

directions, as long as the spin-orbit interac-
tion is nonvanishing, resulting in spin polar-
ization of opposite signs at the edges even
in the absence of applied magnetic fields.
Thus, SHE may exist with no accompany-
ing Hall voltage (12, 13).

As in the case of AHE, one can conceive
of an intrinsic SHE in nonmagnets on
which no external magnetic f ield is
applied. Murakami et al. (14) have pre-
dicted for p-type semiconductors that the
effective magnetic field originated from
the Berry phase makes up and down spin
electrons drift toward opposite directions
and leads to SHE. The spin-orbit interac-
tion that exists in any material may also
produce the intrinsic SHE even for n-type
semiconductors. Sinova et al. (15) have
predicted a constant spin Hall conductivity
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is no net spin accumulation because there are the same number of spin up carriers as spin down ones. (Middle) The
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n 1879, 18 years before the discovery of
the electron and long before the discov-
ery of its spin, Edwin Hall observed an

effect that now bears his name; he meas-
ured a voltage (the Hall voltage) that arises
from the deflected motion of charged car-
riers (electrons and/or holes—the absence
of electrons) in solids under an external
electric field E and a magnetic field H (1).
In the late 20th century, the Hall effect,
which by then had become a routine and
perhaps unexciting characterization
technique, unearthed the unexpected
nature of two-dimensional charged
carriers in semiconductors. It hap-
pened twice, first in the discovery of
the quantized Hall effect and then
when the fractional Hall effect was
found (2). Because electrons have
spin in addition to charge, one may
wonder whether spin plays a role in
the Hall effect, whether a “spin” Hall
effect exists, and then how to observe
it and what are the details of its nature
(3). Recent research has begun to
answer all these questions.

In ferromagnets, the Hall voltage
consists of two contributions: the ordi-
nary Hall effect (OHE) that leads to
the effects originally discovered as
mentioned above, and an “anomalous”
part that is proportional not to the
external field H but to the magnetiza-
tion of the ferromagnet. This latter
phenomenon is called the anomalous
Hall effect (AHE) (4). Although the
mechanism of the AHE has been a subject
of controversy, it was known to originate
from the spin polarization of carriers (that
is, the imbalance in the population of carri-
ers with different spins). The charge current
in fer romagnets is dependent on spin
(denoted by σ, which can be either “up” or
“down”), and assuming Mott’s two-carrier
approximation (5, 6), one can define spin-

dependent resistivity ρσ by means of the
expression Jσ = (1/ρσ)E (where Jσ is the cur-
rent density). The spin dependence of ρσ
may be caused by spin-dependent elec-
tronic states or by spin-dependent scatter-
ing attributable to imperfections and
phonons in crystals. These effects manifest
themselves in the Hall voltage via the spin-
orbit interaction that couples spin with the
orbital motion of carriers. Historically,
these effects were thought to result from an

intrinsic effective magnetic f ield in the
momentum space due to the phase called
the Berry phase acquired by the moving
electron (7). Two extrinsic mechanisms,
skew-scattering (8) and side-jump (9), were
then proposed. Most of the experiments
have been analyzed in terms of the extrinsic
mechanisms, but the intrinsic AHE was
recently revisited (10) to give quantitative
explanations of AHE in ferromagnetic
semiconductors (11). 

When scattering is spin-dependent, up
and down spin electrons are scattered into
opposite directions, resulting in spin-up and
spin-down charge Hall currents along the
direction perpendicular to E. In ferromag-
nets, the intrinsic spin imbalance makes the
two charge Hall currents asymmetric and
produces a Hall voltage proportional to the

spin polarization (that is, the magnetiza-
tion). This is the extrinsic AHE. Here, the
Hall voltage produced by movement of
charge is accompanied by spin; thus, there
also exists, along with the charge accumu-
lation that produces the Hall voltage, spin
polarization with opposite polarity at the
two ends. This accumulation of spins shows
that the spin Hall effect (SHE) exists, but in
this case it is extrinsic because it originates
from spin-dependent scattering. Spin polar-
ization is usually much more difficult to
probe locally with high enough sensitivity.
For nonmagnets, although the two charge
Hall currents cancel and no Hall voltage
develops, spin-dependent scattering still
produces the up and down spin currents
(flow of spins) that flow in the opposite

directions, as long as the spin-orbit interac-
tion is nonvanishing, resulting in spin polar-
ization of opposite signs at the edges even
in the absence of applied magnetic fields.
Thus, SHE may exist with no accompany-
ing Hall voltage (12, 13).

As in the case of AHE, one can conceive
of an intrinsic SHE in nonmagnets on
which no external magnetic f ield is
applied. Murakami et al. (14) have pre-
dicted for p-type semiconductors that the
effective magnetic field originated from
the Berry phase makes up and down spin
electrons drift toward opposite directions
and leads to SHE. The spin-orbit interac-
tion that exists in any material may also
produce the intrinsic SHE even for n-type
semiconductors. Sinova et al. (15) have
predicted a constant spin Hall conductivity
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To include the role of the skew scattering, a linear term
!sk ¼ a!xx is conventionally introduced [17,19,20,24],
which implies !sk ¼ a!xx0 þ a!xxT according to the
Matthiessen rule, where !xx0 and !xxT are the residual
and phonon-induced resistivity, respectively. Thus the con-
tributions to !AH from phonons and defects are treated on
the equal footings, which is not justified. Theoretically it
was already pointed out that phonons should have a much
smaller effect on skew scattering [28]. To clarify this, we
first treat them as two independent sources, i.e., !sk ¼
a0!xx0 þ a00!xxT , then determine the values of a0 and a00

by fitting !AH ¼ a0!xx0 þ a00!xxT þ b!2
xx to the data in

Fig. 1(d) using the experimentally measured !AH, !xx0,
!xxT , and !xx for different film thicknesses. The fitting
parameters of a0, a00, and b coming out from the best fits
are presented in Fig. 2(a), from which it is evident that a0

and a00 are indeed distinctly different, and a00 # 0. After
putting a00 ¼ 0, we show in black solid lines in Fig. 1(d)
the good fittings by !AH ¼ a0!xx0 þ b!2

xx, and in Fig. 2(a)
the corresponding new set of a0 and b. The fact that a00 ¼ 0
is the first experimental evidence that phonon contribu-
tion to the skew scattering in the anomalous Hall resis-
tivity is negligibly small. In addition, as noted in Fig. 2(a),
a0 is actually not a constant but exhibits strong thickness or
!xx0 dependence. This dependence is further analyzed in
Fig. 2(b) and can be described by a simple function of a0 ¼

"þ #!xx0, where " and # are real constants. It should be
mentioned here that in this Letter we focus our attention
only on films thicker than 4 nm where b # 1:1$
103 !%1 cm%1 is almost constant; the results in the ultra-
thin regime where b is decreasing deserve a separate dis-
cussion elsewhere.
To demonstrate the superiority of the new scaling

(!AH ¼ a0!xx0 þ b!2
xx) over the commonly held old one

(!AH ¼ ask!xx þ b!2
xx) [17,19,20,24], we compare them

side by side in Fig. 3, using the same set of experimental
raw data without involving any complicated data fitting.
Accordingly, a linear relationship would be expected from
!AH=!xx vs !xx for the old scaling [Figs. 3(a)–3(c)], but
!AH vs !2

xx for the new one [Figs. 3(d)–3(f)], respectively.
The comparisons show unambiguously that the new scal-
ing works much better, especially in the thin limit where
the old scaling deviates the most. It becomes clear now that
a proper scaling for the AHE should involve not only !xx

but also !xx0, i.e., !AH ¼ fð!xx0;!xxÞ—an important fact
that has long been hidden. With experimental tuning of the
film thickness, we have discovered an empirical relation
for the AHE in Fe:

!AH ¼ ð"!xx0 þ #!2
xx0Þ þ b!2

xx (1)
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I
n 1879, 18 years before the discovery of
the electron and long before the discov-
ery of its spin, Edwin Hall observed an

effect that now bears his name; he meas-
ured a voltage (the Hall voltage) that arises
from the deflected motion of charged car-
riers (electrons and/or holes—the absence
of electrons) in solids under an external
electric field E and a magnetic field H (1).
In the late 20th century, the Hall effect,
which by then had become a routine and
perhaps unexciting characterization
technique, unearthed the unexpected
nature of two-dimensional charged
carriers in semiconductors. It hap-
pened twice, first in the discovery of
the quantized Hall effect and then
when the fractional Hall effect was
found (2). Because electrons have
spin in addition to charge, one may
wonder whether spin plays a role in
the Hall effect, whether a “spin” Hall
effect exists, and then how to observe
it and what are the details of its nature
(3). Recent research has begun to
answer all these questions.

In ferromagnets, the Hall voltage
consists of two contributions: the ordi-
nary Hall effect (OHE) that leads to
the effects originally discovered as
mentioned above, and an “anomalous”
part that is proportional not to the
external field H but to the magnetiza-
tion of the ferromagnet. This latter
phenomenon is called the anomalous
Hall effect (AHE) (4). Although the
mechanism of the AHE has been a subject
of controversy, it was known to originate
from the spin polarization of carriers (that
is, the imbalance in the population of carri-
ers with different spins). The charge current
in fer romagnets is dependent on spin
(denoted by σ, which can be either “up” or
“down”), and assuming Mott’s two-carrier
approximation (5, 6), one can define spin-

dependent resistivity ρσ by means of the
expression Jσ = (1/ρσ)E (where Jσ is the cur-
rent density). The spin dependence of ρσ
may be caused by spin-dependent elec-
tronic states or by spin-dependent scatter-
ing attributable to imperfections and
phonons in crystals. These effects manifest
themselves in the Hall voltage via the spin-
orbit interaction that couples spin with the
orbital motion of carriers. Historically,
these effects were thought to result from an

intrinsic effective magnetic f ield in the
momentum space due to the phase called
the Berry phase acquired by the moving
electron (7). Two extrinsic mechanisms,
skew-scattering (8) and side-jump (9), were
then proposed. Most of the experiments
have been analyzed in terms of the extrinsic
mechanisms, but the intrinsic AHE was
recently revisited (10) to give quantitative
explanations of AHE in ferromagnetic
semiconductors (11). 

When scattering is spin-dependent, up
and down spin electrons are scattered into
opposite directions, resulting in spin-up and
spin-down charge Hall currents along the
direction perpendicular to E. In ferromag-
nets, the intrinsic spin imbalance makes the
two charge Hall currents asymmetric and
produces a Hall voltage proportional to the

spin polarization (that is, the magnetiza-
tion). This is the extrinsic AHE. Here, the
Hall voltage produced by movement of
charge is accompanied by spin; thus, there
also exists, along with the charge accumu-
lation that produces the Hall voltage, spin
polarization with opposite polarity at the
two ends. This accumulation of spins shows
that the spin Hall effect (SHE) exists, but in
this case it is extrinsic because it originates
from spin-dependent scattering. Spin polar-
ization is usually much more difficult to
probe locally with high enough sensitivity.
For nonmagnets, although the two charge
Hall currents cancel and no Hall voltage
develops, spin-dependent scattering still
produces the up and down spin currents
(flow of spins) that flow in the opposite

directions, as long as the spin-orbit interac-
tion is nonvanishing, resulting in spin polar-
ization of opposite signs at the edges even
in the absence of applied magnetic fields.
Thus, SHE may exist with no accompany-
ing Hall voltage (12, 13).

As in the case of AHE, one can conceive
of an intrinsic SHE in nonmagnets on
which no external magnetic f ield is
applied. Murakami et al. (14) have pre-
dicted for p-type semiconductors that the
effective magnetic field originated from
the Berry phase makes up and down spin
electrons drift toward opposite directions
and leads to SHE. The spin-orbit interac-
tion that exists in any material may also
produce the intrinsic SHE even for n-type
semiconductors. Sinova et al. (15) have
predicted a constant spin Hall conductivity
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Three Hall effects.(Left) The ordinary Hall effect is caused by deflection of carriers moving along an applied elec-
tric field (electrons or holes) by an applied magnetic field. Charge accumulation results in a Hall voltage, but there
is no net spin accumulation because there are the same number of spin up carriers as spin down ones. (Middle) The
anomalous Hall effect is the result of spin-dependent deflection of carrier motion, which produces a Hall voltage
and spin accumulation at the edges. (Right) The pure spin Hall effect is caused by spin-dependent deflection of car-
riers and produces no Hall voltage when the numbers of deflected spin up and spin down electrons are the same
but gives rise to spin accumulation. For simplicity, only the motion of a few carriers is shown in the figure panels.
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n 1879, 18 years before the discovery of
the electron and long before the discov-
ery of its spin, Edwin Hall observed an

effect that now bears his name; he meas-
ured a voltage (the Hall voltage) that arises
from the deflected motion of charged car-
riers (electrons and/or holes—the absence
of electrons) in solids under an external
electric field E and a magnetic field H (1).
In the late 20th century, the Hall effect,
which by then had become a routine and
perhaps unexciting characterization
technique, unearthed the unexpected
nature of two-dimensional charged
carriers in semiconductors. It hap-
pened twice, first in the discovery of
the quantized Hall effect and then
when the fractional Hall effect was
found (2). Because electrons have
spin in addition to charge, one may
wonder whether spin plays a role in
the Hall effect, whether a “spin” Hall
effect exists, and then how to observe
it and what are the details of its nature
(3). Recent research has begun to
answer all these questions.

In ferromagnets, the Hall voltage
consists of two contributions: the ordi-
nary Hall effect (OHE) that leads to
the effects originally discovered as
mentioned above, and an “anomalous”
part that is proportional not to the
external field H but to the magnetiza-
tion of the ferromagnet. This latter
phenomenon is called the anomalous
Hall effect (AHE) (4). Although the
mechanism of the AHE has been a subject
of controversy, it was known to originate
from the spin polarization of carriers (that
is, the imbalance in the population of carri-
ers with different spins). The charge current
in fer romagnets is dependent on spin
(denoted by σ, which can be either “up” or
“down”), and assuming Mott’s two-carrier
approximation (5, 6), one can define spin-

dependent resistivity ρσ by means of the
expression Jσ = (1/ρσ)E (where Jσ is the cur-
rent density). The spin dependence of ρσ
may be caused by spin-dependent elec-
tronic states or by spin-dependent scatter-
ing attributable to imperfections and
phonons in crystals. These effects manifest
themselves in the Hall voltage via the spin-
orbit interaction that couples spin with the
orbital motion of carriers. Historically,
these effects were thought to result from an

intrinsic effective magnetic f ield in the
momentum space due to the phase called
the Berry phase acquired by the moving
electron (7). Two extrinsic mechanisms,
skew-scattering (8) and side-jump (9), were
then proposed. Most of the experiments
have been analyzed in terms of the extrinsic
mechanisms, but the intrinsic AHE was
recently revisited (10) to give quantitative
explanations of AHE in ferromagnetic
semiconductors (11). 

When scattering is spin-dependent, up
and down spin electrons are scattered into
opposite directions, resulting in spin-up and
spin-down charge Hall currents along the
direction perpendicular to E. In ferromag-
nets, the intrinsic spin imbalance makes the
two charge Hall currents asymmetric and
produces a Hall voltage proportional to the

spin polarization (that is, the magnetiza-
tion). This is the extrinsic AHE. Here, the
Hall voltage produced by movement of
charge is accompanied by spin; thus, there
also exists, along with the charge accumu-
lation that produces the Hall voltage, spin
polarization with opposite polarity at the
two ends. This accumulation of spins shows
that the spin Hall effect (SHE) exists, but in
this case it is extrinsic because it originates
from spin-dependent scattering. Spin polar-
ization is usually much more difficult to
probe locally with high enough sensitivity.
For nonmagnets, although the two charge
Hall currents cancel and no Hall voltage
develops, spin-dependent scattering still
produces the up and down spin currents
(flow of spins) that flow in the opposite

directions, as long as the spin-orbit interac-
tion is nonvanishing, resulting in spin polar-
ization of opposite signs at the edges even
in the absence of applied magnetic fields.
Thus, SHE may exist with no accompany-
ing Hall voltage (12, 13).

As in the case of AHE, one can conceive
of an intrinsic SHE in nonmagnets on
which no external magnetic f ield is
applied. Murakami et al. (14) have pre-
dicted for p-type semiconductors that the
effective magnetic field originated from
the Berry phase makes up and down spin
electrons drift toward opposite directions
and leads to SHE. The spin-orbit interac-
tion that exists in any material may also
produce the intrinsic SHE even for n-type
semiconductors. Sinova et al. (15) have
predicted a constant spin Hall conductivity
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Three Hall effects.(Left) The ordinary Hall effect is caused by deflection of carriers moving along an applied elec-
tric field (electrons or holes) by an applied magnetic field. Charge accumulation results in a Hall voltage, but there
is no net spin accumulation because there are the same number of spin up carriers as spin down ones. (Middle) The
anomalous Hall effect is the result of spin-dependent deflection of carrier motion, which produces a Hall voltage
and spin accumulation at the edges. (Right) The pure spin Hall effect is caused by spin-dependent deflection of car-
riers and produces no Hall voltage when the numbers of deflected spin up and spin down electrons are the same
but gives rise to spin accumulation. For simplicity, only the motion of a few carriers is shown in the figure panels.
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To include the role of the skew scattering, a linear term
!sk ¼ a!xx is conventionally introduced [17,19,20,24],
which implies !sk ¼ a!xx0 þ a!xxT according to the
Matthiessen rule, where !xx0 and !xxT are the residual
and phonon-induced resistivity, respectively. Thus the con-
tributions to !AH from phonons and defects are treated on
the equal footings, which is not justified. Theoretically it
was already pointed out that phonons should have a much
smaller effect on skew scattering [28]. To clarify this, we
first treat them as two independent sources, i.e., !sk ¼
a0!xx0 þ a00!xxT , then determine the values of a0 and a00

by fitting !AH ¼ a0!xx0 þ a00!xxT þ b!2
xx to the data in

Fig. 1(d) using the experimentally measured !AH, !xx0,
!xxT , and !xx for different film thicknesses. The fitting
parameters of a0, a00, and b coming out from the best fits
are presented in Fig. 2(a), from which it is evident that a0

and a00 are indeed distinctly different, and a00 # 0. After
putting a00 ¼ 0, we show in black solid lines in Fig. 1(d)
the good fittings by !AH ¼ a0!xx0 þ b!2

xx, and in Fig. 2(a)
the corresponding new set of a0 and b. The fact that a00 ¼ 0
is the first experimental evidence that phonon contribu-
tion to the skew scattering in the anomalous Hall resis-
tivity is negligibly small. In addition, as noted in Fig. 2(a),
a0 is actually not a constant but exhibits strong thickness or
!xx0 dependence. This dependence is further analyzed in
Fig. 2(b) and can be described by a simple function of a0 ¼

"þ #!xx0, where " and # are real constants. It should be
mentioned here that in this Letter we focus our attention
only on films thicker than 4 nm where b # 1:1$
103 !%1 cm%1 is almost constant; the results in the ultra-
thin regime where b is decreasing deserve a separate dis-
cussion elsewhere.
To demonstrate the superiority of the new scaling

(!AH ¼ a0!xx0 þ b!2
xx) over the commonly held old one

(!AH ¼ ask!xx þ b!2
xx) [17,19,20,24], we compare them

side by side in Fig. 3, using the same set of experimental
raw data without involving any complicated data fitting.
Accordingly, a linear relationship would be expected from
!AH=!xx vs !xx for the old scaling [Figs. 3(a)–3(c)], but
!AH vs !2

xx for the new one [Figs. 3(d)–3(f)], respectively.
The comparisons show unambiguously that the new scal-
ing works much better, especially in the thin limit where
the old scaling deviates the most. It becomes clear now that
a proper scaling for the AHE should involve not only !xx

but also !xx0, i.e., !AH ¼ fð!xx0;!xxÞ—an important fact
that has long been hidden. With experimental tuning of the
film thickness, we have discovered an empirical relation
for the AHE in Fe:

!AH ¼ ð"!xx0 þ #!2
xx0Þ þ b!2

xx (1)
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n 1879, 18 years before the discovery of
the electron and long before the discov-
ery of its spin, Edwin Hall observed an

effect that now bears his name; he meas-
ured a voltage (the Hall voltage) that arises
from the deflected motion of charged car-
riers (electrons and/or holes—the absence
of electrons) in solids under an external
electric field E and a magnetic field H (1).
In the late 20th century, the Hall effect,
which by then had become a routine and
perhaps unexciting characterization
technique, unearthed the unexpected
nature of two-dimensional charged
carriers in semiconductors. It hap-
pened twice, first in the discovery of
the quantized Hall effect and then
when the fractional Hall effect was
found (2). Because electrons have
spin in addition to charge, one may
wonder whether spin plays a role in
the Hall effect, whether a “spin” Hall
effect exists, and then how to observe
it and what are the details of its nature
(3). Recent research has begun to
answer all these questions.

In ferromagnets, the Hall voltage
consists of two contributions: the ordi-
nary Hall effect (OHE) that leads to
the effects originally discovered as
mentioned above, and an “anomalous”
part that is proportional not to the
external field H but to the magnetiza-
tion of the ferromagnet. This latter
phenomenon is called the anomalous
Hall effect (AHE) (4). Although the
mechanism of the AHE has been a subject
of controversy, it was known to originate
from the spin polarization of carriers (that
is, the imbalance in the population of carri-
ers with different spins). The charge current
in fer romagnets is dependent on spin
(denoted by σ, which can be either “up” or
“down”), and assuming Mott’s two-carrier
approximation (5, 6), one can define spin-

dependent resistivity ρσ by means of the
expression Jσ = (1/ρσ)E (where Jσ is the cur-
rent density). The spin dependence of ρσ
may be caused by spin-dependent elec-
tronic states or by spin-dependent scatter-
ing attributable to imperfections and
phonons in crystals. These effects manifest
themselves in the Hall voltage via the spin-
orbit interaction that couples spin with the
orbital motion of carriers. Historically,
these effects were thought to result from an

intrinsic effective magnetic f ield in the
momentum space due to the phase called
the Berry phase acquired by the moving
electron (7). Two extrinsic mechanisms,
skew-scattering (8) and side-jump (9), were
then proposed. Most of the experiments
have been analyzed in terms of the extrinsic
mechanisms, but the intrinsic AHE was
recently revisited (10) to give quantitative
explanations of AHE in ferromagnetic
semiconductors (11). 

When scattering is spin-dependent, up
and down spin electrons are scattered into
opposite directions, resulting in spin-up and
spin-down charge Hall currents along the
direction perpendicular to E. In ferromag-
nets, the intrinsic spin imbalance makes the
two charge Hall currents asymmetric and
produces a Hall voltage proportional to the

spin polarization (that is, the magnetiza-
tion). This is the extrinsic AHE. Here, the
Hall voltage produced by movement of
charge is accompanied by spin; thus, there
also exists, along with the charge accumu-
lation that produces the Hall voltage, spin
polarization with opposite polarity at the
two ends. This accumulation of spins shows
that the spin Hall effect (SHE) exists, but in
this case it is extrinsic because it originates
from spin-dependent scattering. Spin polar-
ization is usually much more difficult to
probe locally with high enough sensitivity.
For nonmagnets, although the two charge
Hall currents cancel and no Hall voltage
develops, spin-dependent scattering still
produces the up and down spin currents
(flow of spins) that flow in the opposite

directions, as long as the spin-orbit interac-
tion is nonvanishing, resulting in spin polar-
ization of opposite signs at the edges even
in the absence of applied magnetic fields.
Thus, SHE may exist with no accompany-
ing Hall voltage (12, 13).

As in the case of AHE, one can conceive
of an intrinsic SHE in nonmagnets on
which no external magnetic f ield is
applied. Murakami et al. (14) have pre-
dicted for p-type semiconductors that the
effective magnetic field originated from
the Berry phase makes up and down spin
electrons drift toward opposite directions
and leads to SHE. The spin-orbit interac-
tion that exists in any material may also
produce the intrinsic SHE even for n-type
semiconductors. Sinova et al. (15) have
predicted a constant spin Hall conductivity
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the electron and long before the discov-
ery of its spin, Edwin Hall observed an

effect that now bears his name; he meas-
ured a voltage (the Hall voltage) that arises
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these effects were thought to result from an

intrinsic effective magnetic f ield in the
momentum space due to the phase called
the Berry phase acquired by the moving
electron (7). Two extrinsic mechanisms,
skew-scattering (8) and side-jump (9), were
then proposed. Most of the experiments
have been analyzed in terms of the extrinsic
mechanisms, but the intrinsic AHE was
recently revisited (10) to give quantitative
explanations of AHE in ferromagnetic
semiconductors (11). 

When scattering is spin-dependent, up
and down spin electrons are scattered into
opposite directions, resulting in spin-up and
spin-down charge Hall currents along the
direction perpendicular to E. In ferromag-
nets, the intrinsic spin imbalance makes the
two charge Hall currents asymmetric and
produces a Hall voltage proportional to the

spin polarization (that is, the magnetiza-
tion). This is the extrinsic AHE. Here, the
Hall voltage produced by movement of
charge is accompanied by spin; thus, there
also exists, along with the charge accumu-
lation that produces the Hall voltage, spin
polarization with opposite polarity at the
two ends. This accumulation of spins shows
that the spin Hall effect (SHE) exists, but in
this case it is extrinsic because it originates
from spin-dependent scattering. Spin polar-
ization is usually much more difficult to
probe locally with high enough sensitivity.
For nonmagnets, although the two charge
Hall currents cancel and no Hall voltage
develops, spin-dependent scattering still
produces the up and down spin currents
(flow of spins) that flow in the opposite

directions, as long as the spin-orbit interac-
tion is nonvanishing, resulting in spin polar-
ization of opposite signs at the edges even
in the absence of applied magnetic fields.
Thus, SHE may exist with no accompany-
ing Hall voltage (12, 13).

As in the case of AHE, one can conceive
of an intrinsic SHE in nonmagnets on
which no external magnetic f ield is
applied. Murakami et al. (14) have pre-
dicted for p-type semiconductors that the
effective magnetic field originated from
the Berry phase makes up and down spin
electrons drift toward opposite directions
and leads to SHE. The spin-orbit interac-
tion that exists in any material may also
produce the intrinsic SHE even for n-type
semiconductors. Sinova et al. (15) have
predicted a constant spin Hall conductivity
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To include the role of the skew scattering, a linear term
!sk ¼ a!xx is conventionally introduced [17,19,20,24],
which implies !sk ¼ a!xx0 þ a!xxT according to the
Matthiessen rule, where !xx0 and !xxT are the residual
and phonon-induced resistivity, respectively. Thus the con-
tributions to !AH from phonons and defects are treated on
the equal footings, which is not justified. Theoretically it
was already pointed out that phonons should have a much
smaller effect on skew scattering [28]. To clarify this, we
first treat them as two independent sources, i.e., !sk ¼
a0!xx0 þ a00!xxT , then determine the values of a0 and a00

by fitting !AH ¼ a0!xx0 þ a00!xxT þ b!2
xx to the data in

Fig. 1(d) using the experimentally measured !AH, !xx0,
!xxT , and !xx for different film thicknesses. The fitting
parameters of a0, a00, and b coming out from the best fits
are presented in Fig. 2(a), from which it is evident that a0

and a00 are indeed distinctly different, and a00 # 0. After
putting a00 ¼ 0, we show in black solid lines in Fig. 1(d)
the good fittings by !AH ¼ a0!xx0 þ b!2

xx, and in Fig. 2(a)
the corresponding new set of a0 and b. The fact that a00 ¼ 0
is the first experimental evidence that phonon contribu-
tion to the skew scattering in the anomalous Hall resis-
tivity is negligibly small. In addition, as noted in Fig. 2(a),
a0 is actually not a constant but exhibits strong thickness or
!xx0 dependence. This dependence is further analyzed in
Fig. 2(b) and can be described by a simple function of a0 ¼

"þ #!xx0, where " and # are real constants. It should be
mentioned here that in this Letter we focus our attention
only on films thicker than 4 nm where b # 1:1$
103 !%1 cm%1 is almost constant; the results in the ultra-
thin regime where b is decreasing deserve a separate dis-
cussion elsewhere.
To demonstrate the superiority of the new scaling

(!AH ¼ a0!xx0 þ b!2
xx) over the commonly held old one

(!AH ¼ ask!xx þ b!2
xx) [17,19,20,24], we compare them

side by side in Fig. 3, using the same set of experimental
raw data without involving any complicated data fitting.
Accordingly, a linear relationship would be expected from
!AH=!xx vs !xx for the old scaling [Figs. 3(a)–3(c)], but
!AH vs !2

xx for the new one [Figs. 3(d)–3(f)], respectively.
The comparisons show unambiguously that the new scal-
ing works much better, especially in the thin limit where
the old scaling deviates the most. It becomes clear now that
a proper scaling for the AHE should involve not only !xx

but also !xx0, i.e., !AH ¼ fð!xx0;!xxÞ—an important fact
that has long been hidden. With experimental tuning of the
film thickness, we have discovered an empirical relation
for the AHE in Fe:

!AH ¼ ð"!xx0 þ #!2
xx0Þ þ b!2

xx (1)
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Figure 3 | Measurements of the symmetries of the Hall signals. a, SIHE measurements in a masked sample with linearly polarized light (grey regions) and
circularly polarized light of a fixed helicity (white regions) for opposite polarities of the optical current. A schematic diagram of the experimental set-up is
shown in the upper panel. The middle panel shows that SIHE voltages are detected only at negative bias when spin-polarized electrons move from the
illuminated aperture towards the measured Hall crosses H2 and H3 in the n-channel. The optical current is plotted in the lower panel. b, Complementary
measurements to a in an unmasked sample with only the n-channel biased and Hall crosses H2 and H3 directly illuminated with a ⇥10 stronger light
intensity as compared with a. Weak AHE signals are detected in this case, which are antisymmetric with respect to the polarity of the current. The lower
panel shows the optically generated part of the current. c, SIHE measurements in a �5 V reverse-biased p–n junction device with unmasked Hall bars. The
spin-injection area is shifted by moving the focus of the laser spot across the junction towards the p-channel. Position ‘0’ corresponds to the spot on top of
the p–n junction. The SIHE signal at the n-channel crosses H2 and H3 changes simultaneously, at each individual cross can change magnitude and sign,
and eventually vanishes when the spot is moved by several micrometres from the junction.

A strong AHE signal is detected when directly illuminating the
measured p-channel Hall cross.

Finally, Fig. 5a shows measurements in a sample that showed
rectifying p–n junction characteristics at temperatures up to 240 K.
The data demonstrate that the SIHE is readily detectable at
high temperatures. Together with the zero-bias operation shown
in Fig. 1c and linearity of the SIHE in the degree of circular
polarization of the incident light, these characteristics represent
the realization of the spin-photovoltaic effect in a non-magnetic
structure and demonstrate the utility of the device as an electrical
polarimeter15. Note that our approach is distinct from the former
proposal of the spin-voltaic effect, which assumed longitudinal
transport in a magnetic system23,24.

The aim of the experimental work discussed above was to
provide evidence and explore the basic phenomenology of the
SIHE. For this, we designed our devices to achieve the capability
of spatially confined optical injection, non-local spin detection
in well-defined Hall bar structures and compatibility with the
expected micrometre scale of the spin precession. Systematic
and quantitative study through the SIHE of spin dynamics in
semiconductor structures with variable properties is beyond the
scope of this article and in our devices requires major modifications
and optimizations of the epilayer growth and device fabrication.
For example, a reduction of the spacing between the Hall crosses
and corresponding reduction of the size of individual Hall contacts
by an order of magnitude would require nanofabrication of
⇠10 nm lateral features with a depth-to-width aspect ratio of

10 in our current epilayers. This is beyond the state-of-the-art
limits of electron-beam lithography combined with dry etching.
Bringing the 2DEG closer to the surface and also, for example,
increasing its mobility by introducing larger spacer layers in
the barrier material is feasible. However, it will require a series
of growth optimization steps to establish the balance between
the 2DEG and 2DHG populations necessary for the formation
of the co-planar p–n junction after etching. Finally, we note
that experiments in external magnetic fields, often seen in the
studies of spin dynamics in weakly spin–orbit coupled systems,
are not well suited for inspecting basic SIHE characteristics
in our relatively strongly spin–orbit coupled 2DEG. Variations
in the spin precession and coherence induced by the Zeeman
coupling at magnetic fields .1 T are expected to be weak (see
Supplementary Information for more details on the relevantMonte
Carlo simulations). At higher magnetic fields, the SIHE signals
may contain contributions from the Zeeman and quantum orbital
effects of the field on the spin dynamics, which are mixed by
the spin–orbit coupling. We also expect extra effects from the
field-dependent characteristics of the spin-current generation in
our p–n junctions22. The study of the complex phenomenology of
our devices at high magnetic fields is beyond the scope of our initial
report of the SIHE. Instead, we provide here further insight into the
physics of the SIHE obtained from microscopic theory calculations
at zero magnetic field.

Our theoretical approach is based on the observation that
the micrometre length scale governing the spatial dependence
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Figure 3 | Measurements of the symmetries of the Hall signals. a, SIHE measurements in a masked sample with linearly polarized light (grey regions) and
circularly polarized light of a fixed helicity (white regions) for opposite polarities of the optical current. A schematic diagram of the experimental set-up is
shown in the upper panel. The middle panel shows that SIHE voltages are detected only at negative bias when spin-polarized electrons move from the
illuminated aperture towards the measured Hall crosses H2 and H3 in the n-channel. The optical current is plotted in the lower panel. b, Complementary
measurements to a in an unmasked sample with only the n-channel biased and Hall crosses H2 and H3 directly illuminated with a ⇥10 stronger light
intensity as compared with a. Weak AHE signals are detected in this case, which are antisymmetric with respect to the polarity of the current. The lower
panel shows the optically generated part of the current. c, SIHE measurements in a �5 V reverse-biased p–n junction device with unmasked Hall bars. The
spin-injection area is shifted by moving the focus of the laser spot across the junction towards the p-channel. Position ‘0’ corresponds to the spot on top of
the p–n junction. The SIHE signal at the n-channel crosses H2 and H3 changes simultaneously, at each individual cross can change magnitude and sign,
and eventually vanishes when the spot is moved by several micrometres from the junction.

A strong AHE signal is detected when directly illuminating the
measured p-channel Hall cross.

Finally, Fig. 5a shows measurements in a sample that showed
rectifying p–n junction characteristics at temperatures up to 240 K.
The data demonstrate that the SIHE is readily detectable at
high temperatures. Together with the zero-bias operation shown
in Fig. 1c and linearity of the SIHE in the degree of circular
polarization of the incident light, these characteristics represent
the realization of the spin-photovoltaic effect in a non-magnetic
structure and demonstrate the utility of the device as an electrical
polarimeter15. Note that our approach is distinct from the former
proposal of the spin-voltaic effect, which assumed longitudinal
transport in a magnetic system23,24.

The aim of the experimental work discussed above was to
provide evidence and explore the basic phenomenology of the
SIHE. For this, we designed our devices to achieve the capability
of spatially confined optical injection, non-local spin detection
in well-defined Hall bar structures and compatibility with the
expected micrometre scale of the spin precession. Systematic
and quantitative study through the SIHE of spin dynamics in
semiconductor structures with variable properties is beyond the
scope of this article and in our devices requires major modifications
and optimizations of the epilayer growth and device fabrication.
For example, a reduction of the spacing between the Hall crosses
and corresponding reduction of the size of individual Hall contacts
by an order of magnitude would require nanofabrication of
⇠10 nm lateral features with a depth-to-width aspect ratio of

10 in our current epilayers. This is beyond the state-of-the-art
limits of electron-beam lithography combined with dry etching.
Bringing the 2DEG closer to the surface and also, for example,
increasing its mobility by introducing larger spacer layers in
the barrier material is feasible. However, it will require a series
of growth optimization steps to establish the balance between
the 2DEG and 2DHG populations necessary for the formation
of the co-planar p–n junction after etching. Finally, we note
that experiments in external magnetic fields, often seen in the
studies of spin dynamics in weakly spin–orbit coupled systems,
are not well suited for inspecting basic SIHE characteristics
in our relatively strongly spin–orbit coupled 2DEG. Variations
in the spin precession and coherence induced by the Zeeman
coupling at magnetic fields .1 T are expected to be weak (see
Supplementary Information for more details on the relevantMonte
Carlo simulations). At higher magnetic fields, the SIHE signals
may contain contributions from the Zeeman and quantum orbital
effects of the field on the spin dynamics, which are mixed by
the spin–orbit coupling. We also expect extra effects from the
field-dependent characteristics of the spin-current generation in
our p–n junctions22. The study of the complex phenomenology of
our devices at high magnetic fields is beyond the scope of our initial
report of the SIHE. Instead, we provide here further insight into the
physics of the SIHE obtained from microscopic theory calculations
at zero magnetic field.

Our theoretical approach is based on the observation that
the micrometre length scale governing the spatial dependence
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Figure 3 | Measurements of the symmetries of the Hall signals. a, SIHE measurements in a masked sample with linearly polarized light (grey regions) and
circularly polarized light of a fixed helicity (white regions) for opposite polarities of the optical current. A schematic diagram of the experimental set-up is
shown in the upper panel. The middle panel shows that SIHE voltages are detected only at negative bias when spin-polarized electrons move from the
illuminated aperture towards the measured Hall crosses H2 and H3 in the n-channel. The optical current is plotted in the lower panel. b, Complementary
measurements to a in an unmasked sample with only the n-channel biased and Hall crosses H2 and H3 directly illuminated with a ⇥10 stronger light
intensity as compared with a. Weak AHE signals are detected in this case, which are antisymmetric with respect to the polarity of the current. The lower
panel shows the optically generated part of the current. c, SIHE measurements in a �5 V reverse-biased p–n junction device with unmasked Hall bars. The
spin-injection area is shifted by moving the focus of the laser spot across the junction towards the p-channel. Position ‘0’ corresponds to the spot on top of
the p–n junction. The SIHE signal at the n-channel crosses H2 and H3 changes simultaneously, at each individual cross can change magnitude and sign,
and eventually vanishes when the spot is moved by several micrometres from the junction.

A strong AHE signal is detected when directly illuminating the
measured p-channel Hall cross.

Finally, Fig. 5a shows measurements in a sample that showed
rectifying p–n junction characteristics at temperatures up to 240 K.
The data demonstrate that the SIHE is readily detectable at
high temperatures. Together with the zero-bias operation shown
in Fig. 1c and linearity of the SIHE in the degree of circular
polarization of the incident light, these characteristics represent
the realization of the spin-photovoltaic effect in a non-magnetic
structure and demonstrate the utility of the device as an electrical
polarimeter15. Note that our approach is distinct from the former
proposal of the spin-voltaic effect, which assumed longitudinal
transport in a magnetic system23,24.

The aim of the experimental work discussed above was to
provide evidence and explore the basic phenomenology of the
SIHE. For this, we designed our devices to achieve the capability
of spatially confined optical injection, non-local spin detection
in well-defined Hall bar structures and compatibility with the
expected micrometre scale of the spin precession. Systematic
and quantitative study through the SIHE of spin dynamics in
semiconductor structures with variable properties is beyond the
scope of this article and in our devices requires major modifications
and optimizations of the epilayer growth and device fabrication.
For example, a reduction of the spacing between the Hall crosses
and corresponding reduction of the size of individual Hall contacts
by an order of magnitude would require nanofabrication of
⇠10 nm lateral features with a depth-to-width aspect ratio of

10 in our current epilayers. This is beyond the state-of-the-art
limits of electron-beam lithography combined with dry etching.
Bringing the 2DEG closer to the surface and also, for example,
increasing its mobility by introducing larger spacer layers in
the barrier material is feasible. However, it will require a series
of growth optimization steps to establish the balance between
the 2DEG and 2DHG populations necessary for the formation
of the co-planar p–n junction after etching. Finally, we note
that experiments in external magnetic fields, often seen in the
studies of spin dynamics in weakly spin–orbit coupled systems,
are not well suited for inspecting basic SIHE characteristics
in our relatively strongly spin–orbit coupled 2DEG. Variations
in the spin precession and coherence induced by the Zeeman
coupling at magnetic fields .1 T are expected to be weak (see
Supplementary Information for more details on the relevantMonte
Carlo simulations). At higher magnetic fields, the SIHE signals
may contain contributions from the Zeeman and quantum orbital
effects of the field on the spin dynamics, which are mixed by
the spin–orbit coupling. We also expect extra effects from the
field-dependent characteristics of the spin-current generation in
our p–n junctions22. The study of the complex phenomenology of
our devices at high magnetic fields is beyond the scope of our initial
report of the SIHE. Instead, we provide here further insight into the
physics of the SIHE obtained from microscopic theory calculations
at zero magnetic field.

Our theoretical approach is based on the observation that
the micrometre length scale governing the spatial dependence
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Figure 3 | Measurements of the symmetries of the Hall signals. a, SIHE measurements in a masked sample with linearly polarized light (grey regions) and
circularly polarized light of a fixed helicity (white regions) for opposite polarities of the optical current. A schematic diagram of the experimental set-up is
shown in the upper panel. The middle panel shows that SIHE voltages are detected only at negative bias when spin-polarized electrons move from the
illuminated aperture towards the measured Hall crosses H2 and H3 in the n-channel. The optical current is plotted in the lower panel. b, Complementary
measurements to a in an unmasked sample with only the n-channel biased and Hall crosses H2 and H3 directly illuminated with a ⇥10 stronger light
intensity as compared with a. Weak AHE signals are detected in this case, which are antisymmetric with respect to the polarity of the current. The lower
panel shows the optically generated part of the current. c, SIHE measurements in a �5 V reverse-biased p–n junction device with unmasked Hall bars. The
spin-injection area is shifted by moving the focus of the laser spot across the junction towards the p-channel. Position ‘0’ corresponds to the spot on top of
the p–n junction. The SIHE signal at the n-channel crosses H2 and H3 changes simultaneously, at each individual cross can change magnitude and sign,
and eventually vanishes when the spot is moved by several micrometres from the junction.

A strong AHE signal is detected when directly illuminating the
measured p-channel Hall cross.

Finally, Fig. 5a shows measurements in a sample that showed
rectifying p–n junction characteristics at temperatures up to 240 K.
The data demonstrate that the SIHE is readily detectable at
high temperatures. Together with the zero-bias operation shown
in Fig. 1c and linearity of the SIHE in the degree of circular
polarization of the incident light, these characteristics represent
the realization of the spin-photovoltaic effect in a non-magnetic
structure and demonstrate the utility of the device as an electrical
polarimeter15. Note that our approach is distinct from the former
proposal of the spin-voltaic effect, which assumed longitudinal
transport in a magnetic system23,24.

The aim of the experimental work discussed above was to
provide evidence and explore the basic phenomenology of the
SIHE. For this, we designed our devices to achieve the capability
of spatially confined optical injection, non-local spin detection
in well-defined Hall bar structures and compatibility with the
expected micrometre scale of the spin precession. Systematic
and quantitative study through the SIHE of spin dynamics in
semiconductor structures with variable properties is beyond the
scope of this article and in our devices requires major modifications
and optimizations of the epilayer growth and device fabrication.
For example, a reduction of the spacing between the Hall crosses
and corresponding reduction of the size of individual Hall contacts
by an order of magnitude would require nanofabrication of
⇠10 nm lateral features with a depth-to-width aspect ratio of

10 in our current epilayers. This is beyond the state-of-the-art
limits of electron-beam lithography combined with dry etching.
Bringing the 2DEG closer to the surface and also, for example,
increasing its mobility by introducing larger spacer layers in
the barrier material is feasible. However, it will require a series
of growth optimization steps to establish the balance between
the 2DEG and 2DHG populations necessary for the formation
of the co-planar p–n junction after etching. Finally, we note
that experiments in external magnetic fields, often seen in the
studies of spin dynamics in weakly spin–orbit coupled systems,
are not well suited for inspecting basic SIHE characteristics
in our relatively strongly spin–orbit coupled 2DEG. Variations
in the spin precession and coherence induced by the Zeeman
coupling at magnetic fields .1 T are expected to be weak (see
Supplementary Information for more details on the relevantMonte
Carlo simulations). At higher magnetic fields, the SIHE signals
may contain contributions from the Zeeman and quantum orbital
effects of the field on the spin dynamics, which are mixed by
the spin–orbit coupling. We also expect extra effects from the
field-dependent characteristics of the spin-current generation in
our p–n junctions22. The study of the complex phenomenology of
our devices at high magnetic fields is beyond the scope of our initial
report of the SIHE. Instead, we provide here further insight into the
physics of the SIHE obtained from microscopic theory calculations
at zero magnetic field.

Our theoretical approach is based on the observation that
the micrometre length scale governing the spatial dependence
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Figure 3 | Measurements of the symmetries of the Hall signals. a, SIHE measurements in a masked sample with linearly polarized light (grey regions) and
circularly polarized light of a fixed helicity (white regions) for opposite polarities of the optical current. A schematic diagram of the experimental set-up is
shown in the upper panel. The middle panel shows that SIHE voltages are detected only at negative bias when spin-polarized electrons move from the
illuminated aperture towards the measured Hall crosses H2 and H3 in the n-channel. The optical current is plotted in the lower panel. b, Complementary
measurements to a in an unmasked sample with only the n-channel biased and Hall crosses H2 and H3 directly illuminated with a ⇥10 stronger light
intensity as compared with a. Weak AHE signals are detected in this case, which are antisymmetric with respect to the polarity of the current. The lower
panel shows the optically generated part of the current. c, SIHE measurements in a �5 V reverse-biased p–n junction device with unmasked Hall bars. The
spin-injection area is shifted by moving the focus of the laser spot across the junction towards the p-channel. Position ‘0’ corresponds to the spot on top of
the p–n junction. The SIHE signal at the n-channel crosses H2 and H3 changes simultaneously, at each individual cross can change magnitude and sign,
and eventually vanishes when the spot is moved by several micrometres from the junction.

A strong AHE signal is detected when directly illuminating the
measured p-channel Hall cross.

Finally, Fig. 5a shows measurements in a sample that showed
rectifying p–n junction characteristics at temperatures up to 240 K.
The data demonstrate that the SIHE is readily detectable at
high temperatures. Together with the zero-bias operation shown
in Fig. 1c and linearity of the SIHE in the degree of circular
polarization of the incident light, these characteristics represent
the realization of the spin-photovoltaic effect in a non-magnetic
structure and demonstrate the utility of the device as an electrical
polarimeter15. Note that our approach is distinct from the former
proposal of the spin-voltaic effect, which assumed longitudinal
transport in a magnetic system23,24.

The aim of the experimental work discussed above was to
provide evidence and explore the basic phenomenology of the
SIHE. For this, we designed our devices to achieve the capability
of spatially confined optical injection, non-local spin detection
in well-defined Hall bar structures and compatibility with the
expected micrometre scale of the spin precession. Systematic
and quantitative study through the SIHE of spin dynamics in
semiconductor structures with variable properties is beyond the
scope of this article and in our devices requires major modifications
and optimizations of the epilayer growth and device fabrication.
For example, a reduction of the spacing between the Hall crosses
and corresponding reduction of the size of individual Hall contacts
by an order of magnitude would require nanofabrication of
⇠10 nm lateral features with a depth-to-width aspect ratio of

10 in our current epilayers. This is beyond the state-of-the-art
limits of electron-beam lithography combined with dry etching.
Bringing the 2DEG closer to the surface and also, for example,
increasing its mobility by introducing larger spacer layers in
the barrier material is feasible. However, it will require a series
of growth optimization steps to establish the balance between
the 2DEG and 2DHG populations necessary for the formation
of the co-planar p–n junction after etching. Finally, we note
that experiments in external magnetic fields, often seen in the
studies of spin dynamics in weakly spin–orbit coupled systems,
are not well suited for inspecting basic SIHE characteristics
in our relatively strongly spin–orbit coupled 2DEG. Variations
in the spin precession and coherence induced by the Zeeman
coupling at magnetic fields .1 T are expected to be weak (see
Supplementary Information for more details on the relevantMonte
Carlo simulations). At higher magnetic fields, the SIHE signals
may contain contributions from the Zeeman and quantum orbital
effects of the field on the spin dynamics, which are mixed by
the spin–orbit coupling. We also expect extra effects from the
field-dependent characteristics of the spin-current generation in
our p–n junctions22. The study of the complex phenomenology of
our devices at high magnetic fields is beyond the scope of our initial
report of the SIHE. Instead, we provide here further insight into the
physics of the SIHE obtained from microscopic theory calculations
at zero magnetic field.

Our theoretical approach is based on the observation that
the micrometre length scale governing the spatial dependence
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Figure 3 | Measurements of the symmetries of the Hall signals. a, SIHE measurements in a masked sample with linearly polarized light (grey regions) and
circularly polarized light of a fixed helicity (white regions) for opposite polarities of the optical current. A schematic diagram of the experimental set-up is
shown in the upper panel. The middle panel shows that SIHE voltages are detected only at negative bias when spin-polarized electrons move from the
illuminated aperture towards the measured Hall crosses H2 and H3 in the n-channel. The optical current is plotted in the lower panel. b, Complementary
measurements to a in an unmasked sample with only the n-channel biased and Hall crosses H2 and H3 directly illuminated with a ⇥10 stronger light
intensity as compared with a. Weak AHE signals are detected in this case, which are antisymmetric with respect to the polarity of the current. The lower
panel shows the optically generated part of the current. c, SIHE measurements in a �5 V reverse-biased p–n junction device with unmasked Hall bars. The
spin-injection area is shifted by moving the focus of the laser spot across the junction towards the p-channel. Position ‘0’ corresponds to the spot on top of
the p–n junction. The SIHE signal at the n-channel crosses H2 and H3 changes simultaneously, at each individual cross can change magnitude and sign,
and eventually vanishes when the spot is moved by several micrometres from the junction.

A strong AHE signal is detected when directly illuminating the
measured p-channel Hall cross.

Finally, Fig. 5a shows measurements in a sample that showed
rectifying p–n junction characteristics at temperatures up to 240 K.
The data demonstrate that the SIHE is readily detectable at
high temperatures. Together with the zero-bias operation shown
in Fig. 1c and linearity of the SIHE in the degree of circular
polarization of the incident light, these characteristics represent
the realization of the spin-photovoltaic effect in a non-magnetic
structure and demonstrate the utility of the device as an electrical
polarimeter15. Note that our approach is distinct from the former
proposal of the spin-voltaic effect, which assumed longitudinal
transport in a magnetic system23,24.

The aim of the experimental work discussed above was to
provide evidence and explore the basic phenomenology of the
SIHE. For this, we designed our devices to achieve the capability
of spatially confined optical injection, non-local spin detection
in well-defined Hall bar structures and compatibility with the
expected micrometre scale of the spin precession. Systematic
and quantitative study through the SIHE of spin dynamics in
semiconductor structures with variable properties is beyond the
scope of this article and in our devices requires major modifications
and optimizations of the epilayer growth and device fabrication.
For example, a reduction of the spacing between the Hall crosses
and corresponding reduction of the size of individual Hall contacts
by an order of magnitude would require nanofabrication of
⇠10 nm lateral features with a depth-to-width aspect ratio of

10 in our current epilayers. This is beyond the state-of-the-art
limits of electron-beam lithography combined with dry etching.
Bringing the 2DEG closer to the surface and also, for example,
increasing its mobility by introducing larger spacer layers in
the barrier material is feasible. However, it will require a series
of growth optimization steps to establish the balance between
the 2DEG and 2DHG populations necessary for the formation
of the co-planar p–n junction after etching. Finally, we note
that experiments in external magnetic fields, often seen in the
studies of spin dynamics in weakly spin–orbit coupled systems,
are not well suited for inspecting basic SIHE characteristics
in our relatively strongly spin–orbit coupled 2DEG. Variations
in the spin precession and coherence induced by the Zeeman
coupling at magnetic fields .1 T are expected to be weak (see
Supplementary Information for more details on the relevantMonte
Carlo simulations). At higher magnetic fields, the SIHE signals
may contain contributions from the Zeeman and quantum orbital
effects of the field on the spin dynamics, which are mixed by
the spin–orbit coupling. We also expect extra effects from the
field-dependent characteristics of the spin-current generation in
our p–n junctions22. The study of the complex phenomenology of
our devices at high magnetic fields is beyond the scope of our initial
report of the SIHE. Instead, we provide here further insight into the
physics of the SIHE obtained from microscopic theory calculations
at zero magnetic field.

Our theoretical approach is based on the observation that
the micrometre length scale governing the spatial dependence
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Figure 1 | Overview of the device and the circuit for SHE tunnelling spectroscopy measurements. a, Schematic of the devices used in the SHE tunnelling
spectroscopy experiment. The lateral dimensions of the tunnel junction are defined by a and b. w and t represent the width and thickness of the SH metal
channel. b,c, Illustration of the generation of transverse current for SH metals (b) and 2D electron states with spin–orbit splitting (c). In SH metals, the spin
polarized hot electrons are deflected sideways after they are injected from the FM electrode. For 2D states, the majority and minority electrons tunnel into
di�erent sub-bands with di�erent parallel wavevectors. In b, the direction of the electric field is defined by the convention that under a positive bias
electrons tunnel into states above the Fermi surface of the NM. d, Schematic of the circuit used in the experiment.

account for this uncertainty, we use a wide range for �sf in our
calculation (1–2.7 nm for Ta (refs 16,17) and 1.5–10 nm for Pt
(refs 16,18), which reflects the lower and higher bounds of �sf
reported in the recent literature). With those numbers and with
the spin polarization calculated from the TMR of standard MTJs,
the SH angles are determined to be: |✓SH(Ta)| = 0.05–0.11 and
|✓SH(Pt)| = 0.04–0.09 (Supplementary Information). Note that as
the quality of the tunnelling barrier in the standard MTJs with
two CoFeB electrodes is probably higher compared with that in
the NM/oxide/FM junctions, we may have overestimated the spin
polarization of our devices. Therefore, the values of the SH angle
reported above should be treated as the lower bound of the actual
values of the SH angle at the Fermi level. The magnitude of the SH
angles has long been a heatedly debated topic in the study of the SHE
(ref. 18). Large SHangles that are close to the spin polarization of FM
metals usually need to be assumed to explain themagnetic dynamics
observed in the SH spin torque experiments8,11–13. Also, electrical
transport measurements have reported much smaller values (for
example, 0.004 for Ta and 0.02 for Pt; ref. 16). In this Letter, by
employing a pure transport approach, we obtained results that
are consistent with previous SH torque studies, verifying the SH
origins of those experiments. In contrast to previous transport

experiments using non-local spin valves16, our devices inject spin-
polarized current directly into the NM through a tunnel barrier. We
thus avoid the complexity of dealing with the loss of the spin current
across multiple interfaces and through di�usive metals. Therefore,
we believe that SH tunnelling spectroscopy provides a simple and
accurate measurement technique for determining SH angles.

The use of tunnelling electrons has another important
advantage—it enables us to apply a finite d.c. bias across the
junction and measure the voltage dependence of the ISHE signal.
Under finite bias, if the spin relaxation length (�sf) is much smaller
than the hot-electron attenuation length (�at), the measured ISHE
signal would mainly come from energetic electrons. In the other
extreme, if �sf � �at, the energetic electrons would relax back to
the Fermi level before they contribute to the SHE, and thus we
would expect to see very little signal variation to reflect the energy
dependence of the SHE.When the two length scales are comparable
(�sf ⇠ �at), the observed tunnelling spectra would consist of a
superposition of the SHE from both energetic and equilibrium
electrons, which would retain the energy dependence of the SHE,
albeit with energy-broadened spectral features. According to
previous ballistic electron emission experiments, �at is usually
between a few to a few tens of nm for tunnelling electrons in
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Figure 3 | SHE signal from the Ta/AlOx/CoFeB sample. a, ISH resistance (dV/dI)13,24 measured at VDC =�420 mV, 0 mV and +420 mV, with the field
swept along the x direction (0�). The junction area is ⇠4 ⇥ 4 µm2 and the resistance–area product is ⇠20 k� µm2. b, Di�erential ISH resistance dVISH/dI
as a function of the applied d.c. voltage. The error bars represent the standard deviation of results from ten scans.

transition metals19,20. Meanwhile, �sf is around 1–10 nm for heavy
metals such as Pt and Ta (refs 17,18,21). Therefore, the two
quantities are at least comparable to each other in our studies and
the measured signal should contain energy-dependent information
from the SHE. Figure 2c shows the di�erential ISH resistance
dVISH/dI of Ta/MgO/CoFeB under di�erent d.c. biases. The voltage
dependence of dVISH/dI over the range ±700mV is summarized
in Fig. 2d. We can see that dVISH/dI decays rapidly under negative
bias, but increases under positive bias until the signal saturates

around 400mV. On the other hand, the Pt/MgO/CoFeB sample
demonstrates a much more symmetric bias-voltage dependence
(Fig. 4c,d). We have also measured devices made of W (Fig. 4e) and
Ir (Fig. 4f) thin films. At zero d.c. bias, the sign and magnitude of
the SH angles of these two materials (Supplementary Information)
agree with previous experiments and calculations10,22. At finite bias,
the W samples show a distinct bias asymmetry compared with
Ta and Pt, and the spectral peak is located near the Fermi level,
whereas the Ir samples show amonotonic increase in dVISH/dI with
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of þ3.4% follow from Eqs. (3) and (10), respectively, for
U ¼ 0.5 eV. The SHA agrees in sign, but overestimates
the experimental of þ2.1% in magnitude [3]. Our theory
indicates, then, that the correlation U on the 5d states of
Ir impurity is the crucial factor to give a positive phase
shift δ1 and a positive SHA as in experiment.
To show the change of SHA between cases ofU ¼ 0 and

U ¼ 0.5 eV, intermediate values of U were calculated.
Keeping the condition in Eq. (2) and fixing the ratio
NIr

p=NIr
s ¼ 2.7, the resulting SHA by Eq. (10) ranges from

−1.1% to þ5.4%, as listed in Table I and plotted in Fig. 2.
AU as small as 0.1 eV would be enough to change the sign
of SHA. As for the discrepancy in magnitude compared to
experiment for the more realistic value of U ¼ 0.5 eV, the
energies of the the 5d states of Ir without correlation were
determined by LDA, which tends to overestimate the level
of the states under the Fermi level. The level of the 5d states
of Ir is then too close to the Fermi level. This then
overestimates the decrease of NIr

d for a given correlation
U. Errors in the predicted magnitude of the SHA may also
come from the simplification from five 5d orbitals to three
t2g orbitals of Ir in the Hamiltonian in Eq. (11), as well as
uncertainty in the parameters ofU and NIr

p=NIr
s . AccurateU

and NIr
p might be measured by x-ray spectroscopy [27].

For comparison, we also show in Fig. 2 the SHA using a
Hartree-Fock calculation of the occupation numbers of the
full set of spin-orbit split d orbitals, using the same values
of U0 and J as in the QMC method and obtaining the width
Δ and levels for E0;dþ and E0;d− from LDA, but neglecting
crystal field splitting
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We note that, for the entire range of U shown in Fig. 2,
the nonmagnetic solution is stable following Ref. [9]. This
shows that the change of sign and nonmonotonic behavior
of the SHA as a function of U are not a result of the
projection onto t2g states, but more general.
Discussion.—Since the sign of SHA is sensitive to the

sign of δ1 [Eq. (10)] and the corresponding small change of
NIr

p [Eq. (3)], the sign of SHA might be controlled as long
as the occupation number of the 6p states of the impurity
were properly manipulated. For instance, a laser pulse [28]
can decrease the occupation number of the impurity by
excitation. An improved combination of noble metal hosts
and 5d metal impurities with a long lifetime of the excited
states may be imagined as a means to control the sign of
the SHA.
In summary, we reconsider the theory of the spin Hall

effect in CuIr alloys by the QMC method, where the local
Coulomb correlation U in 5d states of Ir impurities is
included. Taking U to be 0.5 eV, we obtain a positive SHA,
consistent with experiment, in contrast to the negative angle
predicted without correlation U. Our result reveals the key
physics determining the spin Hall effect in CuIr alloys,
explaining the positive sign of the SHA in experiment.
This may also open up a way to control the sign of the spin
Hall effect by manipulating the occupation number of the
impurities.
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discussions. T. Ziman would like to thank the KITP, UCSB
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under Grant No. NSF PHY11-25915. The work has been
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from MEXT (Grant No. 24540387, No. 24360036,
No. 23340093, No. 25287094, No. 26247063, and
No. 26013006), by bilateral program from MEXT, and
by CREST from JST. Numerical computation was partly
carried out on the supercomputers at JAEA.
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FIG. 2 (color online). Calculated SHA by LDA under U ¼ 0
(red dot), by QMC under U > 0 (black circles) from Table I, and
by the Hartree-Fock approximation for spin-orbit-split 5d orbitals
(black line).
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Figure 1 | Overview of the device and the circuit for SHE tunnelling spectroscopy measurements. a, Schematic of the devices used in the SHE tunnelling
spectroscopy experiment. The lateral dimensions of the tunnel junction are defined by a and b. w and t represent the width and thickness of the SH metal
channel. b,c, Illustration of the generation of transverse current for SH metals (b) and 2D electron states with spin–orbit splitting (c). In SH metals, the spin
polarized hot electrons are deflected sideways after they are injected from the FM electrode. For 2D states, the majority and minority electrons tunnel into
di�erent sub-bands with di�erent parallel wavevectors. In b, the direction of the electric field is defined by the convention that under a positive bias
electrons tunnel into states above the Fermi surface of the NM. d, Schematic of the circuit used in the experiment.

account for this uncertainty, we use a wide range for �sf in our
calculation (1–2.7 nm for Ta (refs 16,17) and 1.5–10 nm for Pt
(refs 16,18), which reflects the lower and higher bounds of �sf
reported in the recent literature). With those numbers and with
the spin polarization calculated from the TMR of standard MTJs,
the SH angles are determined to be: |✓SH(Ta)| = 0.05–0.11 and
|✓SH(Pt)| = 0.04–0.09 (Supplementary Information). Note that as
the quality of the tunnelling barrier in the standard MTJs with
two CoFeB electrodes is probably higher compared with that in
the NM/oxide/FM junctions, we may have overestimated the spin
polarization of our devices. Therefore, the values of the SH angle
reported above should be treated as the lower bound of the actual
values of the SH angle at the Fermi level. The magnitude of the SH
angles has long been a heatedly debated topic in the study of the SHE
(ref. 18). Large SHangles that are close to the spin polarization of FM
metals usually need to be assumed to explain themagnetic dynamics
observed in the SH spin torque experiments8,11–13. Also, electrical
transport measurements have reported much smaller values (for
example, 0.004 for Ta and 0.02 for Pt; ref. 16). In this Letter, by
employing a pure transport approach, we obtained results that
are consistent with previous SH torque studies, verifying the SH
origins of those experiments. In contrast to previous transport

experiments using non-local spin valves16, our devices inject spin-
polarized current directly into the NM through a tunnel barrier. We
thus avoid the complexity of dealing with the loss of the spin current
across multiple interfaces and through di�usive metals. Therefore,
we believe that SH tunnelling spectroscopy provides a simple and
accurate measurement technique for determining SH angles.

The use of tunnelling electrons has another important
advantage—it enables us to apply a finite d.c. bias across the
junction and measure the voltage dependence of the ISHE signal.
Under finite bias, if the spin relaxation length (�sf) is much smaller
than the hot-electron attenuation length (�at), the measured ISHE
signal would mainly come from energetic electrons. In the other
extreme, if �sf � �at, the energetic electrons would relax back to
the Fermi level before they contribute to the SHE, and thus we
would expect to see very little signal variation to reflect the energy
dependence of the SHE.When the two length scales are comparable
(�sf ⇠ �at), the observed tunnelling spectra would consist of a
superposition of the SHE from both energetic and equilibrium
electrons, which would retain the energy dependence of the SHE,
albeit with energy-broadened spectral features. According to
previous ballistic electron emission experiments, �at is usually
between a few to a few tens of nm for tunnelling electrons in
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Figure 2 | SHE signal from the Ta/MgO/CoFeB sample. a,b, Transverse resistance dV/dI measured in the ISHE (a) and DSHE (b) configurations. The fields
are applied along the x (0�) and y (90�) directions in each case. The junction area is ⇠3 ⇥ 4 µm2 and the resistance–area product is ⇠100 k� µm2. The
di�erential ISH resistance dVISH/dI is defined as one half of the field-dependent signal. Inset of b, schematic illustration of the spin accumulation induced
by the DSHE at the NM/oxide interface. The red and green curves represent the spin-dependent chemical potentials for the majority and minority spins,
respectively. c, ISH resistance (dV/dI)13,24 measured at two di�erent d.c. biases when the field is swept along 0�. d, The di�erential ISH resistance dVISH/dI
as a function of the applied d.c. voltage. Two similar devices are shown. The dashed lines represent Taylor polynomial fits for the two samples. The error
bars represent the standard deviation of results from ten scans.
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Figure 3 | SHE signal from the Ta/AlOx/CoFeB sample. a, ISH resistance (dV/dI)13,24 measured at VDC =�420 mV, 0 mV and +420 mV, with the field
swept along the x direction (0�). The junction area is ⇠4 ⇥ 4 µm2 and the resistance–area product is ⇠20 k� µm2. b, Di�erential ISH resistance dVISH/dI
as a function of the applied d.c. voltage. The error bars represent the standard deviation of results from ten scans.

transition metals19,20. Meanwhile, �sf is around 1–10 nm for heavy
metals such as Pt and Ta (refs 17,18,21). Therefore, the two
quantities are at least comparable to each other in our studies and
the measured signal should contain energy-dependent information
from the SHE. Figure 2c shows the di�erential ISH resistance
dVISH/dI of Ta/MgO/CoFeB under di�erent d.c. biases. The voltage
dependence of dVISH/dI over the range ±700mV is summarized
in Fig. 2d. We can see that dVISH/dI decays rapidly under negative
bias, but increases under positive bias until the signal saturates

around 400mV. On the other hand, the Pt/MgO/CoFeB sample
demonstrates a much more symmetric bias-voltage dependence
(Fig. 4c,d). We have also measured devices made of W (Fig. 4e) and
Ir (Fig. 4f) thin films. At zero d.c. bias, the sign and magnitude of
the SH angles of these two materials (Supplementary Information)
agree with previous experiments and calculations10,22. At finite bias,
the W samples show a distinct bias asymmetry compared with
Ta and Pt, and the spectral peak is located near the Fermi level,
whereas the Ir samples show amonotonic increase in dVISH/dI with
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of þ3.4% follow from Eqs. (3) and (10), respectively, for
U ¼ 0.5 eV. The SHA agrees in sign, but overestimates
the experimental of þ2.1% in magnitude [3]. Our theory
indicates, then, that the correlation U on the 5d states of
Ir impurity is the crucial factor to give a positive phase
shift δ1 and a positive SHA as in experiment.
To show the change of SHA between cases ofU ¼ 0 and

U ¼ 0.5 eV, intermediate values of U were calculated.
Keeping the condition in Eq. (2) and fixing the ratio
NIr

p=NIr
s ¼ 2.7, the resulting SHA by Eq. (10) ranges from

−1.1% to þ5.4%, as listed in Table I and plotted in Fig. 2.
AU as small as 0.1 eV would be enough to change the sign
of SHA. As for the discrepancy in magnitude compared to
experiment for the more realistic value of U ¼ 0.5 eV, the
energies of the the 5d states of Ir without correlation were
determined by LDA, which tends to overestimate the level
of the states under the Fermi level. The level of the 5d states
of Ir is then too close to the Fermi level. This then
overestimates the decrease of NIr

d for a given correlation
U. Errors in the predicted magnitude of the SHA may also
come from the simplification from five 5d orbitals to three
t2g orbitals of Ir in the Hamiltonian in Eq. (11), as well as
uncertainty in the parameters ofU and NIr

p=NIr
s . AccurateU

and NIr
p might be measured by x-ray spectroscopy [27].

For comparison, we also show in Fig. 2 the SHA using a
Hartree-Fock calculation of the occupation numbers of the
full set of spin-orbit split d orbitals, using the same values
of U0 and J as in the QMC method and obtaining the width
Δ and levels for E0;dþ and E0;d− from LDA, but neglecting
crystal field splitting
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We note that, for the entire range of U shown in Fig. 2,
the nonmagnetic solution is stable following Ref. [9]. This
shows that the change of sign and nonmonotonic behavior
of the SHA as a function of U are not a result of the
projection onto t2g states, but more general.
Discussion.—Since the sign of SHA is sensitive to the

sign of δ1 [Eq. (10)] and the corresponding small change of
NIr

p [Eq. (3)], the sign of SHA might be controlled as long
as the occupation number of the 6p states of the impurity
were properly manipulated. For instance, a laser pulse [28]
can decrease the occupation number of the impurity by
excitation. An improved combination of noble metal hosts
and 5d metal impurities with a long lifetime of the excited
states may be imagined as a means to control the sign of
the SHA.
In summary, we reconsider the theory of the spin Hall

effect in CuIr alloys by the QMC method, where the local
Coulomb correlation U in 5d states of Ir impurities is
included. Taking U to be 0.5 eV, we obtain a positive SHA,
consistent with experiment, in contrast to the negative angle
predicted without correlation U. Our result reveals the key
physics determining the spin Hall effect in CuIr alloys,
explaining the positive sign of the SHA in experiment.
This may also open up a way to control the sign of the spin
Hall effect by manipulating the occupation number of the
impurities.
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FIG. 2 (color online). Calculated SHA by LDA under U ¼ 0
(red dot), by QMC under U > 0 (black circles) from Table I, and
by the Hartree-Fock approximation for spin-orbit-split 5d orbitals
(black line).
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Figure 1 | Overview of the device and the circuit for SHE tunnelling spectroscopy measurements. a, Schematic of the devices used in the SHE tunnelling
spectroscopy experiment. The lateral dimensions of the tunnel junction are defined by a and b. w and t represent the width and thickness of the SH metal
channel. b,c, Illustration of the generation of transverse current for SH metals (b) and 2D electron states with spin–orbit splitting (c). In SH metals, the spin
polarized hot electrons are deflected sideways after they are injected from the FM electrode. For 2D states, the majority and minority electrons tunnel into
di�erent sub-bands with di�erent parallel wavevectors. In b, the direction of the electric field is defined by the convention that under a positive bias
electrons tunnel into states above the Fermi surface of the NM. d, Schematic of the circuit used in the experiment.

account for this uncertainty, we use a wide range for �sf in our
calculation (1–2.7 nm for Ta (refs 16,17) and 1.5–10 nm for Pt
(refs 16,18), which reflects the lower and higher bounds of �sf
reported in the recent literature). With those numbers and with
the spin polarization calculated from the TMR of standard MTJs,
the SH angles are determined to be: |✓SH(Ta)| = 0.05–0.11 and
|✓SH(Pt)| = 0.04–0.09 (Supplementary Information). Note that as
the quality of the tunnelling barrier in the standard MTJs with
two CoFeB electrodes is probably higher compared with that in
the NM/oxide/FM junctions, we may have overestimated the spin
polarization of our devices. Therefore, the values of the SH angle
reported above should be treated as the lower bound of the actual
values of the SH angle at the Fermi level. The magnitude of the SH
angles has long been a heatedly debated topic in the study of the SHE
(ref. 18). Large SHangles that are close to the spin polarization of FM
metals usually need to be assumed to explain themagnetic dynamics
observed in the SH spin torque experiments8,11–13. Also, electrical
transport measurements have reported much smaller values (for
example, 0.004 for Ta and 0.02 for Pt; ref. 16). In this Letter, by
employing a pure transport approach, we obtained results that
are consistent with previous SH torque studies, verifying the SH
origins of those experiments. In contrast to previous transport

experiments using non-local spin valves16, our devices inject spin-
polarized current directly into the NM through a tunnel barrier. We
thus avoid the complexity of dealing with the loss of the spin current
across multiple interfaces and through di�usive metals. Therefore,
we believe that SH tunnelling spectroscopy provides a simple and
accurate measurement technique for determining SH angles.

The use of tunnelling electrons has another important
advantage—it enables us to apply a finite d.c. bias across the
junction and measure the voltage dependence of the ISHE signal.
Under finite bias, if the spin relaxation length (�sf) is much smaller
than the hot-electron attenuation length (�at), the measured ISHE
signal would mainly come from energetic electrons. In the other
extreme, if �sf � �at, the energetic electrons would relax back to
the Fermi level before they contribute to the SHE, and thus we
would expect to see very little signal variation to reflect the energy
dependence of the SHE.When the two length scales are comparable
(�sf ⇠ �at), the observed tunnelling spectra would consist of a
superposition of the SHE from both energetic and equilibrium
electrons, which would retain the energy dependence of the SHE,
albeit with energy-broadened spectral features. According to
previous ballistic electron emission experiments, �at is usually
between a few to a few tens of nm for tunnelling electrons in
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Figure 2 | SHE signal from the Ta/MgO/CoFeB sample. a,b, Transverse resistance dV/dI measured in the ISHE (a) and DSHE (b) configurations. The fields
are applied along the x (0�) and y (90�) directions in each case. The junction area is ⇠3 ⇥ 4 µm2 and the resistance–area product is ⇠100 k� µm2. The
di�erential ISH resistance dVISH/dI is defined as one half of the field-dependent signal. Inset of b, schematic illustration of the spin accumulation induced
by the DSHE at the NM/oxide interface. The red and green curves represent the spin-dependent chemical potentials for the majority and minority spins,
respectively. c, ISH resistance (dV/dI)13,24 measured at two di�erent d.c. biases when the field is swept along 0�. d, The di�erential ISH resistance dVISH/dI
as a function of the applied d.c. voltage. Two similar devices are shown. The dashed lines represent Taylor polynomial fits for the two samples. The error
bars represent the standard deviation of results from ten scans.
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transition metals19,20. Meanwhile, �sf is around 1–10 nm for heavy
metals such as Pt and Ta (refs 17,18,21). Therefore, the two
quantities are at least comparable to each other in our studies and
the measured signal should contain energy-dependent information
from the SHE. Figure 2c shows the di�erential ISH resistance
dVISH/dI of Ta/MgO/CoFeB under di�erent d.c. biases. The voltage
dependence of dVISH/dI over the range ±700mV is summarized
in Fig. 2d. We can see that dVISH/dI decays rapidly under negative
bias, but increases under positive bias until the signal saturates

around 400mV. On the other hand, the Pt/MgO/CoFeB sample
demonstrates a much more symmetric bias-voltage dependence
(Fig. 4c,d). We have also measured devices made of W (Fig. 4e) and
Ir (Fig. 4f) thin films. At zero d.c. bias, the sign and magnitude of
the SH angles of these two materials (Supplementary Information)
agree with previous experiments and calculations10,22. At finite bias,
the W samples show a distinct bias asymmetry compared with
Ta and Pt, and the spectral peak is located near the Fermi level,
whereas the Ir samples show amonotonic increase in dVISH/dI with
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experiment: theoretical	  calculation:

Zhuo Xu et al., PRL 114, 017202 (2015)

of þ3.4% follow from Eqs. (3) and (10), respectively, for
U ¼ 0.5 eV. The SHA agrees in sign, but overestimates
the experimental of þ2.1% in magnitude [3]. Our theory
indicates, then, that the correlation U on the 5d states of
Ir impurity is the crucial factor to give a positive phase
shift δ1 and a positive SHA as in experiment.
To show the change of SHA between cases ofU ¼ 0 and

U ¼ 0.5 eV, intermediate values of U were calculated.
Keeping the condition in Eq. (2) and fixing the ratio
NIr

p=NIr
s ¼ 2.7, the resulting SHA by Eq. (10) ranges from

−1.1% to þ5.4%, as listed in Table I and plotted in Fig. 2.
AU as small as 0.1 eV would be enough to change the sign
of SHA. As for the discrepancy in magnitude compared to
experiment for the more realistic value of U ¼ 0.5 eV, the
energies of the the 5d states of Ir without correlation were
determined by LDA, which tends to overestimate the level
of the states under the Fermi level. The level of the 5d states
of Ir is then too close to the Fermi level. This then
overestimates the decrease of NIr

d for a given correlation
U. Errors in the predicted magnitude of the SHA may also
come from the simplification from five 5d orbitals to three
t2g orbitals of Ir in the Hamiltonian in Eq. (11), as well as
uncertainty in the parameters ofU and NIr

p=NIr
s . AccurateU

and NIr
p might be measured by x-ray spectroscopy [27].

For comparison, we also show in Fig. 2 the SHA using a
Hartree-Fock calculation of the occupation numbers of the
full set of spin-orbit split d orbitals, using the same values
of U0 and J as in the QMC method and obtaining the width
Δ and levels for E0;dþ and E0;d− from LDA, but neglecting
crystal field splitting
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We note that, for the entire range of U shown in Fig. 2,
the nonmagnetic solution is stable following Ref. [9]. This
shows that the change of sign and nonmonotonic behavior
of the SHA as a function of U are not a result of the
projection onto t2g states, but more general.
Discussion.—Since the sign of SHA is sensitive to the

sign of δ1 [Eq. (10)] and the corresponding small change of
NIr

p [Eq. (3)], the sign of SHA might be controlled as long
as the occupation number of the 6p states of the impurity
were properly manipulated. For instance, a laser pulse [28]
can decrease the occupation number of the impurity by
excitation. An improved combination of noble metal hosts
and 5d metal impurities with a long lifetime of the excited
states may be imagined as a means to control the sign of
the SHA.
In summary, we reconsider the theory of the spin Hall

effect in CuIr alloys by the QMC method, where the local
Coulomb correlation U in 5d states of Ir impurities is
included. Taking U to be 0.5 eV, we obtain a positive SHA,
consistent with experiment, in contrast to the negative angle
predicted without correlation U. Our result reveals the key
physics determining the spin Hall effect in CuIr alloys,
explaining the positive sign of the SHA in experiment.
This may also open up a way to control the sign of the spin
Hall effect by manipulating the occupation number of the
impurities.
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Anti-damping spin transfer torque through epitaxial nickel oxide
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We prepare the high quality epitaxial MgO(001)[100]/Pt(001)[100]/NiO(001)[100]/FeNi/SiO2

films to investigate the spin transport in the NiO antiferromagnetic insulator. The ferromagnetic
resonance measurements of the FeNi under a spin current injection from the Pt by the spin Hall
effect revealed the change of the ferromagnetic resonance linewidth depending on the amount of
the spin current injection. The results can be interpreted that there is an angular momentum transfer
through the NiO. A high efficient angular momentum transfer we observed in the epitaxial NiO can
be attributed to the well-defined orientation of the antiferromagnetic moments and the spin
quantization axis of the injected spin current. VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4918990]

Since the theoretical predictions1,2 followed by experi-
mental demonstrations,3,4 spin transfer torque (STT) has
been an efficient and promising technique to control magnet-
izations of ferromagnetic materials in modern spintronics
devices. This novel technique is based on an interaction
between electron spin and local magnetic moments. Namely,
the angular momentum of the electron spin is transferred to
and exerts a torque on the magnetization. The same interac-
tion should be conserved in antiferromagnets (AFMs), in
which there are microscopic local magnetic moments that
compensate each other to exhibit no net magnetization.5–8

As AFMs have been abandoned as an active material in
spintronics in spite of their potential applications in the THz
regime,9 it is of great interest to investigate the STT in
AFMs.

Despite numerous theoretical works on STT in AFMs,
there are only a few experiments indicating the possibilities
of interactions between the electron spin and the AFM
moments.10–13 The most recent investigations of spin trans-
port in AFM materials have raised an interesting question,
whether AFMs can be transparent to the angular momentum
flow.12,13 Wang et al.13 performed spin pumping measure-
ments on Y3Fe5O12/NiO/Pt, and a spin voltage signal was
detected by the inverse spin Hall effect in Pt. Spin transfer in
a metallic AFM system with a Pt/IrMn/FeCoB heterostruc-
ture has also been investigated by our group by means of
the spin-torque ferromagnetic resonance (ST-FMR).12 In the
ST-FMR measurements, it was found, by investigating
the change in linewidth, that the spin current injected from
the Pt can give a spin torque on the FeCoB via the IrMn. It is
quite remarkable that indications of spin transfer through
AFMs have been confirmed by these two different
techniques.

Those observations mostly draw only macroscopic inter-
pretation of the interaction between the AFM moments and
the spin current, because the Neel vectors are most likely
randomly oriented with respect to the spin current due to
polycrystallinity of the AFMs. In order to understand the
microscopics of the interaction between AFM moments and

the spin current, it is more desirable to investigate a clean
and ordered structure that possesses well-defined AFM
moments.

In this letter, we prepared MgO(001) substrate/Pt/NiO/
FeNi/SiO2 multilayers, in which the films are epitaxially
grown until the NiO layer, and performed a ST-FMR mea-
surement to quantify the anti-damping spin torque trans-
ported between the Pt and the FeNi through the NiO layer. In
order to investigate the spin torque in NiO, we created and
injected a pure spin current by the spin Hall effect in Pt. The
schematic layer structure of the injection scheme is shown in
Fig. 1(b). The electron flowing in the Pt layer experiences a
spin dependent scattering due to spin-orbit interaction,
resulting in the opposite flow of spin polarized electrons
orthogonal to the electron flow.14 This spin current is a
so-called pure spin current, which does not involve charge
current flow. This spin current induces a spin accumulation
at the Pt/NiO interface and exerts a spin torque on the NiO
magnetic moments in a similar manner to the Pt/ferromag-
netic insulator case.15 We investigate the magnetic damping

FIG. 1. (a) Crystal lattice of NiO. Green and red spheres indicate the Ni and
O atoms, respectively. Magnetic moments reside at the Ni atoms. (b)
Schematic illustration of the spin injection scheme. The bottom Pt layer
invokes an injection of the pure spin current due to the spin Hall effect. (c)
Reflection high energy electron diffraction images for the Pt surface (i) and
the NiO surface (ii). Schematic of the crystal orientation relationship is
shown in (iii).
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We develop a theory for spin transported by coherent Néel dynamics through an antiferromagnetic insulator
coupled to a ferromagnetic insulator on one side and a current-carrying normal metal with strong spin-orbit cou-
pling on the other. The ferromagnet is considered within the mono-domain limit and we assume its coupling to
the local antiferromagnet Néel order at the ferromagnet|antiferromagnet interface through exchange coupling.
Coupling between the charge current and the local Néel order at the other interface is described using spin
Hall phenomenology. Spin transport through the antiferromagnet, assumed to possess an easy-axis magnetic
anisotropy, is solved within the adiabatic approximation and the e↵ect of spin current flowing into the ferromag-
net on its resonance linewidth is evaluated. Onsager reciprocity is used to evaluate the inverse spin Hall voltage
generated across the metal by a dynamic ferromagnet as a function the antiferromagnet thickness.

PACS numbers: 72.25.Mk, 75.47.-m, 75.50.Ee, 76.50.+g

Spintronics of antiferromagnets (AFs), where AFs take on
the role of the central active component, is identified as one of
the most important emerging topics in the field of magnetism
today [1]. Robustness to magnetic perturbations due to their
total magnetic compensation, as well as characteristic dynam-
ical scale in the THz range may render AFs advantageous over
ferromagnets (Fs) for spintronics device applications. In ad-
dition, recent works on AFs have shown that the important
phenomena responsible for the success of F-based spintron-
ics also have AF counterparts, giving added impetus for AF-
based spintronics research. Indeed, giant magnetoresistance
and current-induced torques [2], anisotropic magnetoresis-
tance [3] and spin superfluidity [4], as well as current-induced
domain wall motion [5] and coupled dynamics between con-
duction electrons and background magnetic texture [6], are all
shown to be possible in AFs as well.

An important aspect of AF-based spintronics is the use of
AFs as a medium to transport spin angular momentum. Spin
transfer through AFs has been the focus of several recent ex-
perimental endeavors. Both Hahn et al. [7] and Wang et

al. [8] demonstrated spin transport through an AF insulator,
NiO, using an YIG|NiO|Pt heterostructure (YIG standing for
the insulating ferrimagnet yttrium iron garnet). Inverse spin
Hall signal showed robust spin pumping from YIG into Pt
even in the presence of the intervening NiO, suggesting e�-
cient spin transport through the AF. More recently, Moriyama
et al. used spin-torque ferromagnetic resonance (ST-FMR)
to demonstrate the propagation of spin excitations through a
metallic AF, IrMn, using a Pt|IrMn|CoFeB trilayer [9] as well
as NiO using a Pt|NiO|FeNi trilayer [10]. Spin current injected
from the Pt was shown to change the FMR linewidth, also sug-
gesting the transfer of spin angular momentum through the
central AF. Given the rising interest in AF spintronics and
the recent experimental focus, a theoretical account of spin
transport through an experimentally relevant normal metal
(N)|AF|F trilayer is highly desirable.

In this Letter, we develop a general phenomenology for spin
transport through an AF by collective Néel order parameter
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FIG. 1. Normal-metal (N)|antiferromagnet (AF)|ferromagnet (F) tri-
layer considered in this work. N sustains a dc charge current j and
F is described by a time-dependent macrospin S(t). Spin transfer
hJ s

exi occurs via the exchange coupling J at the AF|F interface, while
spin transfer across the AF|N interface has a spin transfer torque con-
tribution hJ s

stti (proportional to the e↵ective interfacial spin Hall an-
gle #) and a spin pumping contribution hJ s

spi (proportional to the
interfacial spin-mixing conductance ↵"#). The AF Gilbert damping,
parametrized by ↵0, leads to the loss of spin current hJ s

Gi in the AF
bulk. The central AF can be thought of as an e↵ective interface that
couples j and S with an e↵ective spin Hall angle #⇤.

dynamics, focusing on an N|AF|F trilayer relevant for both the
spin-pumping/inverse spin Hall as well as the ST-FMR exper-
iments mentioned above (see Fig. 1). Spin Hall phenomenol-
ogy, applicable to a wide range of di↵erent AF|N interfaces
obeying certain structural/crystalline symmetries, is utilized
to model the spin transfer at the AF|N interface, while the ex-
change coupling is assumed at the AF|F interface. As one of
the main achievements of this work we develop a simple “cir-
cuit” model, a pictorial visualization of spin flow, that allows
one to keep track of spin transfer through various parts of the
heterostructure (see bottom half of Fig. 1). From the circuit
model, we see that spin is both injected into (i.e., hJ s

stti) and
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Anti-damping spin transfer torque through epitaxial nickel oxide
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We prepare the high quality epitaxial MgO(001)[100]/Pt(001)[100]/NiO(001)[100]/FeNi/SiO2

films to investigate the spin transport in the NiO antiferromagnetic insulator. The ferromagnetic
resonance measurements of the FeNi under a spin current injection from the Pt by the spin Hall
effect revealed the change of the ferromagnetic resonance linewidth depending on the amount of
the spin current injection. The results can be interpreted that there is an angular momentum transfer
through the NiO. A high efficient angular momentum transfer we observed in the epitaxial NiO can
be attributed to the well-defined orientation of the antiferromagnetic moments and the spin
quantization axis of the injected spin current. VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4918990]

Since the theoretical predictions1,2 followed by experi-
mental demonstrations,3,4 spin transfer torque (STT) has
been an efficient and promising technique to control magnet-
izations of ferromagnetic materials in modern spintronics
devices. This novel technique is based on an interaction
between electron spin and local magnetic moments. Namely,
the angular momentum of the electron spin is transferred to
and exerts a torque on the magnetization. The same interac-
tion should be conserved in antiferromagnets (AFMs), in
which there are microscopic local magnetic moments that
compensate each other to exhibit no net magnetization.5–8

As AFMs have been abandoned as an active material in
spintronics in spite of their potential applications in the THz
regime,9 it is of great interest to investigate the STT in
AFMs.

Despite numerous theoretical works on STT in AFMs,
there are only a few experiments indicating the possibilities
of interactions between the electron spin and the AFM
moments.10–13 The most recent investigations of spin trans-
port in AFM materials have raised an interesting question,
whether AFMs can be transparent to the angular momentum
flow.12,13 Wang et al.13 performed spin pumping measure-
ments on Y3Fe5O12/NiO/Pt, and a spin voltage signal was
detected by the inverse spin Hall effect in Pt. Spin transfer in
a metallic AFM system with a Pt/IrMn/FeCoB heterostruc-
ture has also been investigated by our group by means of
the spin-torque ferromagnetic resonance (ST-FMR).12 In the
ST-FMR measurements, it was found, by investigating
the change in linewidth, that the spin current injected from
the Pt can give a spin torque on the FeCoB via the IrMn. It is
quite remarkable that indications of spin transfer through
AFMs have been confirmed by these two different
techniques.

Those observations mostly draw only macroscopic inter-
pretation of the interaction between the AFM moments and
the spin current, because the Neel vectors are most likely
randomly oriented with respect to the spin current due to
polycrystallinity of the AFMs. In order to understand the
microscopics of the interaction between AFM moments and

the spin current, it is more desirable to investigate a clean
and ordered structure that possesses well-defined AFM
moments.

In this letter, we prepared MgO(001) substrate/Pt/NiO/
FeNi/SiO2 multilayers, in which the films are epitaxially
grown until the NiO layer, and performed a ST-FMR mea-
surement to quantify the anti-damping spin torque trans-
ported between the Pt and the FeNi through the NiO layer. In
order to investigate the spin torque in NiO, we created and
injected a pure spin current by the spin Hall effect in Pt. The
schematic layer structure of the injection scheme is shown in
Fig. 1(b). The electron flowing in the Pt layer experiences a
spin dependent scattering due to spin-orbit interaction,
resulting in the opposite flow of spin polarized electrons
orthogonal to the electron flow.14 This spin current is a
so-called pure spin current, which does not involve charge
current flow. This spin current induces a spin accumulation
at the Pt/NiO interface and exerts a spin torque on the NiO
magnetic moments in a similar manner to the Pt/ferromag-
netic insulator case.15 We investigate the magnetic damping

FIG. 1. (a) Crystal lattice of NiO. Green and red spheres indicate the Ni and
O atoms, respectively. Magnetic moments reside at the Ni atoms. (b)
Schematic illustration of the spin injection scheme. The bottom Pt layer
invokes an injection of the pure spin current due to the spin Hall effect. (c)
Reflection high energy electron diffraction images for the Pt surface (i) and
the NiO surface (ii). Schematic of the crystal orientation relationship is
shown in (iii).
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Antiferromagnet-Mediated Spin Transfer Between Metal and Ferromagnet
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We develop a theory for spin transported by coherent Néel dynamics through an antiferromagnetic insulator
coupled to a ferromagnetic insulator on one side and a current-carrying normal metal with strong spin-orbit cou-
pling on the other. The ferromagnet is considered within the mono-domain limit and we assume its coupling to
the local antiferromagnet Néel order at the ferromagnet|antiferromagnet interface through exchange coupling.
Coupling between the charge current and the local Néel order at the other interface is described using spin
Hall phenomenology. Spin transport through the antiferromagnet, assumed to possess an easy-axis magnetic
anisotropy, is solved within the adiabatic approximation and the e↵ect of spin current flowing into the ferromag-
net on its resonance linewidth is evaluated. Onsager reciprocity is used to evaluate the inverse spin Hall voltage
generated across the metal by a dynamic ferromagnet as a function the antiferromagnet thickness.

PACS numbers: 72.25.Mk, 75.47.-m, 75.50.Ee, 76.50.+g

Spintronics of antiferromagnets (AFs), where AFs take on
the role of the central active component, is identified as one of
the most important emerging topics in the field of magnetism
today [1]. Robustness to magnetic perturbations due to their
total magnetic compensation, as well as characteristic dynam-
ical scale in the THz range may render AFs advantageous over
ferromagnets (Fs) for spintronics device applications. In ad-
dition, recent works on AFs have shown that the important
phenomena responsible for the success of F-based spintron-
ics also have AF counterparts, giving added impetus for AF-
based spintronics research. Indeed, giant magnetoresistance
and current-induced torques [2], anisotropic magnetoresis-
tance [3] and spin superfluidity [4], as well as current-induced
domain wall motion [5] and coupled dynamics between con-
duction electrons and background magnetic texture [6], are all
shown to be possible in AFs as well.

An important aspect of AF-based spintronics is the use of
AFs as a medium to transport spin angular momentum. Spin
transfer through AFs has been the focus of several recent ex-
perimental endeavors. Both Hahn et al. [7] and Wang et

al. [8] demonstrated spin transport through an AF insulator,
NiO, using an YIG|NiO|Pt heterostructure (YIG standing for
the insulating ferrimagnet yttrium iron garnet). Inverse spin
Hall signal showed robust spin pumping from YIG into Pt
even in the presence of the intervening NiO, suggesting e�-
cient spin transport through the AF. More recently, Moriyama
et al. used spin-torque ferromagnetic resonance (ST-FMR)
to demonstrate the propagation of spin excitations through a
metallic AF, IrMn, using a Pt|IrMn|CoFeB trilayer [9] as well
as NiO using a Pt|NiO|FeNi trilayer [10]. Spin current injected
from the Pt was shown to change the FMR linewidth, also sug-
gesting the transfer of spin angular momentum through the
central AF. Given the rising interest in AF spintronics and
the recent experimental focus, a theoretical account of spin
transport through an experimentally relevant normal metal
(N)|AF|F trilayer is highly desirable.

In this Letter, we develop a general phenomenology for spin
transport through an AF by collective Néel order parameter
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FIG. 1. Normal-metal (N)|antiferromagnet (AF)|ferromagnet (F) tri-
layer considered in this work. N sustains a dc charge current j and
F is described by a time-dependent macrospin S(t). Spin transfer
hJ s

exi occurs via the exchange coupling J at the AF|F interface, while
spin transfer across the AF|N interface has a spin transfer torque con-
tribution hJ s

stti (proportional to the e↵ective interfacial spin Hall an-
gle #) and a spin pumping contribution hJ s

spi (proportional to the
interfacial spin-mixing conductance ↵"#). The AF Gilbert damping,
parametrized by ↵0, leads to the loss of spin current hJ s

Gi in the AF
bulk. The central AF can be thought of as an e↵ective interface that
couples j and S with an e↵ective spin Hall angle #⇤.

dynamics, focusing on an N|AF|F trilayer relevant for both the
spin-pumping/inverse spin Hall as well as the ST-FMR exper-
iments mentioned above (see Fig. 1). Spin Hall phenomenol-
ogy, applicable to a wide range of di↵erent AF|N interfaces
obeying certain structural/crystalline symmetries, is utilized
to model the spin transfer at the AF|N interface, while the ex-
change coupling is assumed at the AF|F interface. As one of
the main achievements of this work we develop a simple “cir-
cuit” model, a pictorial visualization of spin flow, that allows
one to keep track of spin transfer through various parts of the
heterostructure (see bottom half of Fig. 1). From the circuit
model, we see that spin is both injected into (i.e., hJ s

stti) and
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FIG. 3. (a) Néel temperature TN std of CoO/SiO2 multilayers
vs CoO thickness std. The solid circles represent TN std
determined from the peak in xsTd and the open circles
represent TN std determined from the peak in dsxT dydT . The
solid curves are the results of finite-size scaling relation with
l ≠ 1.55, j0 ≠ 18 Å, and TN s`d ≠ 315 K (solid circles) and
l ≠ 1.54, j0 ≠ 20 Å, and TN s`d ≠ 300 K (open circles). (b)
Log-log plot of fTN s`d 2 TN stdgyTN s`d vs CoO thickness t,
where the straight lines have a slope of l ≠ 1.55 (solid circles)
and l ≠ 1.54 (open circles).

To further illustrate the power law dependence, a log-
log plot of fTN s`d 2 TNstdgyTN s`d vs t is shown in
Fig. 3(b), where the linear dependence with a slope of
l ≠ 1.55 and 1.54, respectively, for t $ 22 Å is evident.
Theoretical studies of finite-size scaling indicate a shift
exponent of l ≠ 1.5584 for the Ising systems [17], and
l ≠ 1.419 for the Heisenberg systems [18]. Specific heat
results indicate that CoO behaves more like an Ising than
a Heisenberg system [19]. Our determined values of
l ≠ 1.55 6 0.05 for CoO is also closer to the theoretical
results for Ising systems than for the Heisenberg systems.
As indicated in Fig. 3(a), the value of TN std, extrapolated
to t ! 0, is nearly zero. This is different from that in
Fe/Cr multilayers, where the onset of antiferromagnetism
occurs at tCr ≠ 42 Å, below which no AF ordering has
been found [9].
For a bulk AF material, the sublattice magnetizations

are fully compensated resulting in zero net magnetization.
The M vs H measurement of thick CoO layers at 5 K

shows a linear behavior with no ferromagnetic character-
istics as shown by the dashed line in Fig. 4. As first sug-
gested by Néel [10], ferromagnetic characteristics may be
observed in ultrafine AF particles [11], and by obvious ex-
tension, thin AF layers. For an AF ultrathin layer with
alternating ferromagnetic planes uncompensated magne-
tization may be especially large. In the present case,
ferromagnetic characteristics become progressively more
evident for thinner CoO layers. An example for CoO lay-
ers with t ≠ 17 Å is shown in Fig. 4, where ferromagnetic
characteristics with a large remanence and a large coerciv-
ity sHC ≠ 1.5 kOed are shown. Such strong ferromagnetic
characteristics disappear at its TN ≠ 36 K. At T slightly
higher than TN , such as 50 K, remanence and coercivity
have vanished and only the high susceptibility remains.
The antiferromagnetic ordering in CoO consists of al-

ternating ferromagnetic planes. The susceptibility results
of single crystals CoO indicate alternating ferromagnetic
(100) planes along the [100] direction [20], whereas
neutron diffraction shows ferromagnetic (111) planes
alternating along the [111] direction [21,22]. The anti-
ferromagnetic spin structure observed in a bulk specimen
is likely to be altered in very thin CoO layers, especially
due to the uncompensated magnetization, which is com-
pelled to be in the film plane due to the shape isotropy.
The magnetic results of our (100) oriented CoO/SiO2
multilayers indicate (100) ferromagnetic planes, due to
the observation of progressively larger magnetization
for thinner CoO layers. The alternating ferromagnetic
(100) planes are separated by a0y2 ≠ 2.13 Å. Within a
simple model, in thin CoO layers, completely compen-
sated moments would require an even number of (100)
planes. Remnant magnetization sMrd and spontaneous
magnetization fMss0dg (see Fig. 4) may be expected for
CoO layers with an odd number of (100) planes, hence
at thicknesses of t ≠ seven numberd a0y2, i.e., t ≠ na0,
where n ≠ interger. Given 3.8mByCo and the lattice
parameter of CoO, if all the Co moments were to order

FIG. 4. Hysteresis loop at 5 K of a multilayer sample of
[CoO(17 Å)/SiO2(75 Å)] (solid curve), showing spontaneous
magnetization fsMss0dg and remnant magnetization sMr d, and
coercivity. The result for a single layer 500 Å CoO is shown
as the dashed line.
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FIG. 3. (a) Néel temperature TN std of CoO/SiO2 multilayers
vs CoO thickness std. The solid circles represent TN std
determined from the peak in xsTd and the open circles
represent TN std determined from the peak in dsxT dydT . The
solid curves are the results of finite-size scaling relation with
l ≠ 1.55, j0 ≠ 18 Å, and TN s`d ≠ 315 K (solid circles) and
l ≠ 1.54, j0 ≠ 20 Å, and TN s`d ≠ 300 K (open circles). (b)
Log-log plot of fTN s`d 2 TN stdgyTN s`d vs CoO thickness t,
where the straight lines have a slope of l ≠ 1.55 (solid circles)
and l ≠ 1.54 (open circles).

To further illustrate the power law dependence, a log-
log plot of fTN s`d 2 TNstdgyTN s`d vs t is shown in
Fig. 3(b), where the linear dependence with a slope of
l ≠ 1.55 and 1.54, respectively, for t $ 22 Å is evident.
Theoretical studies of finite-size scaling indicate a shift
exponent of l ≠ 1.5584 for the Ising systems [17], and
l ≠ 1.419 for the Heisenberg systems [18]. Specific heat
results indicate that CoO behaves more like an Ising than
a Heisenberg system [19]. Our determined values of
l ≠ 1.55 6 0.05 for CoO is also closer to the theoretical
results for Ising systems than for the Heisenberg systems.
As indicated in Fig. 3(a), the value of TN std, extrapolated
to t ! 0, is nearly zero. This is different from that in
Fe/Cr multilayers, where the onset of antiferromagnetism
occurs at tCr ≠ 42 Å, below which no AF ordering has
been found [9].
For a bulk AF material, the sublattice magnetizations

are fully compensated resulting in zero net magnetization.
The M vs H measurement of thick CoO layers at 5 K

shows a linear behavior with no ferromagnetic character-
istics as shown by the dashed line in Fig. 4. As first sug-
gested by Néel [10], ferromagnetic characteristics may be
observed in ultrafine AF particles [11], and by obvious ex-
tension, thin AF layers. For an AF ultrathin layer with
alternating ferromagnetic planes uncompensated magne-
tization may be especially large. In the present case,
ferromagnetic characteristics become progressively more
evident for thinner CoO layers. An example for CoO lay-
ers with t ≠ 17 Å is shown in Fig. 4, where ferromagnetic
characteristics with a large remanence and a large coerciv-
ity sHC ≠ 1.5 kOed are shown. Such strong ferromagnetic
characteristics disappear at its TN ≠ 36 K. At T slightly
higher than TN , such as 50 K, remanence and coercivity
have vanished and only the high susceptibility remains.
The antiferromagnetic ordering in CoO consists of al-

ternating ferromagnetic planes. The susceptibility results
of single crystals CoO indicate alternating ferromagnetic
(100) planes along the [100] direction [20], whereas
neutron diffraction shows ferromagnetic (111) planes
alternating along the [111] direction [21,22]. The anti-
ferromagnetic spin structure observed in a bulk specimen
is likely to be altered in very thin CoO layers, especially
due to the uncompensated magnetization, which is com-
pelled to be in the film plane due to the shape isotropy.
The magnetic results of our (100) oriented CoO/SiO2
multilayers indicate (100) ferromagnetic planes, due to
the observation of progressively larger magnetization
for thinner CoO layers. The alternating ferromagnetic
(100) planes are separated by a0y2 ≠ 2.13 Å. Within a
simple model, in thin CoO layers, completely compen-
sated moments would require an even number of (100)
planes. Remnant magnetization sMrd and spontaneous
magnetization fMss0dg (see Fig. 4) may be expected for
CoO layers with an odd number of (100) planes, hence
at thicknesses of t ≠ seven numberd a0y2, i.e., t ≠ na0,
where n ≠ interger. Given 3.8mByCo and the lattice
parameter of CoO, if all the Co moments were to order

FIG. 4. Hysteresis loop at 5 K of a multilayer sample of
[CoO(17 Å)/SiO2(75 Å)] (solid curve), showing spontaneous
magnetization fsMss0dg and remnant magnetization sMr d, and
coercivity. The result for a single layer 500 Å CoO is shown
as the dashed line.
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FIG. 3. (a) Néel temperature TN std of CoO/SiO2 multilayers
vs CoO thickness std. The solid circles represent TN std
determined from the peak in xsTd and the open circles
represent TN std determined from the peak in dsxT dydT . The
solid curves are the results of finite-size scaling relation with
l ≠ 1.55, j0 ≠ 18 Å, and TN s`d ≠ 315 K (solid circles) and
l ≠ 1.54, j0 ≠ 20 Å, and TN s`d ≠ 300 K (open circles). (b)
Log-log plot of fTN s`d 2 TN stdgyTN s`d vs CoO thickness t,
where the straight lines have a slope of l ≠ 1.55 (solid circles)
and l ≠ 1.54 (open circles).

To further illustrate the power law dependence, a log-
log plot of fTN s`d 2 TNstdgyTN s`d vs t is shown in
Fig. 3(b), where the linear dependence with a slope of
l ≠ 1.55 and 1.54, respectively, for t $ 22 Å is evident.
Theoretical studies of finite-size scaling indicate a shift
exponent of l ≠ 1.5584 for the Ising systems [17], and
l ≠ 1.419 for the Heisenberg systems [18]. Specific heat
results indicate that CoO behaves more like an Ising than
a Heisenberg system [19]. Our determined values of
l ≠ 1.55 6 0.05 for CoO is also closer to the theoretical
results for Ising systems than for the Heisenberg systems.
As indicated in Fig. 3(a), the value of TN std, extrapolated
to t ! 0, is nearly zero. This is different from that in
Fe/Cr multilayers, where the onset of antiferromagnetism
occurs at tCr ≠ 42 Å, below which no AF ordering has
been found [9].
For a bulk AF material, the sublattice magnetizations

are fully compensated resulting in zero net magnetization.
The M vs H measurement of thick CoO layers at 5 K

shows a linear behavior with no ferromagnetic character-
istics as shown by the dashed line in Fig. 4. As first sug-
gested by Néel [10], ferromagnetic characteristics may be
observed in ultrafine AF particles [11], and by obvious ex-
tension, thin AF layers. For an AF ultrathin layer with
alternating ferromagnetic planes uncompensated magne-
tization may be especially large. In the present case,
ferromagnetic characteristics become progressively more
evident for thinner CoO layers. An example for CoO lay-
ers with t ≠ 17 Å is shown in Fig. 4, where ferromagnetic
characteristics with a large remanence and a large coerciv-
ity sHC ≠ 1.5 kOed are shown. Such strong ferromagnetic
characteristics disappear at its TN ≠ 36 K. At T slightly
higher than TN , such as 50 K, remanence and coercivity
have vanished and only the high susceptibility remains.
The antiferromagnetic ordering in CoO consists of al-

ternating ferromagnetic planes. The susceptibility results
of single crystals CoO indicate alternating ferromagnetic
(100) planes along the [100] direction [20], whereas
neutron diffraction shows ferromagnetic (111) planes
alternating along the [111] direction [21,22]. The anti-
ferromagnetic spin structure observed in a bulk specimen
is likely to be altered in very thin CoO layers, especially
due to the uncompensated magnetization, which is com-
pelled to be in the film plane due to the shape isotropy.
The magnetic results of our (100) oriented CoO/SiO2
multilayers indicate (100) ferromagnetic planes, due to
the observation of progressively larger magnetization
for thinner CoO layers. The alternating ferromagnetic
(100) planes are separated by a0y2 ≠ 2.13 Å. Within a
simple model, in thin CoO layers, completely compen-
sated moments would require an even number of (100)
planes. Remnant magnetization sMrd and spontaneous
magnetization fMss0dg (see Fig. 4) may be expected for
CoO layers with an odd number of (100) planes, hence
at thicknesses of t ≠ seven numberd a0y2, i.e., t ≠ na0,
where n ≠ interger. Given 3.8mByCo and the lattice
parameter of CoO, if all the Co moments were to order

FIG. 4. Hysteresis loop at 5 K of a multilayer sample of
[CoO(17 Å)/SiO2(75 Å)] (solid curve), showing spontaneous
magnetization fsMss0dg and remnant magnetization sMr d, and
coercivity. The result for a single layer 500 Å CoO is shown
as the dashed line.
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• Susceptibility of CoO film
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Thank	  you!


