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ABSTRACT: The spin Hall effect (SHE) can generate a pure spin
current by an electric current, which is promisingly used to
electrically control magnetization. To reduce the power con-
sumption of this control, a giant spin Hall angle (SHA) in the SHE
is desired in low-resistivity systems for practical applications. Here,
critical spin fluctuation near the antiferromagnetic (AFM) phase
transition in chromium (Cr) is proven to be an effective
mechanism for creating an additional part of the SHE, named
the fluctuation spin Hall effect. The SHA is significantly enhanced
when the temperature approaches the Neél temperature (TN) of
Cr and has a peak value of −0.36 near TN. This value is higher than the room-temperature value by 153% and leads to a low
normalized power consumption among known spin−orbit torque materials. This study demonstrates the critical spin fluctuation as a
prospective way to increase the SHA and enriches the AFM material candidates for spin−orbitronic devices.
KEYWORDS: spin Hall effect, spin fluctuation, antiferromagnet, chromium, low-power devices

The spin Hall effect (SHE) utilizes spin−orbit coupling to
convert a longitudinal charge current jc into a transverse

pure spin current js. Because of the ability to electrically control
magnetization by spin−orbit torque, the SHE shows promising
applications in magnetic random-access memory (MRAM),1−3

programmable logic devices,4,5 and microwave nano-oscilla-
tors.6 Spin Hall angles (SHA, θSH), defined as the ratio between
spin Hall conductivity σSH and longitudinal conductivity σ, are
parameters that characterize the efficiency of transforming the jc
into the js or vice versa. Accompanied by a high σ, θSH is the key
factor for reducing writing power and achieving the high
efficiency of spin−orbit torque (SOT) devices.7 Thus, the
development of materials and/or the exploration of physics to
improve θSH in low-resistivity systems is appealing.8,9
The microscopic mechanisms behind the SHE can be

categorized into three classes: the intrinsic one due to the
nontrivial Berry curvatures of electronic band structures and the
other two extrinsic ones, the side-jump (sj) and skew-scattering
(ss) mechanisms.8 Inspired by the mechanisms, several effective
means have been explored to enhance the SHA, such as adopting
heavy elements,10−15 electronic structure engineering,16−18

doping,7,19,20 interface decoration,21 and superlattice stacking.22

Distinguished from the SHE in normal metals, here, the
fluctuation spin Hall effect (FSHE) is relevant to only the
extrinsic mechanisms because only fluctuation of a spin lattice
activated thermally is involved, which can evidence the
significance of the extrinsic mechanisms to the overall SHE.

The FSHE is attributed to the combinations of several individual
scattering processes between conduction electrons and local
spins as explained in below, instead of a single process
accounting for the SHE. These involved local spins are needed
to maintain the correlation within a certain correlation length ξ
as shown in Figure 1a, which thus makes the FSHE process
sensitive to temperature, especially at the critical point of the
phase change.
Recently, critical spin fluctuation in magnetically ordered

systems at their magnetic phase transition temperatures was
reported to nontrivially result in an increased θSH by intensifying
interaction of delocalized electrons with local spins in
ferromagnets (FMs).23−25 For antiferromagnets, Saglam et
al.26 evidenced that spin fluctuation of the antiferromagnetic
FeMn at its Neél temperature (TN) increased the θSH of the
Ni80Fe20/FeMn/W trilayer in a spin-pumping experiment.
Frangou et al.27 and Wang et al.28 addressed the key role of
spin fluctuation in the enhancement of the transmission
parameter of the FM/IrMn interface near TN. Although there

Received: August 16, 2023
Revised: December 1, 2023
Accepted: December 4, 2023

Letterpubs.acs.org/NanoLett

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.nanolett.3c03085
Nano Lett. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

M
PI

 M
IC

R
O

ST
R

U
C

T
U

R
E

 P
H

Y
SI

C
S 

on
 D

ec
em

be
r 

8,
 2

02
3 

at
 1

4:
25

:4
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chi+Fang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caihua+Wan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoyue+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Satoshi+Okamoto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianyi+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianying+Qin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenyang+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenyang+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guoqiang+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenchao+Wen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ning+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stuart+S.+P.+Parkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naoto+Nagaosa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naoto+Nagaosa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuan+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiufeng+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.3c03085&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03085?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03085?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03085?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03085?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03085?fig=tgr1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c03085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf


is no direct experimental evidence of the contribution of
antiferromagnetic (AFM) spin fluctuation to the bulk SHE,
these magnetic systems have clearly hinted at the significant role
of spin fluctuations in the phenomenally enhanced SHE;
however, all of the systems mentioned above contain interfaces
with ferromagnetic films, which lack the simplicity to highlight
the bulk SHE from possibly entangled interfacial effects such as
spin mixing conductance, spin memory loss, and magnetic
proximity effects. An elaborately designed AFM system without
any FM/AFM interfaces can promisingly provide a clearer
platform for investigating the influence of spin fluctuations on
the bulk SHE.
Among antiferromagnets, polycrystalline Cr has already

shown a sizable θSH from −0.051 to −0.09 and low resistivity
as a candidate SOT source.29−31 However, the relevance of its
spin Hall effect with its antiferromagnetic order has not been
uncovered, which is also rare with respect to other
antiferromagnets from a broader perspective. Here, we
furthermore choose epitaxial Cr single-crystalline films
sandwiched by MgO as the AFM material to uncover the
FSHE originating from the influence of spin fluctuations on the
SHE near its TN. A large θSH of −0.36 at 225 K is demonstrated
by measuring the inverse spin Hall effect (ISHE) and direct spin
Hall effect (DSHE) with the spin Hall tunneling spectrum
(SHTS) method for the Cr/MgO/Fe magnetic tunnel junctions
(MTJs). σSH/σ2, as an indicator of the spin fluctuation
contribution, followed a clear power law with T, consistent
with the modeled one in FSHE.

Chromium is an itinerant antiferromagnet with collinear spin
sublattices and a simple body-centered cubic (bcc) structure.
TheTN of bulk Cr is 311 K and can be decreased by reducing the
thickness. A single 10 nm Cr layer was prepared on MgO (001)
and fabricated into a four-probe bar to determine the TN of Cr.
As shown in Figure 1b, resistivity ρ increased further due to the
disorder-induced scattering via spin fluctuation near TN.

32,33

Differential resistivity ρ with respect to T, i.e., dρ/dT, captured
this enhancement clearly. Above 212 K, dρ/dT maintained a
stable platform with a small slope. From 212 K to lower
temperatures, dρ/dT began to acquire an extra slope, because
spin fluctuation scattering was switched on in this case. With a
further decrease in T and freezing of the AFM structure, after a
peak at 150 K, dρ/dT finally approached a smaller but stable
value due to the decrease in magnon density. This behavior,
similar to that described in ref 33, indicated the TN of Cr was
∼212 K. This value is near theTN of 235 K of the epitaxial 50 nm
Cr layer.33

To investigate the SHE in Cr, the SHTS setup34,35 was
adopted. High-quality epitaxial Cr(t)/MgO(2.3 nm)/Fe(10
nm)/Au(5 nm) stacks (t = 7, 10, 25, and 50 nm) were deposited
onMgO (001) substrates bymolecular-beam epitaxial growth as
shown in Figure 1c (also see section I of the Supporting
Information). The Fe layer was used as a spin polarizer of charge
current, and the Cr layer functioned as a spin analyzer to convert
a spin current into a transverse voltage via the ISHE. Figure 1d
and its inset show themagnetic hysteresis loops as magnetic field
H applied along the in-plane [110]MgO and [100]MgO and out-of-

Figure 1. Spin fluctuation in single-crystal Cr stacks. (a) Correlation length ξ of antiferromagnetic materials. The gray arrows are the magnetic spins
forming the AFM order. Green arrows act as the scattering centers activated by spin fluctuation. ξ represents the correlation length within which the
scattering centers can correlate with each other in an antiparallel manner. ξ becomes divergent with T approaching TN. (b) Temperature dependence
of resistivity (blue line) and its differential with respect to T (red line) in 10 nmCr. TN is determined to be 212 K. Black dashed lines are a guide for the
eyes. (c) High-resolution cross-sectional transmission electron microscope (HRXTEM) pattern of the junction. Flat interfaces are indicated. The inset
shows a black field image of the region near theMgO barrier. Epitaxy relation was well defined globally throughout the sample. Cr and Fe lattices grew
along theMgO [001] direction. (d)Magnetic hysteresis loop of Cr/MgO/Fe/Au films with an external magnetic field along [110]MgO (red, also noted
as in plane) and [100]MgO (blue). The inset shows [001]MgO (black, also noted as out of plane) and reproduction of [110]MgO to show the in-plane easy
axis of the Fe layer.
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plane [001]MgO directions by a vibrating sample magnetometer
(VSM). The loops verified the in-plane easy axis along the
[110]MgO direction. This epitaxial relation contributed to the
formation of the magnetic easy axis of Fe and the AFM ordering
of Cr along the [110]MgO direction owing to the magneto-
crystalline anisotropy.
The raw stacks were fabricated into 6 μm × 6 μmMTJs with

one top electrode and three bottom electrodes (Figure 2a) with
standard ultraviolet lithography and an ion-beam etching
process. The junction is surrounded by oxide SiO2 or Al2O3 to
isolate the top electrode and bottom electrodes. Before
measurement, magnetic field cooling is applied along
[110]MgO to align magnetization and enhance anisotropy in
Fe, i.e., MFe. To detect the ISHE as shown in Figure 2b, an ac
current J was injected between electrodes 1 and 3 (Figure 2b,
inset) with an amplitude of 20−50 μA and a frequency of 8.3 Hz
by a Keithley 6221 instrument and the voltage was detected with
a lock-in amplifier (SR830) for samples under certain magnetic
field and temperature conditions. Only the first harmonic signals
are picked up to disentangle with any thermoelectric artifacts. A
preamplifier (SR560) was used to improve the signal-to-noise
ratio. As theMFe stayed along [110]MgO, the injected current was
spin-polarized along [110]MgO before electrons tunneled
through the MgO barrier and entered the Cr. The SHE in Cr
led to the transverse scattering of the tunneling spin current
along the [1̅10]MgO direction so that an electric field between
electrodes 2 and 4was built asVISHE∝ θSH(js×s). The js indicates
the flowing direction of the spin current along the film normal
and the s indicates the spin-polarized direction determined by
MFe. When H was in plane and parallel or antiparallel to
[110]MgO, (js×s) reached its positive or negative maximum and
so did the dVISHE/dJ whose maximum absolute value was RISHE.
When the H direction was fixed, the RISHE measured in Cr had

the same (opposite) sign as in Ta (Pt), indicating Cr has a
negative θSH. This observation was in accord with the previous
reports.29,30,34,35

To observe the FSHE, we performed the SHTS measurement
on a tCr = 10 nm sample at different temperatures from 50 to 300
K with an interval of 25 K. The extracted RISHE values are plotted
in Figure 2d. Below the critical point, 212 K, RISHE increased
rapidly with T. Above 212 K, RISHE decreased with a further
increase in T. The Tmax at which RISHE was maximized was quite
near TN. This enhancement behavior in the temperature
dependence is also observed in other samples (as shown in
section II of the Supporting Information). To eliminate any
possible contributions from the spin transport artifacts in Fe, we
also adopted the DSHE35 setup for the same device (Figure 2c).
In the DSHE measurement, a current was applied between
electrodes 2 and 4, which produced a spin accumulation at the
Cr/MgO interface. A DSHE voltage VDSHE was then detected by
the Fe electrode because of the spin accumulation at the Cr/
MgO interface. The magnitude of VDSHE is then proportional to
MFe.

36,37 VDSHE and thus R V J(d /d )DSHE DSHE max= across the
MTJ were recorded between electrodes 1 and 3 to evaluate the
SHE (Figure 2c, inset). In this setup, no current flowed through
the Fe layer, so VDSHE had no chance to be involved with any
magnetotransport artifacts in Fe. The T dependence of RDSHE
also showed an enhancement at 200 K, coinciding with the ISHE
result. Both T dependencies indicated an enhancement of the
SHE near the TN of Cr, which was attributed to the enhanced
fluctuation of local spins near TN as quantitively analyzed below.
In addition, RISHE and RDSHE are ∼3.97 and ∼3.70 mΩ in panels
b and c, respectively, of Figure 2, close to each other and as
expected from the Onsager relation; their small discrepancy may
result from different measurement geometries.

Figure 2.Detection of the FSHEwith the ISHE andDSHE setup. (a) Schematic diagram of fabricatedMTJ devices. (b) ISHE and (c) DSHE in 10 nm
Cr with an in-plane magnetic field alongMgO [110] at 200 K. The inset shows a schematic diagram of measurement of the ISHE with current J loaded
between electrodes 1 and 3 and VISHE collected between electrodes 2 and 4 and the DSHE upon exchange of the source and measurement meters.
RISHE(DSHE) represents the saturated value of dVISHE(DSHE)/dJ. (d) Critical spin fluctuation enhanced RISHE (black circles) and RDSHE (red triangles)
resistance in the MTJ device. The magnitude of 2RISHE(DSHE) is given by the difference between intercepts of linear fitting of two resistance platforms,
and the error bar is the standard error of the linear fitting. (e) Thickness dependence of factor A(t). The red line is the fitting result following eq 2. (f)
Temperature dependence of the SHA.
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For the same spin polarizer and setup, dVISHE/dJ depends on

the intrinsic properties of the spin analyzer material, which

enables the SHTS to characterize spin Hall materials.34,35 To

qualify the enhancement, we calculated θSH at different

temperatures. θSH can be deduced from eq 1 given by Liu et al.35

R
V

J
P

w t
t

d
d

tanh( /2 )ISHE
ISHE

max

SH s
s= = × ×

i
k
jjjj

y
{
zzzz

(1)

where P denotes the spin polarization of the FM layer, λs is the
spin diffusion length of Cr, and t and w are the thickness and
channel width of the Cr layer, respectively. Thus, given the RISHE
values and other mentioned parameters, one can estimate the

Figure 3. Summary of the normalized power consumption in SOT materials. (a) PN = ρ/θSH2 with a spin sink. (b) PNopt = ρλs/θSH2 without a spin sink.
Resistivity ρ and magnitude of SHA or SOT efficiency θSH are two key parameters of PN. Spin diffusion length λs is further considered for an optimal
power PNopt of its thickness dependence. Dash or solid lines represent the contour lines of PN (or PNopt) values of 1 (blue dashed line), 10 (green dashed
line), 163 (or 33) (same level as this work, red solid line), and 2000 (gray dashed line) μΩ cm (or kΩ nm2). The data points are from Cr in this work
(empty red star at 200 K and filled red star at 300 K) and published works on NMs (nonmagnetic metals, green squares), MLs (insert or multilayers,
pink circle), alloys (purple triangles), AFMs (antiferromagnets, yellow triangles), TIs (topological insulators, light blue diamonds), and TMDCs
(transition metal dichalcogenide, dark blue triangles). The values of ρ, θSH, and λs are listed in a table in section III of the Supporting Information.

Figure 4. Fluctuation spin Hall effect in Cr. (a) Antiferromagnetic spin fluctuation. Spin current (orange arrows) is caused by AFM spin fluctuation.
Yellow arrows are conduction electron spins, and green arrows are local spins. In the 2(3) scattering processes, the deflected direction of scattered
electrons depends on the direction of the local spins (the conductive electron spins), combining 0,1 to form the side-jump-type (skew-scattering-type)
contribution to σSH. The red wavy curves represent the propagators of AFM spin fluctuation, which relates to the correlation length. (b) Scaling relation
between conductivity and spin Hall conductivity. The scaling law is different below (blue shadow) and above (pink shadow) the TN. (c) Temperature
dependence of the product of SHA and resistivity. The purple dashed line shows the fitting result of the relation T T T T/ ( )/SH

sj 2 2 4
N+

with an adjusted R2 (coefficient of determination) of 0.74. The orange dashed line shows the fitting result of the relation σSHss /σ2 ∝T6/(TN −T) with an
adjusted R2 of 0.51. For these fittings, we consider the temperature range of 50−175 K.
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θSH of the Cr layer. To estimate θSH, λs in Cr29,30,38 is required
and could be derived by fitting

wtR P t A t/( ) tanh( /2 ) ( )ISHE SH s s= = (2)

We used the parameters at 300 K to determine a λs of 20.03±
1.84 nm (Figure 2e). With this temperature-insensitive λs, θSH
could be calculated from eq 1. With calibrated P by saturation
magnetization MS for the single-crystal Fe/MgO electrode39

(section I of the Supporting Information), w = 10 μm, t = 10 nm,
and ρ = 21.93 μΩ cm (sections I and II of the Supporting
Information), Sample 1 shown in Figure 2b−d gives the highest
values of |θSH| of 0.56 ± 0.03 at 200 K and 0.17 ± 0.03 at 300 K
(Figure 2f), whose uncertainty is given by the linear fitting of the
two resistance platforms of RISHE (section II of the Supporting
Information). To check the reproducibility of the FSHE
enhancement in Cr and also take the sample and process
variations into account, wemeasured two other samples (section
II of the Supporting Information). The peak value of the average
RISHE of the three samples was 2.74 ± 0.59 mΩ at 225 K, so we
have an average |θSH| of 0.36± 0.08 at 225 K. Likely, the average
|θSH| = 0.14 ± 0.02 at 300 K. The 300 K value is comparable to
but higher than the literature values31 of −0.051 to −0.09,
probably due to the lack of a magnetic interface here. Moreover,
spin fluctuation near TN caused a remarkable enhancement in
the SHA of 153% at 225 K compared to that at 300 K. The 225 K
value has already been comparable to that of heavy metals,40

inferring Cr can function as an efficient SOT source.
In addition, the Cr film has a relatively low resistivity of ∼27

μΩ cm at room temperature, nearly 1 order of magnitude lower
than the values of ∼190 μΩ cm of the β-phase Ta10 and 100−
300 μΩ cm of the β-phase W15 systems, which can further
improve its energy efficiency. We adopted the normalized power
consumption41 PN = ρ/θSH2 to evaluate Cr as a SOTmaterial. As
shown in Figure 3a, Cr has a relatively low power consumption
compared to the reported values. Notably, this estimation
ignores the backflow of spin current in the t≤ λs case because the
spin backflow issue can be mitigated by a neighboring spin sink
in applications. An estimation of optimal power consumption
PNopt = ρλs/θSH2 considering the reduced effective SHA by the
spin backflow issue in a single-SOT material is also shown in
Figure 3b. Section III of the Supporting Information shows a
comparison of these two methods based on theoretical
calculation of the spin diffusion model. These merits, the large
SHA and low resistivity, persist below or around TN, which
facilitates the use of Cr as a SOT channel material in spin−
orbitronics devices.
In theory, when the spin fluctuation near the Curie

temperature (TC) was taken into account, Kondo first developed
a theory to explain the anomalous Hall effect in ferromagnets.42

It is further generalized to account for the SHE and ISHE by
considering the short-range spin−spin interaction43 and the
long-range dynamical correlation among localized moments.44

Okamoto et al.44 derived spin Hall conductivity σSHsj and σSHss ,
which predict the nontrivial SHA enhancement around the
ferromagnetic quantum critical point due to the critical spin
fluctuations. For the AFM spin fluctuation, while the individual
scattering processes 0,1, 2, and 3 (defined in ref 44 and
schematically shown in Figure 4a) remain the same as those in
the ferromagnetic case, the microscopic mechanisms of the side-
jump and skew-scattering contributions (Figure 4a) to the
FSHE require further development45 (section IV of the
Supporting Information). Schematically, the microscopic details

of the twomechanisms consist of three scattering processes. The
0,1 process contributes 180 ° back-scattering of antiparallelly

polarized conduction electrons (yellow arrow) with local spins
(green arrow). The 2 and 3 processes result in transverse
scattering of electrons depending on the polarization of local
spins and scattered electron spins, respectively.44 Thus, the
sequential scattering due to the 0,1 and 2 ( 3) processes gives
rise to the transverse spin current, leading to the side-jump
(skew-scattering) mechanism in the FSHE. Temperature is
involved in FSHE processes in two ways: (1) more dynamical
spins, functioning as the local scattering centers, are activated
with the increase inT toward the ordering temperature as shown
in Figure 1a, and (2) correlation length ξ between the
dynamically activated local spins increases as T approaches the
ordering temperature from above and below, each of which
favors the sequential occurrence of the 0,1 and 2 ( 3)
processes in a higher probability. Specifically, one would then
expect a clear enhancement of the SHE in an antiferromagnetic
system around its Neél temperature, at which the correlation
length diverges. This hypothesis is instructive for experimentally
studying the influence of AFM spin fluctuations on the bulk
FSHE in the clean Cr/MgO/Fe MTJs and for developing
corresponding theories on mechanisms of the SHE.46

To examine the mechanism of the observed SHE, the scaling
relation between spin conductivity σSH and conductivity σ of Cr
is plotted in Figure 4b. The scaling relation does not simply
follow the σSH ∝ constant relation for the side-jump or intrinsic
mechanism or the σSH ∝ σ relation for the skew-scattering
mechanism. A clear change in the scaling property at TN is seen
rather than a gradual crossover behavior.47

Equation 1 shows that the main factor contributing to the
enhanced RISHE was σSH/σ2 = θSHρ. Normally, both spin
polarization P and the term ttanh( /2 )

t s
s × remain stable or

decrease slightly and monotonically as T increases.48−50 The P
contribution is calibrated by Ms (section I of the Supporting
Information), and λs remains the same as the 300 K value, which
could at most introduce a 2% overestimation of θSH or σSH
(section II of the Supporting Information) as λs may increase as
T decreases. Consequently, these two terms could not account
for the significantly increasing RISHE below TN. Figure 4c shows
the T dependence of |θSHρ|. When the skew scattering provides
the dominant contribution to the SHE, |θSHρ| serves as an
indicator of the SOC strength suggested in ref 44. |θSHρ|
followed a T3.06 power law at low T < Tmax (section V of the
Supporting Information). While this power law appears to be
similar to the predicted T10/3 behavior of FM with a TC of 0, an
AFM material with a non-zero TN should have power laws
different than this prediction (section IV of the Supporting
Information) and a different power of the enhancement factor δ
= |T − TN,C| approaching the magnetic transition temperature
(discussion in ref 46). Note the 0,1 and 2 ( 3) processes also
take place in AFM materials; their manner of cooperation is
different from that of a FM material. The long-range dynamical
correlation length among spins as the scattering centers, which
determines the probability of the sequential occurrence of the

0,1 and 2 ( 3) processes, differs between AFM and FM
materials. These factors jointly result in a T power law in Cr
different from the FM fluctuation. When considering AFM spin
fluctuation, the Kondo model could be generalized to give the
relation σSHss /σ2 ∝ T6/(TN − T) for the skew-scattering
m e c h a n i s m a n d t h e r e l a t i o n
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T T T T/ ( )/SH
sj 2 2 4

N+ for the side-jump mecha-
nism (section IV of the Supporting Information; also see ref 46),
where α is a constant deduced from the T dependence of ρ
(section V of the Supporting Information). Both models could
give a reasonable fit to the experimental data, as shown in Figure
4c; however, the side-jump mechanism gives a higher degree of
fitting confidence, which might dominate the FSHE more here.
Above TN, the AFM spin texture of Cr is no longer stable. The

electron−phonon and electron−electron interactions that
weakly depend on spins gradually dominate the T dependence
of the momentum relaxation process with a T5 law51,52 and a T2
law,53 respectively. These spin-irrelevant processes contribute
more to momentum-relaxation scatterings than the spin
fluctuation mechanism. As a natural result, θSHρ was inclined
to decrease gradually.
In conclusion, we investigated the bulk spinHall angles and its

temperature dependence of Cr in Cr/MgO/Fe fully epitaxial
MTJs without a direct contact between Cr and Fe. Critical spin
fluctuation enhancement of θSH to−0.36 in Cr by 153% near the
TN of 212 K compared to 300 K was observed. The dependence
of θSHρ on T before TN was experimentally measured and fitted
with the modeled T dependence of the AFM spin fluctuation.
This effective mechanism of increasing spin Hall angles can be
instructive for the design of antiferromagnets with much larger
spin Hall angles and low resistivity and further advance AFM
applications in SOT devices.
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