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larger spin torque ratio and lower 
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compared with heavy metals. 
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(negative) current. We measure the RH −Hz hysteresis
loops under a series of applied current and Hx , and plot the
center of the hysteresis loops (Heff

z ) as a function of the
current density (je) [Fig. 3(b)]. The slope defined as χ ≡
Heff

z =je represents the dampinglike SOT efficiency, the sign
of which depends on the direction of Hx .
The dependence of the SOT efficiency on the bias field is

summarized in Fig. 3(c). χ grows linearly in magnitude for
small Hx , and reaches saturation (χsat) when Hx is larger
than 200 Oe. The evolution of χ as a function of Hx can be
explained by the chirality change of the domain walls in the
CoTb layer. The Dzyaloshinskii-Moriya interaction (DMI)
can appear either at the Bi2Se3=CoTb interface or in the
bulk of the CoTb alloy, leading to the formation of the Néel
domain walls with a certain chirality. As the bias field
increases to overcome the DMI effective field (HDMI), the
domain walls change their chirality and start to move in
directions that facilitate magnetic switching [3,26,32]. In
this scenario, χsat represents the intrinsic SOT efficiency

and the saturating bias field (Hsat
x ≈ 200 Oe) can serve as an

estimation of HDMI and the DMI energy [28].
The effective spin Hall angle (αSH, defined as the ratio

between the generated spin current density ð2e=ℏÞjs and
the average charge current density in TI je) of the
Bi2Se3=CoTb heterostructure is calculated using [32]

χsat ¼ π
2

αSHℏ
2eμ0Mst

; ð1Þ

where ℏ is Planck’s constant, e is the electron charge, μ0
is the vacuum permeability, Ms ¼ 280 emu=cm3 is the
saturated magnetization, and t ¼ 4.6 nm is the thickness
of the CoTb layer. With the obtained χsat ¼ 6.1 ×
10−6 OeA−1 cm2 in Fig. 3(c), the effective spin Hall angle
is determined to be 0.16$ 0.02. Noticeably, previously
reported spin Hall angle of TI varies from 0.01 over 400
[11–23]. The discrepancies may be ascribed to different
film qualities and the data fitting process, as well as
possible involvement of the magnon scattering mechanism
[15]. Compared with the indirect measurements, the
method we use is straightforward and more relevant to
the real application scenario, where the charge-spin con-
version efficiency is directly quantified in the magnetic
switching configurations. Besides the absolute values, very
different trends have also been observed in the temperature
dependence of the charge-spin conversion efficiency pre-
viously. While some experiments suggest the immunity of
TI to temperature increase [12,18], many others indicate a
very quick decay of the efficiency when the temperature is
raised above the liquid helium temperature [10,16,19,20],
which dims the prospect of TI for applicable switching
devices. Our quantification of αSH at room temperature,
together with the results in Fig. 2, demonstrate the
feasibility of room temperature applications.
It remains a controversial issue whether the surface or

bulk states make the dominant contributions to the final
SOT in TI [16–19]. This issue becomes most significant for
Bi2Se3, where very conductive bulk states exist at the Fermi
surface [11,12]. To gain further insights on this topic, we
employ ðBi; SbÞ2Te3, a more insulating TI, to reduce the
bulk effects. According to previous electronic structure
[33,34] and transport measurements [17,23], ðBi; SbÞ2Te3
has fewer bulk conductance channels. This is consistent
with the resistivity of our ðBi; SbÞ2Te3 layer (4020 μΩ cm),
almost 4 times larger than Bi2Se3. A CoTb layer (8.0 nm,
Ms ¼ 300 emu=cm3) with PMA is grown on ðBi; SbÞ2Te3
(8.0 nm) [28]. The SOT efficiency vs in-plane bias field is
measured [Fig. 3(d)] using the same method as the Bi2Se3
sample. The effective spin Hall angle of ðBi; SbÞ2Te3 is
calculated to be 0.40$ 0.04 according to Eq. (1), which is
2.5 times larger than that of Bi2Se3. The fact that TI with
reduced bulk conductance leads to a higher spin Hall angle
suggests that the topological surface states make significant
contributions to the efficient SOT.

FIG. 4. Comparative measurements of CoTb grown on different
spin-orbit materials. (a) and (b) Current-induced switching in
Pt=CoTb and Ta=CoTb samples under positive bias fields. (c) and
(d) SOT efficiency χ vs bias field Hx in Pt=CoTb and Ta=CoTb
samples. Note that compared with the Bi2Se3=CoTb sample,
CoTb layers with reduced thickness have been used for Pt and
Ta samples, to allow for measurable current-induced switching.
(e) Absolute values of the effective spin Hall angles of
ðBi; SbÞ2Te3, Bi2Se3, Pt, and Ta measured by our experiments.
(f) Normalized power consumption (with Ta set to be unity) for
switching FM electrodes in unit magnetic volume using
ðBi; SbÞ2Te3, Bi2Se3, Pt, and Ta.
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between carrier density and the Fermi level position in energy is pro-
vided in Fig. 3d. Compared to the slab, the wire and dot geometries 
provide better performances in the range of carrier densities between 
3 ×  1020 and 3 ×  1021 cm–3, which also coincides with the experimen-
tal observation (Supplementary Section 1). The enhancement can 
be traced back to the peaks in spin density spectrum that occur at 
about 0.55 eV (Fig. 3c). When the size of the dot is increased from 
4 to 6 nm, the average conversion ratio is decreased (Fig. 3f inset), 
in agreement with the trend observed for H

J
T

BS
 in the experiment 

(Fig. 2f). A similar trend was observed when the thickness was kept 
fixed at 4 nm and only the in-plane size (grain size) was increased, 
which can be explained by the fact that the surface states local-
ized at the edges with the (112) surfaces (Fig. 3e) become less 
densely packed. These results suggest that SOT efficiencies can be 
enhanced by reducing size and dimensionality of the TI. Although 
our calculations considered only the intraband current-driven 
spin density responsible for τ⊥, it is reasonable to speculate that 
the interband spindensity—not calculated in this model—should 
also be enhanced. As a matter of fact, the interband contribution 
is a correction to the intraband Edelstein effect that arises from 
the precession of the non-equilibrium spin accumulation about 
the magnetization43. Therefore, the enhancement of the intraband 
Edelstein effect by quantum confinement is expected to be accom-
panied by a corresponding enhancement of the interband contri-
bution. Our modelling is limited to ideal structures with a Bi2Se3 
composition and a regular rectangular shape. The disordered  
nature of the experimental sputtered BixSe(1–x) (in which the stoi-
chiometric ratio deviates from that of Bi2Se3 and the granular 
shape is irregular) might also influence the charge-to-spin conver-
sion mechanism. For example, in Supplementary Fig. 10, we show 

that the influence on charge-to-spin conversion due to different  
crystal orientations.

Current-induced perpendicular CoFeB multilayer switching
The SOT that arises from BixSe(1–x) can be directly observed by 
switching a FM with perpendicular magnetic anisotropy (PMA) 
in close proximity to the spin channel16,19,27,29. We prepared a  
Si/SiO2/MgO(2 nm)/BixSe(1–x)(4 nm)/Ta(0.5 nm)/CoFeB(0.6 nm)/
Gd(1.2 nm)/CoFeB(1.1 nm)/MgO(2 nm)/Ta(2 nm) switching sam-
ple (labelled as BixSe(1–x) switching sample), as shown schemati-
cally in Fig. 4a, and a control switching sample with BixSe(1–x)(4 nm) 
replaced by Ta(4.5 nm) for the switching experiment, labelled as the 
Ta switching sample. Figure 4b shows the RAHE loop of the BixSe(1–x) 
switching sample obtained by sweeping the out-of-plane field at a 
constant input current of 50 μ A. The non-zero RAHE at zero magnetic 
field confirms the easy axis of the magnetization along the out-of-
plane direction. Additionally, PMA in the switching BixSe(1–x) sam-
ple was confirmed by performing a vibrating sample magnetometry 
(VSM) measurement (Supplementary Fig. 1d). The RAHE loops of the 
BixSe(1–x) switching sample that resulted from a current sweep under 
the application of a constant + 80 Oe and –80 Oe field along the cur-
rent channel are displayed in Fig. 4c,d, respectively. The magnetiza-
tion switching occurs at approximately ± 7.2 mA (~4.3 ×  105 A cm–2), 
as shown in Fig. 4c,d. Upon changing the polarity of the external 
field, the chirality of the RAHE loop changes, which is consistent with 
the results of previous reports16,27,29. The magnetization switching of 
the Ta switching sample (details in Supplementary Section 8) occurs 
at approximately ± 24.6 mA (~2.0 ×  107 A cm–2). A comparison 
between the SOT switching power dissipation (

σ
Jsw

2
) in our switching 

BixSe(1–x) sample, recent reports on Bi2Se3 and the best previously 
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Fig. 4 | Current-induced magnetization switching in the BixSe(1–x)(4!nm)/Ta(0.5!nm)/CoFeB(0.6!nm)/Gd(1.2!nm)/CoFeB(1.1!nm) heterostructure. a, 
Schematic of the switching sample stack structure, where HSO and τSO are current-induced spin–orbit field and spin–orbit torque, respectively. b, RAHE 
measured in the BixSe(1–x) switching sample using a current of 50!μ A. c,d, Current-induced switching of the magnetization due to the SOT that arises from 
the BixSe(1–x) underlayer in the presence of constant 80!Oe (c) and –80!Oe (d) in-plane bias fields. The Hall-cross bar with dimensions 15!× !70!μ m was used 
for the switching experiment.
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between carrier density and the Fermi level position in energy is pro-
vided in Fig. 3d. Compared to the slab, the wire and dot geometries 
provide better performances in the range of carrier densities between 
3 ×  1020 and 3 ×  1021 cm–3, which also coincides with the experimen-
tal observation (Supplementary Section 1). The enhancement can 
be traced back to the peaks in spin density spectrum that occur at 
about 0.55 eV (Fig. 3c). When the size of the dot is increased from 
4 to 6 nm, the average conversion ratio is decreased (Fig. 3f inset), 
in agreement with the trend observed for H
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fixed at 4 nm and only the in-plane size (grain size) was increased, 
which can be explained by the fact that the surface states local-
ized at the edges with the (112) surfaces (Fig. 3e) become less 
densely packed. These results suggest that SOT efficiencies can be 
enhanced by reducing size and dimensionality of the TI. Although 
our calculations considered only the intraband current-driven 
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the interband spindensity—not calculated in this model—should 
also be enhanced. As a matter of fact, the interband contribution 
is a correction to the intraband Edelstein effect that arises from 
the precession of the non-equilibrium spin accumulation about 
the magnetization43. Therefore, the enhancement of the intraband 
Edelstein effect by quantum confinement is expected to be accom-
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composition and a regular rectangular shape. The disordered  
nature of the experimental sputtered BixSe(1–x) (in which the stoi-
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shape is irregular) might also influence the charge-to-spin conver-
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constant input current of 50 μ A. The non-zero RAHE at zero magnetic 
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ple was confirmed by performing a vibrating sample magnetometry 
(VSM) measurement (Supplementary Fig. 1d). The RAHE loops of the 
BixSe(1–x) switching sample that resulted from a current sweep under 
the application of a constant + 80 Oe and –80 Oe field along the cur-
rent channel are displayed in Fig. 4c,d, respectively. The magnetiza-
tion switching occurs at approximately ± 7.2 mA (~4.3 ×  105 A cm–2), 
as shown in Fig. 4c,d. Upon changing the polarity of the external 
field, the chirality of the RAHE loop changes, which is consistent with 
the results of previous reports16,27,29. The magnetization switching of 
the Ta switching sample (details in Supplementary Section 8) occurs 
at approximately ± 24.6 mA (~2.0 ×  107 A cm–2). A comparison 
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Fig. 4 | Current-induced magnetization switching in the BixSe(1–x)(4!nm)/Ta(0.5!nm)/CoFeB(0.6!nm)/Gd(1.2!nm)/CoFeB(1.1!nm) heterostructure. a, 
Schematic of the switching sample stack structure, where HSO and τSO are current-induced spin–orbit field and spin–orbit torque, respectively. b, RAHE 
measured in the BixSe(1–x) switching sample using a current of 50!μ A. c,d, Current-induced switching of the magnetization due to the SOT that arises from 
the BixSe(1–x) underlayer in the presence of constant 80!Oe (c) and –80!Oe (d) in-plane bias fields. The Hall-cross bar with dimensions 15!× !70!μ m was used 
for the switching experiment.
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only in the low field range of |Hext| <  4 kOe (multidomain state), but 
also in the high field range of |Hext| >  4 kOe (single domain state). 
This eliminates the possibility of artefacts due to the topological 
Hall effect20–22 or the tunnelling planar Hall effect23, as these effects 
require inhomogeneous magnetization to occur in our device, in 
the form of either spatially varying magnetic domains or skyrmions.

Next, we evaluated the spin Hall angle from data shown in 
Fig. 2b. For the sake of simplicity, we first assumed a macrospin 
model with a coherent magnetization rotation. At Hext =  –Hc(J) 
(the coercive force at a given J), the net perpendicular magnetiza-
tion component is zero, so there is only the in-plane magnetiza-
tion component. The situation at Hext =  –Hc(J) is shown in the inset 
of Fig. 2b. At this point, Hso points to the z direction and coun-
ters Hext. Thus, the macrospin model predicts that the shift of the 
coercive Δ Hc is equal to Hso. In reality, however, at low magnetic 
fields the Mn0.45Ga0.55 layer is in a multidomain state, and magne-
tization reversal occurs through a domain wall movement rather 
than a coherent magnetization rotation. Nevertheless, full micro-
magnetic simulations have shown that the relation Hso =  Δ Hc gives 
a good estimation for Hso with less than 5% of uncertainty in a  
Pt/BaM ferrite bilayer24. Furthermore, the macroscopic model has 
been used to reproduce remarkably the experimental switching 
phase diagram due to the SOT effect in a Pt/Co bilayer7. This con-
firms the validity of this relation, even though it is derived from a 
simple macrospin coherent rotation model. We also estimated Hso 
from the RH–Hext data in Fig. 2c,d in the high in-plane field range 
(|Hext| >  4 kOe), when the Mn0.45Ga0.55 layer becomes a single domain 
and the macrospin model is applicable. The obtained average value 
of |Hso| =  2.9–3.4 kOe for J =  ± 13.8 ×  105 A cm–2 have uncertainty 
within 10% of that obtained by assuming Hso =  Δ Hc =  3.1 kOe for 
J =  13.8 ×  105 A cm–2 in Fig. 2b (Supplementary Note 6). Thus, in 
the following, we use the relation Hso =  Δ Hc to estimate the spin 
Hall angle. By plotting Δ Hc obtained in Fig. 2b as a function of JBiSb 
(Supplementary Fig. 5), we obtain the slope Hso/JBiSb =  2.3 kOe MA–1  
cm2 at room temperature. This value is much larger than those of 
heavy metals and TIs reported before, such as Ta ≈  6.8 Oe MA–1 cm2 
in Fe(1.1 nm)/Ta(7.2 nm), Pt ≈  2.9 Oe MA–1 cm2 in Fe(0.5 nm)/
Pt(2.3 nm) (ref. 25) and BixSe1–x ≈  100 Oe MA–1 cm2 in CoFeB(5 nm)/
BixSe1–x(4 nm) (ref. 11). The room-temperature spin Hall angle, cal-
culated by θ = ℏ M te H

JSH
2

MnGa MnGa
SO

BiSb
, is 52, which is the highest value 

reported so far. Our data also show that the θSH of BiSb has the same 
sign as those of (Bi0.5Sb0.5)2Te3 (ref. 10), Bi2Se3 (Ref. 9) and Pt (Ref. 7).

Magnetization switching by ultra-low current density
To demonstrate the magnetization switching by the ultralow  
current density using the large spin Hall effect of BiSb, we prepared  

a 100 ×  50 μ m Hall bar of a Bi0.9Sb0.1(5 nm)/Mn0.45Ga0.55(3 nm) bilayer. 
Figure 3a,b demonstrates the SOT switching of the MnGa layer 
when 100 ms pulse currents are applied to the Hall bar under an in-
plane Hext =  + 3.5 kOe and –3.5 kOe, respectively. We observed a clear 
switching at an average critical current density of J =  1.5 ×  106 Α  cm–2 
(JBiSb =  1.1 ×  106 Α  cm–2). Here the critical current density is defined 
as where the Hall resistance changes sign. Note that the switch-
ing of RH between ± 1 Ω  corresponds to full magnetization switch-
ing (Supplementary Fig. 6). Furthermore, the switching direction is 
reversed when the in-plane Hext direction is reversed, consistent with 
the behaviour of SOT switching. The observed critical current density 
is much smaller than those of Ta(5 nm)/MnGa(3 nm) (J =  1.1 ×  108  
A cm–2) (ref. 26), IrMn(4 nm)/MnGa(3 nm) (J =  1.5 ×  108 A cm–2) (ref. 27)  
and Pt(2 nm)/MnGa(2.5 nm) (J =  5.0 ×  107 A cm–2) (ref. 28).

Comparisons with other spin Hall materials
BiSb has many characteristics that make it the best candidate for 
the pure spin current source in SOT–MRAM. Its conductivity 
is comparable to typical ferromagnetic and non-magnetic met-
als used in MRAM, whereas its spin Hall angle is as large as 52 at 
room temperature. It can be grown well on ferromagnetic metals 
without creating a magnetic dead layer. Table 1 summarizes σ, θSH 
and σSH of several heavy metals and TIs at room temperature29,30. In 
terms of σSH, which is considered as the figure of merit for spin Hall 
materials, BiSb outperforms other TIs by a factor of 100 and the 
nearest competitor (Pt) by a factor of 30. Although there are reports 
of room-temperature SOT switching by other TIs in Bi2Se3/CoTb  
(ref. 31), Bi2Se3/NiFe (ref. 32) and BixSe1–x/CoFeB (ref. 11), the ferro-
magnets used in those works have a low coercive force of only a few 
10 Oe to a few 100 Oe, which is much smaller than that (a few kOe) 
in realistic nanoscale MRAM. Using BiSb, we have demonstrated 
both a very large spin–orbit field of 2.3 kOe MA–1 cm2 and SOT 
switching at a low critical current density of 1.5 ×  106 Α  cm–2 for the 
MnGa ferromagnet with a much higher PMA (~40 to ~50 kOe) and 
coercive force (> 1.6 kOe) than those used in previous experiments. 
These double-check the very large SHE of BiSb.

The observation of the very large SHE in BiSb leaves many 
open questions about the physics of the SHE in TIs. Even though 
stronger spin–orbit interactions and larger SHEs are expected 
for BiSb than for Bi3Se2 or (Bi,Sb)3Te2 because of its very small 
bandgap, the observation of σSH =  1.3 ×  107 ℏ

e2  Ω –1 m–1 is unex-
pected. The very small bandgap means the electric current flows 
in both the surface and the bulk of BiSb, thus the contributions 
of both the surface and bulk SHE should be taken into account. 
However, a first-principles calculation of the bulk intrinsic SHE 
of BiSb yields a maximum value of 9.8 ×  104 ℏ

e2
 Ω –1 m–1 when the  

Fermi level is in the bandgap, which can account for only 0.74% of 
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the growth conditions, we can obtain high-quality BiSb/MnGa 
bilayers with an atomically smooth interface, despite the large 
lattice mismatch between MnGa(001) and BiSb(012) (Methods 
and Supplementary Note 2 give details). Here we choose MnGa 
as a model ferromagnet because its large perpendicular magnetic 
anisotropy (PMA) (> 10 Merg cm–3), large uniaxial anisotropy field 
(> 40 kOe), large coercive force (> 1.5 kOe) and high conductivity 
(5 ×  105 Ω –1 m–1) represent well those that would be used in futur-
istic ultrahigh density SOT–MRAM19. Furthermore, by adjusting 
the Mn composition, we were able to fabricate Mn0.6Ga0.4 layers 
with a perfect perpendicular magnetization and Mn0.45Ga0.55 layers 
with a tilting magnetization, which are convenient for the evalua-
tion of the spin–orbit field generated by the BiSb layer. Figure 1a  
shows the schematic Bi0.9Sb0.1(10 nm)/Mn0.6Ga0.4(3 nm) bilayer 
and the coordinate system used in this work. An electric current 
was applied along the x direction, and an external magnetic field 
Hext was applied in the zx plane at an angle θ with respect to the  
z axis. Figure 1c shows the out-of-plane magnetization curve of the 
bilayer measured at various temperatures. The magnetization of 
the 3 nm thick Mn0.6Ga0.4 layer in this bilayer is the same as that of 
high-quality standalone Mn0.6Ga0.4 thin films grown on GaAs(001), 
which indicates that there is no interfacial magnetic dead layer. 
The bilayers are then patterned into 100 μ m long and 50 μ m wide 
Hall bars for transport measurements, as one shown in Fig. 1b. The 
Hall bars are mounted inside a liquid nitrogen cryostat which acts 
as a heat sink to minimize the effect of Joule heating. Figure 1d 

shows the Hall resistance RH of a Hall bar under a perpendicu-
lar magnetic field (θ =  0) at 150 K, measured with various current 
densities J =  0.2–15.4 ×  105 A cm–2. Here, J is the nominal current 
density of the Hall bar, defined as I/[w*(tBiSb +  tMnGa)], where I is 
the applied current (10 mA maximum), w =  50 μ m is the width of  
the Hall bar, tBiSb =  10 nm and tMnGa =  3 nm are the thicknesses of the 
BiSb and MnGa layers, respectively. The Hall resistance is domi-
nated by the anomalous Hall effect, which reveals the perpendicu-
lar magnetization component of the Mn0.6Ga0.4 layer. We observed 
a systematic reduction of the coercive force Hc of the Mn0.6Ga0.4 
layer when J increased. The reduction Δ Hc is as large as 2 kOe at a 
modest J =  15.4 ×  105 A cm–2. To make sure that this reduction of Hc 
is not the result of Joule heating of the Mn0.6Ga0.4 layer, we prepared 
a Hall bar from a stand-alone Mn0.6Ga0.4 (3 nm) layer and measured 
its Hall resistance under various J. As seen in Fig. 1e, we observed 
no clear change of Hc up to J =  46.7 ×  105 A cm–2, which is three 
time higher than the highest current density applied in Fig. 1d. 
This indicates that the reduction of Hc shown in Fig. 1d is not the 
result of Joule heating. Indeed, for the Joule heating to be the origin 
of the large Δ Hc =  2 kOe, the Mn0.6Ga0.4 layer temperature would 
have to increase from 150 K to 250 K (Fig. 1c), which is unlikely 
given the very small J used in our experiments compared with 
J ≈  107–108 A cm–2 used in previous studies with heavy metals as the 
spin Hall layer. Furthermore, we observed a significant reduction 
of the remanent RH at J =  15.4 ×  105 A cm–2, which was not observed 
in the magnetization curve at 250 K. Therefore, we conclude that 
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Fig. 1 | Structure, magnetic properties and SOT effect in the Bi0.9Sb0.1(10!nm)/Mn0.6Ga0.4(3!nm) bilayer with perfect PMA. a, Schematic structure of the 
Bi0.9Sb0.1(10!nm)/Mn0.6Ga0.4(3!nm) bilayer and the coordinate system used in this work. b, Micrograph of a 100!× !50!μ m Hall bar device. c, Out-of-plane 
magnetization curves of the bilayer at different temperatures. d, Hall resistance RH of a Bi0.9Sb0.1(10!nm)/Mn0.6Ga0.4(3!nm) Hall bar under a perpendicular 
magnetic field Hext (θ!= !0) at 150!K, measured with various current densities. e, RH of a Hall bar of a stand-alone Mn0.6Ga0.4(3!nm) layer. f, Reduction of the 
coercive force Δ Hc of the bilayer as a function of the current density JBiSb in the BiSb layer. e.m.u., electromagnetic units.
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MBE:

 Bi0.9Sb0.1

+ MnGa

θ|| ~ 20

JC ~ 0.4 MA/cm2

θ|| ~ 50

JC ~ 1.5 MA/cm2



Topological spintronics: so we succeeded?

• Measurements of spin-charge conversion (spin Hall angle) show that 
this is higher in Bi2Se3 (and also (Bi,Sb)2Te3, Bi1-xSbx) compared with 
heavy metals.


• Measurements of spin torque devices shows that these materials are 
also more energy efficient (e.g. MIT/Penn State, Minnesota).


• Looks attractive for technology — but have we understood the physics? 
Are there any holes in the story you just heard? 



Topological spintronics: questions

• When a topological insulator surface is interfaced with a ferromagnetic 
metal, are the spin textured surface states unperturbed? Do they even exist 
at a TI/FM metal interface? [Zhang et al., Phys. Rev. B 94, 014435 (2016)


• In all the reported measurements of spin-charge conversion, where is the 
chemical potential (Fermi energy) located? [In most experiments so far, EF is the 
bulk conduction band.]


• When we make bilayer lateral transport devices with a topological insulator and a 
ferromagnetic metal, where does most of the current flow? [Resistivity of FM 
metals << resistivity of Bi2Se3]



Spin pumping from FM insulator into Bi2Se3

HHRF

TI

V

YIGz

x
y

JS

Hailong Wang et al., PRL 117, 076601 (2016).

 

Spin pumping observed at 300 K from a 
ferrimagnetic insulator (YIG) into Bi2Se3 
thin films.



Spin pumping from FM insulator into Bi2Se3

Hailong Wang et al., PRL 117, 076601 (2016).

 

Bi2Se3 thickness dependence 
of spin pumping signal from 
YIG suggests dominant role of 
interface or surface states.

But, we still have bulk 
conduction…!j e/

J S
 (n

m
)

6

FIG. 2. Spin versus quantum tunneling in ultrathin Bi2Se3. (a) Experimental geometry used in our measurements. (b)
Visualization of the contrasting spin configurations in 3QL (insulator) and 7QL (metal) thin films. The dumbbell signs indicate
that the current experimental geometry mainly probes the pz orbitals of Bi and Se. (c) High-resolution ARPES measurements
on ultrathin films of Bi2Se3: E � k band dispersion images for 1QL, 3QL, 4QL, 6QL and 7QL of Bi2Se3 films taken near the
�̄ point along �̄ � K̄ high-symmetry direction. The spin configuration is noted on the plots. (d) The corresponding energy
distribution curves (EDCs). The EDC through the �̄ point is highlighted.



Probing spin pumping as a function of chemical potential

Bulk

SS

Bi2Se3/Bi2Te3

Sb2Te3

(Bi,Sb)2Te3

Use (BixSb1-x)2Te3 either with gating or varying composition.

As grown films have low enough carrier density to allow gating across Dirac point.

Caveat: films grown on YIG with 1QL seed layer of Bi2Se3

Varying composition takes films from p-type (Sb2Te3) to n-type (Bi2Te3). 

YIG

(Bi,Sb)2Te3
Bi2Se3

seed layer



Spin-charge conversion vs. chemical potential

Hailong Wang et al, submitted
 

Chemical potential in YIG/(Bi,Sb)2Te3 bilayers 
varied through Dirac point using a top gate.

je / JS = λIREE

JS = f ω ,g↑↓,ΔH pp ,MS ,hRF( )
je = VSP / Rw

VSP

R
∝

je
JS

= λIREE

For convenience, focus on:



Spin-charge conversion vs. chemical potential

Systematic measurements of spin pumping in YIG/(Bi,Sb)2Te3 bilayers as a function of chemical potential.

Chemical potential varied using either gate voltage or sample composition (extrinsic unintentional doping).

Spin-to-charge conversion efficiency is independent of chemical potential within surface states.

Hailong Wang et al, submitted
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Calculation of spin Hall conductivity in TIs
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Spin Hall conductivity calculated using bulk states in Bi1-xSbx (strong TI for 0.07 < x < 0.22) 

Kubo formula relates σ|| to ‘density of Berry curvature.’ 

Bulk-edge correspondence: spin-orbit coupling of bulk states yields same σ|| as surface states.    



Spin-charge conversion vs. chemical potential
Hailong Wang et al, submitted
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Experiment

Theory

Do only surface states matter?

New experiments + theory indicate that 
the answer is more subtle & deeper…

‘Bulk-surface correspondence’ suggests 
that bulk states & surface states both 

contribute to spin Hall conductivity



Spin-charge conversion variation with EF: 
an alternate picture

Fermi level dependence of spin-charge conversion efficiency

20

Recent results reported by other groups:
� Spin Seebeck
� Spin torque FMR
� Spin-polarized tunneling

Nature Comm. 7, 11458 (2016)

TI
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YIG
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M

Nature Physics (2016) doi:10.1038/nphys3833 Phys. Rev. B 91, 235437 (2015)

The efficiency of (Bi, Sb)2Te3 is about 
two orders of magnitude larger than 
Bi2Se3

J. Shi 

(UC Riverside)


(Bi,Sb)2Te3 + YIG

Otani 
(Tokyo)



A unique topological spintronic device proposal
• Spin-charge conversion at topological insulator/ferromagnetic insulator interfaces for 

a “voltage-driven topological spin switch”

• Relies on the “global” effects of spin-orbit coupling in entire topological insulator 

band structure, not just surface states.

A ‘synthetic multiferroic’ for spin-based logic or memory 
that uses strong SO coupling in insulating bulk of TI. Flatte, AIP Advances 7, 055923 (2017)



VTSS: Predicted Performance

Assuming a switching voltage of 50 mV ⇒100 GHz switching rate & 
10 meV switching energy: energy-delay product ~3 x 10-32 J.s.

Flatte, AIP Advances 7, 055923 (2017)



VTSS: Topological surface states as leakage
Sources of dissipation: 

• Charge transport in bulk

• Charge transport in surface states

• Spin recombination current at interface 

• Spin diffusion current into bulk. 

Caveat: experimentally observed “gaps” vary by orders 
magnitude,  25-100 meV [ARPES], 100-200 μeV [transport]. 

H = v kxσ y − kyσ x⎡⎣ ⎤⎦ + bzσ z

Xu et al., Nature Phys. 8, 616 (2012) 

Sanchez-Barriga et al., Nature Comm. 7, 10559 (2016)

  Mn 0%       Mn 1%       Mn 2%     Mn 10%

Flatte: use magnetic doping of TI 
to gap the surface states and 
electrical gating to place chemical 
potential into gap..

Flatte, AIP Advances 7, 055923 (2017)



Breaking time-reversal symmetry in 3D TI

continuous throughout the program. Many of our team members have a long track record of 
working together in the TI area and have shown that it is possible to make rapid progress by 
working as a team. Discovery of new TIs, including doped TIs with magnetism and 
superconductivity, as well as progress in lowering the bulk conductance of crystals by several 
orders of magnitude, are recent examples of the track record of the team. We expect to continue 
this approach with the broader team to overcome the challenges we face to realize the proposed 
devices. 

Section B: Innovative Claims  
The recent theoretical prediction and experimental discovery of a broad class of TIs has 

the potential to impact the future of electronics. Our team has been first to demonstrate that 
these unusual insulators have conducting surface states that are unlike other conventional 
electronic states, with helical spin texture, which do not undergo backscattering by defects, but 
can penetrate through crystalline defects. As the materials quality improves, the electrical 
transport experiments show that electrical current flows around the insulating bulk through a 
high-mobility surface channel (we recently showed that the surface mobility is 10,000 cm2/Vs 
in Bi2Te3 and 30,000 cm2/Vs in Bi2SeTe2). Harnessing surface states with a helical spin texture 
for device applications provides a fundamentally new approach for creating devices based on 
charge and spin transport as well as on photo-excitation. Our goal is to harness the unique 
quantum characteristics of topological surface states to (1) create a fundamentally new type of 
low voltage transistor, (2) realize a dissipation-less device interconnect, (3) spin-filter/torque 
devices with high efficiency, and (4) develop low-noise photo-detectors & a unique photon-to-
spin conversion device. 
Motivation for Ferromagnetic-Insulator-on-Topological-Insulator-Transistor (FITT):  The 
continuous performance improvement derived from CMOS scaling over the past 40 years has 
come to an end.  While density scaling is expected to continue for at least the next ten years, 
transistor and circuit-level performance is now severely limited by power constraints. 
Traditionally, CMOS power has been contained by reducing the operating voltage in each 
generation.  Supply voltages have thus scaled significantly from the 5 V technologies used in 
the 1970’s to the ~1 V technologies in manufacturing today.  Further voltage reduction below 
1V, however, is restricted by fundamental limits in 
the threshold voltage and gate oxide thickness 
scaling.  Without sufficient voltage scaling, CMOS 
power has thus increased to the point where 
laptops are lap-warmers, high performance 
computing is limited by the cooling power 
available, and mobile computing performance is 
limited by battery life.  It is fair to say that a low 
voltage transistor would fundamentally change the 
world.  

For the past ten years the semiconductor 
industry has tried to overcome this issue and has 
tried a wide variety of modifications of the CMOS 
transistor in order to lower the voltage. DARPA’s 
STEEP program, for example, has focused on 
developing low voltage transistors using tunneling 
between semiconductor bands. The 

!

Figure 1. A perpendicular effective field felt by the 
helical electrons at the surface of a TI opens a gap at 
the Dirac point for these surface states. A 
controllable magnetic anisotropy can control this 
gap.  

i! ∂
∂t
ψ = − pxσ y + pyσ x( )c +σ zmc2⎡⎣ ⎤⎦ψ

2D Dirac equation for massive free 
electrons breaks time-reversal symmetry:

H = v kxσ y − kyσ x⎡⎣ ⎤⎦ + bzσ z

Similarly, on the surface of a 3D TI, breaking 
time reversal symmetry should create a 

“mass” or a gap:

Can we detect this gap? How does it affect the properties of a 
topological insulator? 



ARPES measurements of ferromagnetic (magnetically-doped) TI thin films 
suggest the formation of a gap. But this is complicated by disorder & 
controversial. Other mechanisms for getting a ‘non-magnetic’ gap.
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ARPES measurements of Mn-Bi2Se3 vs. Zn-Bi2Se3 Xu et al., Nature 
Phys. 8, 616 (2012)

Also: Yulin Chen et 

al., Science 329, 659 
(2010)


Alternative 
interpretation:


Sanchez-Barriga 		
et al.,  Nature 

Communications 7, 
10559 (2016).


Broken time-reversal symmetry: magnetic gap?

http://www.nature.com.ezaccess.libraries.psu.edu/ncomms
http://www.nature.com.ezaccess.libraries.psu.edu/ncomms
http://www.nature.com.ezaccess.libraries.psu.edu/ncomms


Xu et al., Nature Phys. 8, 616 (2012)

Surface gating of chemical potential

• Creation of “hedgehog spin texture” 

• Dosing with NO2 allows “chemical gating” of geometric phase

Geometric Phase = π 1− vk tanθ
EF

⎡

⎣
⎢

⎤

⎦
⎥

 Broken time-reversal symmetry: spin textures



 Broken time-reversal symmetry: 
Chiral  edge states

magnetic

 doping

k0
k0

σ xy = e2

h
σ xx = 0

Yu et al (Science 329, 61, 2010): ferromagnetic order in a topological insulator 
transforms helical Dirac surface states into chiral edge states with quantized Hall 
conductance and zero longitudinal conductance at B = 0. This is known as a 
“quantum anomalous Hall insulator.”



The quantum anomalous Hall effect

In the absence of magnetic doping, surface electrons in three-
dimensional (3D) topological insulators such as (Bi,Sb)2Te3
are helical Dirac fermions protected from backscattering by

time-reversal symmetry1,2. When such a 3D topological insulator
is made ferromagnetic by doping with magnetic ions3–9 or by
integration into magnetic heterostructures10–12, time-reversal
symmetry is broken. If the magnetization M is perpendicular to
the surface, the surface state dispersion is gapped at the Dirac
point13,14, while M parallel to the surface is expected to keep the
Dirac point intact with the origin shifting in momentum-space15.
In a ferromagnetic topological insulator thin film with out-of-
plane magnetic anisotropy16, the two surfaces are gapped, albeit
with opposite mass. The mass domain wall created along the side
walls of films then hosts a massless, one-dimensional (1D),
dissipation-free edge state. If the chemical potential is tuned
inside the magnetic gap of the surface states, transport is solely
restricted to these 1D edge states, and characterized by a
quantized Hall resistivity rxy¼ h/e2 (where h and e are the
Planck constant and elementary charge, respectively) and
(ideally) vanishing longitudinal resistivity rxx¼ 0. This is
known as the quantum anomalous Hall (QAH) state and was
recently realized experimentally in thin films of Crx(Bi,Sb)2" xTe3
(refs 6,8,9) at dilution fridge temperatures.

Anisotropic magnetoresistance (AMR)17,18 is the response of
the longitudinal resistance of a ferromagnet to the angle between
the magnetization and direction of current flow. In this work, by
tilting the magnetization of QAH insulator in-plane, we observe a
novel, giant AMR effect that serves as a powerful quantitative
probe of edge transport, even in temperature and chemical
potential regimes away from perfect quantization (for instance,
at high temperatures compared with the energy scale of the
magnetic gap). Tilting the magnetization in-plane closes the

magnetic gap and consequently destroys the edge states, leading
to a crossover from dissipationless to diffusive transport. We
demonstrate that this crossover yields a sharp change in the
longitudinal resistivity (rxx) whose angular dependence is unlike
classical AMR and show that modelling this dependence can be
used to quantify edge-state contributions to transport, and the
extent of its inter-mixing with dissipative channels.

Results
Quantum anomalous Hall effect. The magnetic topological
insulator devices used in this study were fabricated from epitaxial
films of Crx(Bi,Sb)2" xTe3 grown by molecular beam epitaxy on
h111i SrTiO3 (STO) substrates and measured in a vector magnet
cryostat down to 280 mK (Fig. 1a, see Methods for details). The
large dielectric constant of the STO substrate at cryogenic
temperatures allows effective electrical back gating for tuning the
position of the chemical potential19. Three thin-film devices—A,
B and C, were studied with varying proximity to the QAH state
(Table 1). The transport properties of these devices are detailed in
Supplementary Figs 1–10 and Supplementary Notes 1–3. Unless
otherwise mentioned, the data presented in the main text of this
manuscript is from device A—a Hall bar of channel dimensions
1 mm# 0.5 mm fashioned from a 10 quintuple layer thin film of
Cr0.1(Bi0.5,Sb0.5)1.9Te3. The ferromagnetic Curie temperature of this
film is TCB8 K, obtained from the temperature dependence of the
transverse resistivity rxy. As shown in Fig. 1b,c, even at 280 mK, the
AHE in device A takes a maximum value rxyB0.95h/e2

(sxyB0.99h/e2) and the longitudinal resistivity its minimum
value rxxB0.25 h/e2, both at zero field, when the gate voltage is
tuned to its value at charge neutrality VG

0. This non-vanishing rxx,
accompanied by rxy taking near-quantized values, is indicative of
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Figure 1 | Quantum anomalous Hall effect (a) Cartoon of device and measurement scheme. Current flows in the x direction, and z is the direction
perpendicular to plane. (b) Near-quantized anomalous Hall effect at charge neutrality (VG¼VG

0) and T¼ 280 mK, with rxy taking a maximum value of
0.95 h/e2 at zero field. (b,c) Corresponding longitudinal magnetoresistance, displaying a minimum rxx of 0.25 h/e2, also at zero field. (d,e) Characteristic
signatures of quantum anomalous Hall effect in the temperature and gate voltage dependence, respectively, of rxx (red) and rxy (blue), after magnetic
training, at zero field and 200 mT, respectively. As edge-state transport dominates over diffusive transport, the decrease in rxx is complemented by a
rise in rxy.
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Four probe measurements of the Hall 
effect & the longitudinal resistance in large 
(mm scale) samples as a function of 
external magnetic field and temperature.


Thin films are grown on a SrTiO3 
substrates that serves as the dielectric of 
a capacitor. 


Back gate voltage allows tuning of the 
chemical potential (Fermi energy)

SS

Bulk



Fully quantized edge transport at B = 0

Cr-doped (Bi,Sb)2Te3

 2 nm

Hall quantization at 4 parts in 104

Minhao Liu, Wong, Richardella, Kandala, 

Yazdani, Samarth, Ong, 

Science Advances 2, e1600167 (2016) 

T = 10 mK

First demonstration: Chang et al., Science 340, 167 (2013)  
Followed by:


Checkelsky et al., Nature Physics 10, 731 (2014) 

Kou et al,, Phys. Rev. Lett. 113, 137201 (2014)

Chang et al., Nature Materials 14, 473 (2015)


Bestwick et al., Phys. Rev. Lett. 114, 187201 (2015)

Kandala et al., Nature Communications,6, 7434 (2015).


Kou et al., Nature Communications, 6, 8474 (2015) 

Note: Gotz et al.,  Appl. Phys. Lett. 112, 072102 (2018):

Precision of measurement 0.17 ppm


Note: field antisymmetrized



 2 nm

Nearly dissipation free edge transport 

 (Minhao Liu, Wong, Richardella, Kandala, 

Yazdani, Samarth, N. P Ong, 

Science Advances 2, e1600167 (2016) 

Dissipation free edge transport at B = 0

Contrast with quantum Hall effect: 
mobility in quantum anomalous Hall 
effect samples is only ~ 150 cm2/v.s

Rxx   ~  3 x 10-4 h/e2



Cr-doped (Bi,Sb)2Te3

 2 nm

Activation of edge transport across gap

σ xx =σ 0 exp − Δ
kBT

⎡

⎣
⎢

⎤

⎦
⎥

Δ ~ 150- 200 mK

Ferromagnetic ordering 
temperature TC ~ 15 K.


But dissipation free 
transport is activated by a 
gap Δ ~ 150- 200 mK!  

Is the gap induced by 
breaking of time reversal 
symmetry?

Or is it a mobility gap due 
to disorder?

Minhao Liu, et al.  Science Advances 2, e1600167 (2016) 



Imaging the magnetic disorder in quantum anomalous Hall 
insulators

SQUID diameter: 200 nm 
5 μm x  5 μm images 

 T = 250 mK

Lachman et al., Science Advances 1, e1500740 (2015) [with E. Zeldov & Andrea Young]



Topological insulators & axion 
electrodynamics 

Qi, Hughes, Zhang, PRB  78, 195424 (2008)

Qi et al., Science 323, 1184 (2009)

Wu et al., Science 354, 1124 (2016)


‘Axion angle’ θ = π in time-reversal invariant 
topological insulators leads to half-
quantized surface Hall conductance: 

σxy = e2/2h.

See Armitage & Wu: arXiv:1810.0123 for recent perspective

Lθ = 2α
ϵ0

μ0

θ
2π

⃗E ⋅ ⃗B

Figure 2: a) Magnetization can be induced in the same direction as the electric field for a TI
in a cylindrical geometry. With the magnetization of a ferromagnetic layer pointing outward
from the side surface of the TI a circulating current is induced by the electric field. This
surface current is indistinguishable from a bulk magnetization. b) A charge polarization can
be induced by a magnetic field directed along the cylinder axis. As magnetic field is turned
on, an electric field is induced which drives charge to the end of the cylinder. Note that charge
will be distributed over the whole end surface of the cylinder, not just the edge as displayed.
From Ref. [4].

of TIs. With a change in �✓ across a surface from a TI to a conventional material, one gets
a contribution to a surface Hall conductance that is

Gxy =
�✓

2⇡

e
2

h
= (N +

1

2
)
e
2

h
, (5)

where n = 2N + 1. As we will see below, N indicates the number of fully filled Landau level
(LL) or Chern layers on the surface when T is broken weakly1.

How a pure surface Hall conductance (e.g. Gxx = 0) then manifests as magnetoelectricity
can be seen through a thought experiment. Consider a cylindrically shaped TI sample (Fig.
2a), which has an outwardly directed magnetic field large enough to induce a well defined
Hall e↵ect in the surface. Alternatively, one could imagine a magnetic layer deposited such
that the magnetization is everywhere directed radially. With a pure Hall current, an applied
electric field in the ẑ direction, will induce a circumferential quantized Hall surface current
K�. As a surface current can be written as bulk magnetization e.g. K = M ⇥ r̂ and using

Eq. 5, one has Mz = (N + 1
2)

e
2

h
Ez e.g. a magnetoelectric e↵ect. Now consider the situation

of a magnetic field that is turned on slowly from zero to a value B field in the z direction.
As the B field is being turned on, it induces a circumferential E. With a pure quantized Hall
response, a surface current will be driven in the ẑ direction, where it flows to the ends of the
cylinder giving a surface charge �b as shown in Fig. 2b. A surface charge as such is equivalent
to a bulk polarization via �b = P · ẑ. Integrating the current flow over the time scale that
the magnetic field builds from zero to B gives Pz = (N + 1

2)
e
2

h
Bz. Note that essential to

maintaining an equilibrium polarization, is that after the magnetic field reaches its maximum
and the circumferential electric field goes to zero, the surface charge cannot dissipate under

1
Note that nothing prevents surface Hall conductances of N e2

h from being on the surface of conventional

insulators, but unless a system has its bulk and surface topological properties protected by crystalline symme-

tries (e.g. mirrors) as in the case of, for instance, topological crystalline insulators, such surface conducting

layers will not be robust.

6

Topological field theory: topological 
insulators can be regarded as 
magnetoelectrics



Making an ‘axion insulator’ 

Jing Wang et al., PRB  92, 081107(R) (2015)

RAPID COMMUNICATIONS

WANG, LIAN, QI, AND ZHANG PHYSICAL REVIEW B 92, 081107(R) (2015)
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FIG. 1. (Color online) Zero-plateau QAH state and magnetic
field dependence of σxy . (a) Magnetic TI in an external field H ,
and sketch of σxy as a function of H . The σxy = 0 plateau occurs
at the coercivity. The arrow indicates the magnetization direction.
(b) FM-TI-FM heterostructure, and σxy vs H . The zero plateau
appears in the hysteresis loop due to the different Hc

1 and Hc
2 of

FM A and B. The blue and red arrows indicate the magnetization
directions of FM A and B, respectively.

given by

M = − θ

2π

e2

h
E. (2)

Such a response can be understood in terms of a surface
Dirac fermion picture. With antiparallel magnetization of
the two FM layers as shown Fig. 2(b), an in-plane electric
field E = Ey ŷ induces the Hall currents Jt = σ t

xy ẑ × E and
Jb = σ b

xy ẑ × E on the top (z = d/2 and denoted as superscript
t) and bottom (b and z = −d/2) surfaces, respectively. Since
the surface massive Dirac fermion gives rise to half-integer
Hall conductance σ t

xy = −σ b
xy = (θ/2π)(e2/h), the currents

Jt = −Jb are opposite and form a circulating total cur-
rent. Inside the sample, such a circulating current can be
viewed equivalently as the surface bound current generated
by a constant magnetization M = −J t ŷ = −(θ/2π)(e2/h)E.
Therefore, the TME essentially originates from the half-
quantized surface Hall conductance.

First, we examine theoretically the TME in the zero-plateau
QAH state observed in experiments. The low-energy physics
of this system consists of Dirac-type surface states only
[17,20]. At the coercivity, both random magnetic domains that
formed in the sample, and the exchange field $ introduced
by the FM ordering, are spatially inhomogeneous. The 3D
spatial average of the exchange field vanishes (⟨$⟩av = 0).
However, due to an unavoidable top-bottom asymmetry, the top
and bottom surfaces may feel an opposite nonzero exchange
field $t = −$b = $0. In this case, the zero-plateau state
is described by the mean field effective model, which has a
generic form as H0 = kyσ1 ⊗ τ3 − kxσ2 ⊗ τ3 + $0σ3 ⊗ τ3 +
m1 ⊗ τ1. with the basis of |t ↑⟩, |t ↓⟩, |b↑⟩, and |b↓⟩, where
↑/↓ represent the spin up/down states, respectively. σi and τi

(i = 1,2,3) are Pauli matrices acting on the spin and layer,
respectively. m describes the hybridization between the top
and bottom surface states. If m = 0, due to the opposite
half-integer Hall conductance contributions from the top and
bottom surfaces σ t

xy = −σ b
xy = sgn($0)(e2/2h), the system

has σ tot
xy = 0, which gives rise to a quantized TME, as discussed

above. However, a nonzero m will mix the circulating current
Jt and Jb, therefore, the TME is no longer quantized. In reality,
the exchange field depends very much on the microscopic
details of the randomness in magnetic domains. However, we
emphasize that the TME of the zero-plateau state in a magnetic
TI is in general nonzero and nonquantized.

To realize the quantized TME effect, the TI film should
be thick enough so that the hybridization between the top
and bottom surfaces is negligible. Therefore, we propose
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FIG. 2. (Color online) TME effect. (a) Illustration of the ac electric current induced by an ac magnetic field Bx ; the current density j 3D
x (z)

is defined in Eq. (5). (b) Magnetic field By induced by applying an electric field Ey through a capacitor. Ey (with direction into the paper) will
induce Hall currents Jt and Jb for antiparallel magnetization. (c) The functions κ(z) and η(z) for different thicknesses 6, 10, and 20 QL. Each
QL is about 1 nm thick.
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‘Axion angle’ θ = π in time-reversal invariant topological 
insulators leads to half-quantized surface Hall conductance: 

σxy = e2/2h.


Observation requires:

A. All surfaces gapped from broken time-reversal symmetry 

with EF in gap.

B. Topological insulator should be in 3D regime to avoid 

finite size effect (hybridization gap)

C. Interior of topological insulator should still obey time-

reversal symmetry


See Armitage & Wu: arXiv:1810.0123 for recent review 

Lθ = 2α
ϵ0

μ0

θ
2π

⃗E ⋅ ⃗B



Heterostructure for axion insulator

Cr-doped and V-doped (Bi,Sb)2Te3 thin films: dramatically different coercive fields.

Opportunity to create novel quantum anomalous Hall insulator configurations.  

Di Xiao, Jue Jiang et al., Phys. Rev. Lett. 120, 056801 (2018)

See also: 
Mogi et al., Science Advances 3, 
eaao1669 (2017).

Note: field antisymmetrized



Observation of the axion insulator

QAH insulator

axion insulator

QAH insulator
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Figure 3| Two-step magnetization reversal in the 3-5-3 SH2. (a)�P0H dependence of 

Uxy at Vg = 0 V and T = 5.3 K. (b) P0H dependence of magnetic domain contrasts (Gf) at Vg 

= 0 and T = 5.3 K. The Gf is estimated from the root-mean-square (RMS) value of MFM 

images in (c-j). (c-j) The MFM images at various P0Hs. Red and blue represent 

respectively upward and downward parallel magnetization alignment regions, green 

represents antiparallel magnetization alignment regions. The Hall traces in (a) and the 

MFM images in (c-j) are measured simultaneously. (k)�P0H dependence of Uyx at various 

temperatures.�Uyx exhibits two-step transition when T < 10 K. (l, m) Minor loops of the Uyx 

at Vg = Vg
0 and T = 30 mK (l) and at Vg = 0 V and T = 5.3 K (m). 

Low temperature MFM proves opposite magnetization in top 
and bottom magnetic layers (Weida Wu)Di Xiao et al., Phys. Rev. Lett. 120, 056801 (2018)

Note: field antisymmetrized data]



• Dissipationless charge flow without a magnetic field is potentially “useful” but…

• Can the temperature at which this effect is observed be raised to a technologically relevant range? 
[Mogi et al., Appl. Phys. Lett. 107, 182401 (2015)].

• What is the spin polarization of the edge states and can it be used for devices? [Zhang et al., Phys. 
Rev. B 93, 235315 (2016)]

Cr-doped (Bi,Sb)2Te3

 2 nm

Quantum anomalous Hall edges: useful for spintronics?
LETTERS NATUREMATERIALS DOI: 10.1038/NMAT4204
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Figure 1 | The QAH e�ect in a 4QL (Bi0.29Sb0.71)1.89V0.11Te3 film (sample S1) measured at 25mK. a, Magnetic field dependence of the longitudinal
resistance ⇢xx and the Hall resistance ⇢yx at the charge neutral point Vg =V0

g . b,c, Expanded view of the magnetic field dependence of ⇢yx (b) and ⇢xx (c) at
low magnetic fields. ⇢yx at zero magnetic field exhibits a value of 1.00019 ± 0.00069h/e2, whereas ⇢xx at zero magnetic field is only
⇠0.00013 ± 0.00007h/e2 (⇠3.35 ± 1.76 �). The dashed lines indicate the expected resistance value in the ideal QAH regime. The error bars in b,c are
estimated from the variability of the standard resistor, the accuracy of the voltmeters and the current source, which is reflected in the averaged data.
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Figure 2 | Temperature dependence of QAH behaviour in a 4QL (Bi0.29Sb0.71)1.89V0.11Te3 film (sample S1). a, Temperature dependence of the longitudinal
resistance ⇢xx and Hall resistance ⇢yx of sample S1 after magnetic training. b, Temperature dependence of the anomalous Hall angle ↵. In a,b the dashed
lines indicate the expected values in the ideal QAH regime.

What we have found in the V-doped system is clearly a more
precise experimental confirmation of the ideal QAH e�ect than
that in the Cr-doped system. To understand the di�erences between
these two materials, we carried out a direct comparison of the two
systems. Our studies showed three main di�erences. First, Fig. 3a
shows the dependence of TC for 6QL films of Sb2�xCrxTe3 and
Sb2�xVxTe3 as a function of the Cr or V doping concentration
x . The TC of a FM material can be determined from the Arrott
plot (see Supplementary Information)22. At the same concentration
x , the TC for V doping is twice the value found for Cr doping.
Having a higher TC with low x is in the right direction to achieve
the QAH state at a higher temperature23. Second, Hall traces
for the x = 0.13 films are shown in Fig. 3b. In both cases, the
square-shaped loops indicate long-range ferromagnetic order with
out-of-plane magnetic anisotropy24. The coercive field Hc for the
Sb1.87V0.13Te3 film is ⇠1.3 T at T =2K, an order of magnitude
larger than that of Sb1.87Cr0.13Te3, with Hc ⇠ 0.1 T (refs 14–16,21).
The large Hc of V-doped Sb2Te3 is clearly advantageous for
a robust FMTI system25,26. Third, remarkably, the n2D of 6QL

Sb1.87V0.13Te3 is ⇠2.5⇥1013 cm�2, about half the value for n2D in
Sb1.87Cr0.13Te3 (n2D ⇠ 4.9⇥ 1013 cm�2). The low n2D in the parent
material is beneficial because it reduces the amount of Bi doping
required to drive the system towards a charge neutral state20.

The main di�erence between these two materials lies in the
di�erent magnetic moments and valences of V and Cr atoms.
The saturation magnetic moment per V ion was determined to be
1.5µB (Bohrmagneton) for x=0.13 V-doped Sb2�xVxTe3 (shown in
Supplementary Fig. 6). This suggests that the valence state of V is a
mixture of 3+ and 4+ (or/and 5+), as it is expected to substitute
for the Sb3+ ion on the Sb sublattice17,18. The extra free electrons
resulting fromV4+ (or/and V5+) go to neutralize the p-type carriers,
so the n2D of V-doped Sb2Te3 is both expected and measured to be
lower than that of Cr-doped samples, in which Cr takes the valence
state 3+ (refs 17,21).

The one order of magnitude higher Hc found in the V-doped
system is due to the magnetic moment of the V atom being much
smaller than for the Cr atom (⇠3µB; refs 17,21). TheHc in FM films,
in addition to extrinsic influences such as defects that pin domain
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Chang et al., Nature Materials 14, 473 (2015)




Quantum anomalous Hall effect: outlook

graphic: S. Oh, Science (2013)

Can we increase temperature scale for observation?

What is the spin polarization of edge states?


Effect of interactions? Going beyond Cn = ±1?

Interplay between superconductivity & quantum anomalous Hall edges?


Can we directly observe axion term through topological magnetoelectric effect?
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