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The MFM data reveal interaction-induced correlations
among the moments. We define the pair correlation as the
empirical average spin product (þ 1 for antiparallel
moments, "1 for parallel) over all pairs of each geomet-
rically distinct pair type. Error bars are calculated under an
assumption of independence, and consequent binomial
distribution of the total tabulated sample populations for
each lattice/spacing type. In the case of nearest-neighbor
pairs in the kagome lattice (as well as the in-plane hexago-
nal lattice mentioned later), geometrical constraints
prompt us to take the elementary triangles (one or three
frustrated bonds) as population constituents. But in all
other cases, it is simply pairs (aligned or antialigned).
For the arrays with largest lattice spacing, the correlations
nearly vanish, even between nearest neighbors, but they
increase substantially for the denser lattices. We focus
mainly on the smallest lattice spacing, 500 nm, since it ex-
hibits the strongest interaction effects. Figures 2(a) and 2(b)
show the correlations between different neighbor pairs,
arranged in order of the magnetostatic energies [given in
Figs. 2(d) and 2(e)] calculated through micromagnetic
simulations [21,25]. In each case the nearest-neighbor
correlations are largest, which is unsurprising given that
this interaction is much stronger than the next-nearest-
neighbor one.

To better understand the source of the observed correla-
tions, we must consider that the observed moment configu-
rations are outside of thermal equilibrium, and that the

demagnetization process by which they reach a low-energy
state is not observed here. Standard thermodynamics in a
Gibbsian framework produces a maximum entropy state
subject to certain experimentally observable macroscopic
constraints such as volume or pressure. Artificial spin
systems are unusual in that microstates are directly observ-
able, and hence a broader selection of possible constraints,
some microscopic, are available [12,26–30]. We take the
experimentally observed nearest-neighbor pair correlation
as the constraint, and we apply two distinct approaches
to its imposition: a quasiequilibrium Gibbsian model
(model G) and a kinetic zero-temperature quenched model
(model Z), assuming ideal Ising spins in both cases (details
in the Supplementary Information [21]). The Gibbsian
model takes the probability of a configuration to be
exp!ðsÞ, with a nearest-neighbor interaction

!ðsÞ ¼ K
X

NN pairs

sisj

This state can be calculated by standard Monte Carlo
methods, with K adjusted to match the experimental
nearest-neighbor correlation, in order to produce the
maximum entropy state consistent with a given nearest-
neighbor correlation [26]. The quenched model is purpose-
fully constructed with limited kinetics and a nonphysical
starting point. It starts with a completely random moment
configuration and flips randomly selected moments only if
doing so lowers the nearest-neighbor interaction energy,
continuing until the nearest-neighbor correlation matches
the experimental value. As seen in Fig. 2, both models
reproduce the experimental data well, with significant
deviations only for the furthest neighbors in the honey-
comb lattice. (For these further neighbors, model G
overestimates the correlations and hence model Z
performs better. Because of the simplicity of both models,
one should be cautious in interpreting this difference.
Nevertheless, a Gibbsian description of model Z [30]
does have an effective four-spin interaction which opposes
long-range antiferromagnetic ordering. Alternatively,
quenched disorder in the island switching fields due to
small variations in shape may impede long-range antifer-
romagnetic ordering. Both models lack quenched disorder,
but the nondynamical modelGmaymore vulnerable to this
deficiency, since model Z at least begins from a random
initial state. One should also keep in mind that the real
source of the suppression may be long-range dipolar inter-
actions which are absent in both models.) The substantial
agreement between two such disparate models and the
experiments suggest that the collective state of the perpen-
dicular moment systems is effectively driven only by the
nearest-neighbor correlations and the lattice topology, i.e.,
the nearest-neighbor correlation constraint is a robust
single physical measure that characterizes the outcome of
the rotational demagnetization.

FIG. 1 (color online). SEM and MFM images of perpendicular
moment nanomagnet arrays in kagome and honeycomb geome-
tries with 600 nm lattice spacing. Each island in MFM shows
either black or white, indicating that it consists of a single
magnetic domain with moment pointing either up or down.
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OUTLINE
Introduction to edge/surface states in topological 
insulators & topological spintronics

Broken time-reversal symmetry in magnetic topological 
insulators quantum anomalous Hall effect
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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.Spin-charge conversion using 

topological insulators 

Nature 511, 449 (2014)

Nanoletters 10, 7126 (2015)

Phys. Rev. Lett. 117, 076601 (2016)
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Figure 1.  The mechanism of current-induced spin accumulation in topological insulators 

and the sample geometry used in the measurement. a, Illustration of the mechanism by which 

an in-plane current in a topological insulator surface state generates a non-equilibrium surface 

spin accumulation, on account of locking between the spin direction and wavevector for 

electrons in the surface state.  The arrows denote the directions of spin magnetic moments, which 

are opposite to the corresponding spin angular momenta since the g factor of the electron is 

negative.  For simplicity, the spins in this cartoon are depicted in the sample plane, although 

some canting out of plane is expected.  b, Schematic diagram of the layer structure and 

coordinate system.  The yellow and red arrows denote spin moment directions.  c, Depiction of 

the circuit used for the ST-FMR measurement and the sample contact geometry. 
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Quantum Hall effect & edge states

Quantum Hall effect: ballistic edge state transport & precisely quantized Hall 
resistance/conductance, requires well-defined Landau levels (ωCτ > 1), but 
otherwise does not involve any details about the sample and material.
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Quantum Hall effect & topology

Why is quantization of ρxy (σxy) independent of details?

• Thouless, Kohmoto, Nightingale, den Nijs [PRL 49, 405 (1982)]: quantized σxy is a 

topological property.

• Quantum Hall insulator has a Chern number distinct from a “trivial” insulator.
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Edge states without magnetic field?

Haldane: 

• In a 2D semimetal, inversion symmetry + time-reversal symmetry 
(TRS) can create a degeneracy at isolated points in the Brillouin 
zone between top of valence band and bottom of conduction band

• Breaking TRS opens a gap, resulting in a ‘Chern insulator’ with σxy 
= ± e2/h in zero magnetic field. 

VOLUME 61, NUMBER 18 PHYSICAL REVIEW LETTERS 31 OCTOBER 1988

Model for a Quantum Hall Eff'ect without Landau Levels:
Condensed-Matter Realization of the "Parity Anomaly"

F. D. M. Haldane
Department ofPhysics, University of California, San Diego, La Jolla, California 92093

(Received 16 September 1987)

A two-dimensional condensed-matter lattice model is presented which exhibits a nonzero quantization
of the Hall conductance a" in the absence of an external magnetic field. Massless fermions without
spectral doubling occur at critical values of the model parameters, and exhibit the so-called "parity
anomaly" of (2+1)-dimensional field theories.

PACS numbers: 05.30.Fk, 11.30.Rd

The quantum Hall effect' (QHE) in two-dimensional
(2D) electron systems is usually associated with the pres-
ence of a uniform externally generated magnetic field,
which splits the spectrum of electron energy levels into
Landau levels. In this Letter I show how, in principle, a
QHE may also result from breaking of time-reversal
symmetry (i.e., magnetic ordering) without any net mag-
netic fiux through the unit cell of a periodic 2D system.
In this case, the electron states retain their usual Bloch
state character.
The model presented here is also interesting in that if

its parameters are on a critical line at which its ground
state changes from the normal semiconductor state to
this new type of QHE state, its low-energy states simu-
late a "(2+1)-dimensional" relativistic quantum field
theory exhibiting the so-called "parity anomaly" and a
(2+1)-D analog of "chiral" fermions without the
opposite-chirality anomaly-canceling partners that usu-
ally accompany them in lattice realizations of field
theories ("fermion doubling" ).
In the zero-temperature limit, the transverse conduc-

tivity o "3' of a periodic 2D electron system with a gap in
the single-particle density of states at the Fermi level
takes quantized values ve /h, where v is generally ra-
tional, but can only take i nteger values in the absence of
electron interactions. This property of a pure system is
stable against sufficiently weak disorder effects. Since
a" is odd under time reversal, a nonzero value can only
occur if time-reversal invariance is broken.
In the usual QHE, the gap at the Fermi level results

from the splitting of the spectrum into Landau levels by
an external magnetic field. The scenario considered here
is different, and involves a 2D semimetal where there is a
degeneracy at isolated points in the Brillouin zone be-
tween the top of the valence band and the bottom of the
conduction band, that is associated with the presence of
both inversion symmetry and time-reversal invariance.
If inversion symmetry is broken, a gap opens and the sys-
tem becomes a normal semiconductor (v=0), but if the
gap opens because time-reversal invariance is broken the
system becomes a v=+ 1 integer QHE state. If both
perturbations are present, their relative strengths deter-

,bg qb, ~,

FIG. 1. The honeycomb-net model ("2D graphite") showing
nearest-neighbor bonds (solid lines) and second-neighbor bonds
(dashed lines). Open and solid points, respectively, mark the A
and 8 sublattice sites. The Wigner-Seitz unit cell is con-
veniently centered on the point of sixfold rotation symmetry
(marked "+")and is then bounded by the hexagon of nearest-
neighbor bonds. Arrows on second-neighbor bonds mark the
directions of positive phase hopping in the state with broken
time-reversal invariance.

mine which type of state is realized.
To model a 2D semimetal, I use the "2D graphite"

model investigated previously by Semenoff as a possible
lattice realization of a (2+I)-D field theory with the
anomaly. 2D graphite has the honeycomb net structure,
consisting of two interpenetrating triangular lattices
("A" and "8"sublattices) with one lattice point of each
type per unit cell (Fig. 1). A 2D inversion (i.e., a rota-
tion in the plane by tr) interchanges the two sublattices.
Since spin-orbit coupling effects will not be included, the
electron spin will (for the moment) be suppressed.
Semenoff investigated the tight-binding model with

one orbital per site and a real hopping matrix element t ~

between nearest neighbors on different sublattices, and
also considered the effect of an inversion-symmetry-
breaking on-site energy +M on /I sites and —M on 8
sites. The model has point group Cs„(M=O) or C3„
(MAO). In this original version of the model, time-
reversal invariance is present, and Semenoff found com-
plete cancellation of the anomaly in the M =0 model due
to fermion doubling, and normal semiconductor behavior
for MAO.

1988 The American Physical Society 2015
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Edge states without magnetic field
2D “topological insulator” (TI): spin-
orbit coupling + time-reversal 
symmetry creates a distinct topological 
phase of matter characterized by a “Z2 
topological invariant” [Kane & Mele, 
PRB 95, 146802 (2005); ibid. 226801 
(2005)] 


Quantum spin Hall effect: spin-
polarized 1D edge states whose 
presence is inferred from quantized 
conductance at zero magnetic field

 

2D Topological Insulator: HgTe/HgCdTe
tum well, as shown in the right column,
the opposite ordering occurs due to in-
creased thickness d of the HgTe layer.
The critical thickness dc for band inver-
sion is predicted to be around 6.5 nm.

The QSH state in HgTe can be de-
scribed by a simple model for the E1
and H1 subbands2 (see the box on page
36). Explicit solution of that model
gives one pair of edge states for d > dc in
the inverted regime and no edge states
in the d < dc, as shown in  figure 3b. The
pair of edge states carry opposite spins
and disperse all the way from valence
band to conduction band. The crossing
of the dispersion curves is required 
by TR symmetry and cannot be re-
moved—it is one of the topological sig-
natures of a QSH insulator.

Less than one year after the theo-
retical prediction, a team at the Univer-
sity of Würzburg led by Laurens
Molenkamp observed the QSH effect in
HgTe quantum wells grown by molec-
ular-beam epitaxy.3 The edge states
provide a direct way to experimentally
distinguish the QSH insulator from the
trivial insulator. The two edge states of
the QSH insulator act as two conduct-
ing 1D channels, which each contribute
one quantum of conductance, e2/h. That
perfect transmission is possible be-
cause of the principle of antireflection
explained earlier. In contrast, a trivial
insulator phase is “really” insulating,
with vanishing conductance. Such a
sharp conductance difference between
thin and thick quantum wells was ob-
served experimentally, as shown in
 figure 3c.

From two to three dimensions
From figure 3b we see that the 2D topo-
logical insulator has a pair of 1D edge
states crossing at momentum k = 0.
Near the crossing point, the dispersion
of the states is linear. That’s exactly the
dispersion one gets in quantum field
theory from the Dirac equation for a
massless relativistic fermion in 1D, and
thus that equation can be used to de-
scribe the QSH edge state. Such a pic-
ture can be simply generalized to a 3D
topological insulator, for which the sur-
face state consists of a single 2D mass-
less Dirac fermion and the dispersion
forms a so-called Dirac cone, as illus-
trated in  figure 4. Similar to the 2D case, the crossing point—
the tip of the cone—is located at a TR-invariant point, such
as at k = 0, and the degeneracy is protected by TR symmetry.

Liang Fu and Kane predicted4 that the alloy Bi1−xSbx
would be a 3D topological insulator in a special range of x,
and with angle-resolved photoemission spectroscopy
(ARPES) Zahid Hasan and coworkers at Princeton University
observed the topological surface states in that system.5 How-
ever, the surface states and the underlying mechanism turn
out to be extremely complex. In collaboration with Zhong

Fang’s group at the Chinese Academy of Sciences, the two of
us predicted that Bi2Te3, Bi2Se3, and Sb2Te3, all with the lay-
ered structure in  figure 4a, are 3D topological insulators,
whereas a related material, Sb2Se3, is not.6

As in HgTe, the nontrivial topology of the Bi2Te3 family
is due to band inversion between two orbitals with opposite
parity, driven by the strong spin–orbit coupling of Bi and Te.
Due to such similarity, that family of 3D topological insula-
tors can be described by a 3D version of the HgTe model (see
the box). First-principle calculations show that the materials
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Figure 3. Mercury telluride quantum wells are two-dimensional topological 
insulators. (a) The behavior of a mercury telluride–cadmium telluride quantum
well depends on the thickness d of the HgTe layer. Here the blue curve shows the
potential-energy well experienced by electrons in the conduction band; the red
curve is the barrier for holes in the valence band. Electrons and holes are trapped
laterally by those potentials but are free in the other two dimensions. For quan-
tum wells thinner than a critical thickness dc ≃ 6.5 nm, the energy of the lowest-
energy conduction subband, labeled E1, is higher than that of the highest-
energy valence band, labeled H1. But for d > dc, those electron and hole bands
are inverted. (b) The energy spectra of the quantum wells. The thin quantum well
has an insulating energy gap, but inside the gap in the thick quantum well are
edge states, shown by red and blue lines. (c) Experimentally measured resistance
of thin and thick quantum wells, plotted against the voltage applied to a gate
electrode to change the chemical potential. The thin quantum well has a nearly
infinite resistance within the gap, whereas the thick quantum well has a quan-
tized resistance plateau at R = h/2e2, due to the perfectly conducting edge states.
Moreover, the resistance plateau is the same for samples with different widths,
from 0.5 µm (red) to 1.0 µm (blue), proof that only the edges are conducting.
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Edge (surface) states in 3D topological insulator
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Surface states in 3D topological insulators
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locked due to Z2 topology. This is most clearly seen in the spin-
resolved spectra (Iy

",#; Fig. 1g), which are calculated from Py accord-
ing to Iy

"5 Itot(11Py)/2 and Iy
#5 Itot(12 Py)/2, where Itot is the

spin-averaged intensity. To extract the spin polarization vectors of
the forward (1kx) and backward (2kx) moving electrons, we
performed a standard numerical fit (Supplementary Informa-
tion)21. The fit results yield 100(615)% polarized (Fig. 1h) spins that
point along the (k3 z) direction, which is consistent with its topo-
logical spin–orbit coupling origin14,21. Spin-momentum locking is
the key to topological order in a topological insulator which cannot
be demonstrated without spin sensitive detection. Therefore the
existence of the topological insulator state was not established in
previous work on Bi2X3. Our combined observations of a spin–orbit
origin linear dispersion relation and a one-to-one locking of
momentum and spin directions allow us to conclude that the surface
electrons of Bi2X3 (X5Se, Te) are helical Dirac fermions of Z2

topological-order origin (Fig. 1).
To experimentally access these helical Dirac fermions for research-

device applications, the electronic structuremust be in the topological
transport regime where there is zero charge fermion density7–9.
This regime occurs when EF lies in between the bulk valence band
maximum (VBM) and the bulk conduction band minimum (CBM),
and exactly at the surface or edge Dirac point, which should in turn lie
at a Kramers time-reversal invariant momentum3,4. This is clearly not
the case in either Bi2Te3, Bi2(Sn)Te3, Bi2Se3 or graphene. Although
pure Bi2X3 are expected to be undoped semiconductors20,22,23,
nominally stoichiometric samples are well known to be n- and p-type
semiconductors owing to excess carriers introduced via Se or Te site
defects, respectively16,17. To compensate for the unwanted defect
dopants, trace amounts of carriers of the opposite sign must be added
into the naturally occurring material, which may be easier to achieve
in Bi2Se3 than in Bi2Te3 because the former has a much larger
bandgap15,24 (around 0.35 eV (ref. 25) compared to 0.18 eV (ref. 26),
respectively). To lower the EF of Bi2Se3 into the bulk bandgap, we

substituted trace amounts of Ca21 for Bi31 in as-grown Bi2Se3, where
Ca has been previously shown16 to act as a hole donor by scanning
tunnelling microscopy and thermoelectric transport studies16.
Figure 2a shows that as the Ca concentration increases from 0% to
0.5%, the low temperature resistivity sharply peaks at 0.25%, which
suggests that the system undergoes a metal to insulator to metal trans-
ition. The resistivity peak occurs at a Ca concentration where a change
in signof theHall carrier density also is observed (Fig. 2b),which shows
that formeasuredCa concentrations below and above 0.25%, electrical
conduction is supported by electron and hole carriers, respectively.

We performed systematic time-dependent ARPES measurements
to study the electronic structure evolution of Bi22dCadSe3 as a func-
tion of Ca doping in order to gain insight into the trends observed in
transport (Fig. 2a and b). Early time ARPES energy dispersion maps
taken through the !CC point of the (111) surface Brillouin zone are
displayed in Fig. 2c–h for several Ca doping levels. In the as-grown
(d5 0) Bi2Se3 samples, a single surface Dirac cone is observed with EF
lying nearly 0.3 eV above the Dirac node forming an electron Fermi
surface. We also observe that EF intersects the electron-like bulk
conduction band. When a 0.25% concentration of Ca is introduced,
EF is dramatically lowered to lie near the Dirac node (Fig. 2d), which
is consistent with Ca acting as a highly effective hole donor. Because
the bulk CBM lies at a binding energy of approximately20.1 eV for
d5 0 (Fig. 2c), a 0.3 eV shift in EF between d5 0 and d5 0.0025
suggests that for d5 0.0025, EF is located 0.2 eV below the CBM.
This is consistent with EF being in the bulk bandgap, because the
indirect energy gap between the CBM and the VBM is known from
both tunnelling24 and optical25 data and theory22 to be nearly 0.35 eV.

As the Ca concentration is increased further, the position of EF
continues a downward trend such that by d5 0.01, it is located
clearly below the Dirac node (Fig. 2) and intersects the hole-like bulk
valence band. The systematic lowering of EF with increasing d in
Bi22dCadSe3 observed in early time ARPES measurements
(Fig. 2i–k), which reflect the electronic structure of the sample bulk,
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Figure 1 | Detection of spin-momentum locking of spin-helical Dirac
electrons in Bi2Se3 and Bi2Te3 using spin-resolved ARPES. a, b, ARPES
intensity map at EF of the (111) surface of tuned stoichiometric Bi22dCadSe3
(a; see text) and of Bi2Te3 (b). Red arrows denote the direction of spin
projection around the Fermi surface. c, d, ARPES dispersion of tuned
Bi22dCadSe3 (c) and Bi2Te3 (d) along the kx cut. The dotted red lines are
guides to the eye. The shaded regions in c and d are our projections of the
bulk bands of pure Bi2Se3 and Bi2Te3, respectively, onto the (111) surface.
e, Measured y component of spin-polarization along the !CC{ !MM direction at
EB5220meV, which only cuts through the surface states. Inset, schematic
of the cut direction. f, Measured x (red triangles) and z (black circles)
components of spin-polarization along the !CC{ !MM direction at

EB5220meV. Error bars in e and f denote the standard deviation of Px,y,z
where typical detector counts reach 53 105; solid lines are numerical fits21.
g, Spin-resolved spectra obtained from the y component spin polarization
data. The non-Lorentzian lineshape of the Iy

" and Iy
# curves and their non-

exact merger at large |kx | is due to the time evolution of the surface band
dispersion, which is the dominant source of statistical uncertainty. a.u.,
arbitrary units. h, Fitted values of the spin polarization vector P (Sx,Sy,Sz) are
(sin90ucos295u, sin90usin295u, cos90u) for electrons with 1kx and
(sin86ucos85u, sin86usin85u, cos86u) for electrons with 2kx, which
demonstrates the topological helicity of the spin-Dirac cone. The angular
uncertainties are of the order of 610u and the magnitude uncertainty is of
the order of 60.15.
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Dirac surface states of 3D Tis revealed 
in angle-resolved photoemission 
(ARPES) with spin-dependent 
detection (M.Z. Hasan, Q.-K. Xue, Z.-
X. Shen, etc.)

Graphics: Z.X. Shen



Molecular beam epitaxy (MBE): thin films of Bi2Se3, Bi2Te3 , (Bi,Sb)2Te3 etc. on 
variety of substrates: GaAs, ZnSe, InP, Si, SrTiO3, sapphire, hBN, graphene, 
diamond, NbSe2, BSSCO, YIG, LuIG, BaM… 

Focus at Penn State: combining topological insulators with magnetism and  
superconductivity. 
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Helical Dirac states in 3D TI thin films

10-60 eV

• Se-capping used for passivating MBE grown thin films, removed in ARPES chamber

• Fermi energy typically high above Dirac point, in bulk conduction band

• Se vacancies act as donors: non-ideal topological insulator  

EF

Zhang et al., 

Phys. Rev. B (2012)



Helical Dirac states in 3D TI thin films

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.

Neupane, Richardella et al., Nature Communications 5, 3841 (2014)

Spin-resolved ARPES in Bi2Se3 ultrathin films (1-7 QL thickness): hybridization 
between upper & lower surfaces creates a gap at Dirac point for thickness < 6 QL 
and quenches spin polarization near Dirac point.

8

FIG. 4. Experimental versus theoretical spin polarization. (a) Experimentally-observed net spin polarization as a function
of thin film thickness for k ⇠ 0.05 Å�1 and 0.1 Å�1. The inset shows a schematic view of quantum tunneling in ultrathin TI
films. (b) Calculation results of spin polarization versus film thickness at two momentum points k ⇠ 0.05 Å�1 and 0.1 Å�1. (c)
Results of a calculation of the net spin polarization as a function of wavevector for ultrathin films of thickness 1QL, 3QL, 4QL,
and 6QL. Dashed lines in (a,b) and solid lines in (c) between the dots serve as guides to the eye. Error bars in (a) represent
experimental uncertainties in determining the spin polarization. Schematic of (d) a gate controlled spin polarization current
switch device and (e) momentum dependent spin configuration in ultrathin (insulating) film and thicker (metallic) film.



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 zmc

2⎡⎣ ⎤⎦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 this effect be observed in experiment? 

Break time-reversal by introducing magnetic order! 



 Broken time-reversal symmetry: edge states
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2D extension of Jackiw-Rebbi model 
[PRD 13, 3398 (1976)]



Yu et al (Science 329, 61, 2010): ferromagnetic order in a 3D TI will transform 
helical Dirac surface states into chiral edge states with quantized Hall 
conductance and zero longitudinal conductance.

This is known as a “quantum anomalous Hall insulator.”

magnetic

 doping

k0
k0

σ xy =
e2

h
σ xx = 0

 Broken time-reversal symmetry: edge states



Magnetically-doped topological insulator thin films

(Bi,Sb)2Te3

InP

STEM + EDX mapping

High resolution TEM shows that TI samples can be magnetically doped with homogenous 
distribution of (presumably) substitutional Cr, V, Mn concentration up to ~20%

We cannot rule out nanoscale segregation from current TEM measurements

Cr-doped (Bi,Sb)2Te3

 2 nm



ARPES measurements of ferromagnetic (magnetically-doped) TI thin films 
suggest the formation of a gap. Complicated by disorder & controversial. 
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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


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



Accessing Dirac states with transport
Bi2Se3/Bi2Te3: n-type; Sb2Te3: p-type

Bi2Te3 + Sb2Te3: Low carrier density thin 
films

Growth on SrTiO3 (STO) substrate: large 
dielectric constant at low T for back-gating

8QL (Bi,Sb)2Te3 on STO 

Bulk

SS

Bi2Se3/Bi2Te3

Sb2Te3

(Bi,Sb)2Te3



Ferromagnetism in magnetic TI [Cr-doped (Bi,Sb)2Te3]

Macroscopic magnetization measurements (SQUID, magneto-optical Kerr effect):

out-of-plane magnetic anisotropy, 10 K < TC < 150 K, depending on Cr-doping. 



The quantum anomalous Hall effect

Discovered by Qi-kun Xue group (Tsinghua) 

Chang et al., Science 340, 167 (2013) 

levels nor an external magnetic field. This type
of QHE induced by spontaneous magnetization
is considered the quantized version of the con-
ventional (nonquantized) anomalous Hall effect
(AHE) discovered in 1881 (16). The quantized
Hall conductance is directly given by a topo-
logical characteristic of the band structure called
the first Chern number. Such insulators are called
Chern insulators.

One way to realize a Chern insulator is to start
from a time-reversal-invariant TI. These mate-
rials, whose topological properties are induced
by spin-orbit coupling, were experimentally re-
alized soon after the theoretical predictions in
both 2D and 3D systems (12, 13). Breaking the
TRS of a suitable TI (17) by introducing ferro-
magnetism can naturally lead to the quantum
anomalous Hall (QAH) effect (6–9, 11). By tuning
the Fermi level of the sample around the mag-
netically induced energy gap in the density of states,
one is expected to observe a plateau of Hall
conductance (sxy) of e

2/h and a vanishing lon-
gitudinal conductance (sxx) even at zero mag-
netic field [figure 14 of (7) and Fig. 1, A and B].

The QAH effect has been predicted to occur
by Mn doping of the 2D TI realized in HgTe
quantum wells (8); however, an external mag-
netic field was still required to align the Mn mo-
ments in order to realize the QAH effect (18). As
proposed in (9), due to the van Vleck mechanism
doping the Bi2Te3 family TIs with isovalent 3d
magnetic ions can lead to a ferromagnetic insu-
lator ground state and, for thin film systems, this
will further induce the QAH effect if the mag-
netic exchange field is perpendicular to the plane
and overcomes the semiconductor gap. Here, we
investigate thin films of Cr0.15(Bi0.1Sb0.9)1.85Te3
(19, 20) with a thickness of 5 quintuple layers
(QL), which are grown on dielectric SrTiO3 (111)
substrates by molecular beam epitaxy (MBE)
(20, 21) (fig. S1). With this composition, the
film is nearly charge neutral so that the chem-
ical potential can be fine-tuned to the electron- or
hole-conductive regime by a positive or nega-
tive gate voltage, respectively, applied on the
backside of the SrTiO3 substrate (20). The films
are manually cut into a Hall bar configuration
(Fig. 1C) for transport measurements. Varying
the width (from 50 mm to 200 mm) and the as-
pect ratio (from 1:1 to 2:1) of the Hall bar does
not influence the result. Figure 1D displays a
series of measurements, taken at different tem-
peratures, of the Hall resistance (ryx) of the sam-
ple in Fig. 1C, as a function of the magnetic field
(m0H). At high temperatures, ryx exhibits linear
magnetic field dependence due to the ordi-
nary Hall effect (OHE). The film mobility is
~760 cm2/Vs, as estimated from the measured
longitudinal sheet resistance (rxx) and the carrier
density determined from the OHE. The value is
much enhanced compared with the samples in
our previous study (20, 21), but still much lower
than that necessary for QHE (2, 3). With decreas-
ing temperature, ryx develops a hysteresis loop
characteristic of the AHE, induced by the ferro-

magnetic order in the film (22). The square-shaped
loop with large coercivity (Hc = 970 Oersted at
1.5 K) indicates a long-range ferromagnetic or-
der with out-of-plane magnetic anisotropy. The
Curie temperature is estimated to be ~15 K (Fig.
1D, inset) from the temperature dependence of
the zero field ryx that reflects spontaneous mag-
netization of the film.

Figure 2, A and C, shows the magnetic field
dependence of ryx and rxx, respectively, mea-
sured at T = 30 mK at different bottom-gate
voltages (Vgs). The shape and coercivity of the
ryx hysteresis loops (Fig. 2A) vary little with Vg,
thanks to the robust ferromagnetism probably

mediated by the van Vleck mechanism (9, 20).
In the magnetized states, ryx is nearly indepen-
dent of the magnetic field, suggesting perfect
ferromagnetic ordering and charge neutrality of
the sample. On the other hand, the AH resist-
ance (height of the loops) changes dramatically
with Vg, with a maximum value of h/e2 around
Vg = –1.5 V. The magnetoresistance (MR) curves
(Fig. 2C) exhibit the typical shape for a ferro-
magnetic material: two sharp symmetric peaks
at the coercive fields.

The Vg dependences of ryx and rxx at zero
field [labeled ryx(0) and rxx(0), respectively] are
plotted in Fig. 2B. The most important obser-

30 mK 30 mK

A B

V  = Vgg
0 V  = Vgg

0

Fig. 3. The QAH effect under strong magnetic field measured at 30 mK. (A) Magnetic field
dependence of ryx at Vg0. (B) Magnetic field dependence of rxx at Vg0. The blue and red lines in (A) and
(B) indicate the data taken with increasing and decreasing fields, respectively.

30 mK

30 mK

30 mK

30 mK

A B

C D

Fig. 2. The QAH effect measured at 30 mK. (A) Magnetic field dependence of ryx at different Vgs.
(B) Dependence of ryx(0) (empty blue squares) and rxx(0) (empty red circles) on Vg. (C) Magnetic field
dependence of rxx at different Vgs. (D) Dependence of sxy(0) (empty blue squares) and sxx(0) (empty
red circles) on Vg. The vertical purple dashed-dotted lines in (B) and (D) indicate the Vg for Vg0. A
complete set of the data is shown in fig. S3.
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levels nor an external magnetic field. This type
of QHE induced by spontaneous magnetization
is considered the quantized version of the con-
ventional (nonquantized) anomalous Hall effect
(AHE) discovered in 1881 (16). The quantized
Hall conductance is directly given by a topo-
logical characteristic of the band structure called
the first Chern number. Such insulators are called
Chern insulators.

One way to realize a Chern insulator is to start
from a time-reversal-invariant TI. These mate-
rials, whose topological properties are induced
by spin-orbit coupling, were experimentally re-
alized soon after the theoretical predictions in
both 2D and 3D systems (12, 13). Breaking the
TRS of a suitable TI (17) by introducing ferro-
magnetism can naturally lead to the quantum
anomalous Hall (QAH) effect (6–9, 11). By tuning
the Fermi level of the sample around the mag-
netically induced energy gap in the density of states,
one is expected to observe a plateau of Hall
conductance (sxy) of e

2/h and a vanishing lon-
gitudinal conductance (sxx) even at zero mag-
netic field [figure 14 of (7) and Fig. 1, A and B].

The QAH effect has been predicted to occur
by Mn doping of the 2D TI realized in HgTe
quantum wells (8); however, an external mag-
netic field was still required to align the Mn mo-
ments in order to realize the QAH effect (18). As
proposed in (9), due to the van Vleck mechanism
doping the Bi2Te3 family TIs with isovalent 3d
magnetic ions can lead to a ferromagnetic insu-
lator ground state and, for thin film systems, this
will further induce the QAH effect if the mag-
netic exchange field is perpendicular to the plane
and overcomes the semiconductor gap. Here, we
investigate thin films of Cr0.15(Bi0.1Sb0.9)1.85Te3
(19, 20) with a thickness of 5 quintuple layers
(QL), which are grown on dielectric SrTiO3 (111)
substrates by molecular beam epitaxy (MBE)
(20, 21) (fig. S1). With this composition, the
film is nearly charge neutral so that the chem-
ical potential can be fine-tuned to the electron- or
hole-conductive regime by a positive or nega-
tive gate voltage, respectively, applied on the
backside of the SrTiO3 substrate (20). The films
are manually cut into a Hall bar configuration
(Fig. 1C) for transport measurements. Varying
the width (from 50 mm to 200 mm) and the as-
pect ratio (from 1:1 to 2:1) of the Hall bar does
not influence the result. Figure 1D displays a
series of measurements, taken at different tem-
peratures, of the Hall resistance (ryx) of the sam-
ple in Fig. 1C, as a function of the magnetic field
(m0H). At high temperatures, ryx exhibits linear
magnetic field dependence due to the ordi-
nary Hall effect (OHE). The film mobility is
~760 cm2/Vs, as estimated from the measured
longitudinal sheet resistance (rxx) and the carrier
density determined from the OHE. The value is
much enhanced compared with the samples in
our previous study (20, 21), but still much lower
than that necessary for QHE (2, 3). With decreas-
ing temperature, ryx develops a hysteresis loop
characteristic of the AHE, induced by the ferro-

magnetic order in the film (22). The square-shaped
loop with large coercivity (Hc = 970 Oersted at
1.5 K) indicates a long-range ferromagnetic or-
der with out-of-plane magnetic anisotropy. The
Curie temperature is estimated to be ~15 K (Fig.
1D, inset) from the temperature dependence of
the zero field ryx that reflects spontaneous mag-
netization of the film.

Figure 2, A and C, shows the magnetic field
dependence of ryx and rxx, respectively, mea-
sured at T = 30 mK at different bottom-gate
voltages (Vgs). The shape and coercivity of the
ryx hysteresis loops (Fig. 2A) vary little with Vg,
thanks to the robust ferromagnetism probably

mediated by the van Vleck mechanism (9, 20).
In the magnetized states, ryx is nearly indepen-
dent of the magnetic field, suggesting perfect
ferromagnetic ordering and charge neutrality of
the sample. On the other hand, the AH resist-
ance (height of the loops) changes dramatically
with Vg, with a maximum value of h/e2 around
Vg = –1.5 V. The magnetoresistance (MR) curves
(Fig. 2C) exhibit the typical shape for a ferro-
magnetic material: two sharp symmetric peaks
at the coercive fields.

The Vg dependences of ryx and rxx at zero
field [labeled ryx(0) and rxx(0), respectively] are
plotted in Fig. 2B. The most important obser-
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V  = Vgg
0 V  = Vgg

0

Fig. 3. The QAH effect under strong magnetic field measured at 30 mK. (A) Magnetic field
dependence of ryx at Vg0. (B) Magnetic field dependence of rxx at Vg0. The blue and red lines in (A) and
(B) indicate the data taken with increasing and decreasing fields, respectively.
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Fig. 2. The QAH effect measured at 30 mK. (A) Magnetic field dependence of ryx at different Vgs.
(B) Dependence of ryx(0) (empty blue squares) and rxx(0) (empty red circles) on Vg. (C) Magnetic field
dependence of rxx at different Vgs. (D) Dependence of sxy(0) (empty blue squares) and sxx(0) (empty
red circles) on Vg. The vertical purple dashed-dotted lines in (B) and (D) indicate the Vg for Vg0. A
complete set of the data is shown in fig. S3.

12 APRIL 2013 VOL 340 SCIENCE www.sciencemag.org168

REPORTS

Confirmation (Tokyo, Penn State, MIT, Stanford,UCLA):
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) 

(Bi,Cr,Sb)2Te3/(111) STO

(Bi,Cr,Sb)2Te3/(111) STO



Imaging magnetic order and reversal in magnetic TI
SQUID diameter: 200 nm 

5 μm x  5 μm images 
 T = 250 mK

Scanning SQUID-on-tip magnetic imaging of Cr- (also V, Mn-doped) (Bi,Sb)2Te3: highly localized 
and inhomogeneous magnetization; superparamagetism [with E. Zeldov & A. Young].

Lachman et 
al., Science 
Advances 1, 
e1500740 

(2015)



Fully quantized edge transport, despite disorder

Cr-doped (Bi,Sb)2Te3

 2 nm

Hall quantization at 4 parts in 104

(Minhao Liu, Wong, Richardella, Kandala, 

Yazdani, Samarth, N. P Ong, 

Science Advances 2, e1600167 (2016) 

T = 10 mK

Hall bar: 1 mm x 0.5 mm 



 2 nm

Nearly dissipation free edge transport 

 (Minhao Liu, Wong, Richardella, Kandala, 

Yazdani, Samarth, N. P Ong, 

Science Advances 2, e1600167 (2016) 

Nearly dissipation free edge transport, despite disorder

Note: mobility ~ 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) 



Magnetization reversal in Cr-doped (Bi,Sb)2Te3

ΔBz(x,y) = BZ (H+δH) - BZ (H)

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

At “high temperature” (T > 250 
mK), scanning SQUID 
magnetometry shows reversal of 
magnetization via strongly pinned 
magnetic “bubbles.” 


What happens at low temperature 
(10 mK < T < 200 mK)?  

In absence of direct imaging, use 
transport.



Magnetization reversal in Cr-doped (Bi,Sb)2Te3

ΔBz(x,y) = BZ (H+δH) - BZ (H)

At “high temperature” (T > 150 
mK), magnetic field dependence 
of Hall resistance is smooth.


But at low temperature,            
(10 mK < T < 150 mK), Rxy 
shows discrete jumps that are 
resolution limited in magnetic 
field.  

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



Discrete jumps in Hall resistance in quantum 
anomalous Hall regime

ΔBz(x,y) = BZ (H+δH) - BZ (H)

T1

T2

Amplitude of “first jump” is non-monotonic in temperature for T > T1, reaching a 
maximum of ~h/e2 at ~100 mK, disappearing for T > T2.

Activation field of first jump increases monotonically over  T1 < T < T2.

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



Evidence for macroscopic magnetization reversal

ΔBz(x,y) = BZ (H+δH) - BZ (H)

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



Magnetization reversal in Cr-doped (Bi,Sb)2Te3

ΔBz(x,y) = BZ (H+δH) - BZ (H)

U (φ)

φ

true vacuum

false vacuum

Coleman PRD 15, 2929 (1977)

t

True False

Conjecture:

At “high” T, uncorrelated reversal of 
nanoscale magnetization bubbles, 
each in a local “false vacuum”

At low T, macroscopic reversal 
of magnetization as system 
rapidly expands via quantum 
tunneling into “true  vacuum” 

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



Dependence of magnetic gap on magnetic field angle

ΔBz(x,y) = BZ (H+δH) - BZ (H)

H (k) = A(σ xky −σ ykx)

E = ± (Akx)2 + (Aky)2

E

M = 0

3D TI

ky

kx

ky

kx

E

Mx

H (k) = A(σ xky −σ ykx)+σ xmx

E = ± (Akx)2 + (Aky −mx)
2

E

Mz

ky

kx

H (k) = A(σ xky −σ ykx)+σ zmz

E = ± (Akx)2 + (Aky)2 +mz
2



“Giant” anisotropic magneto-resistance

ΔBz(x,y) = BZ (H+δH) - BZ (H)

AMR = [Rxx (θ) - Rxx(0)]/Rxx(0)

μ0Η = 1 Τ



R = h
e

1
η 2 +ηRd[ ]+ Rd−1

Quantifying edge state transport & dissipation
Penetration length of edge 
state wave-function: Angle dependence of 

magnetic gap:

Δ = Δm cosθ

Mixed edge-dissipation
conductance

A. Kandala et. al. Nature 
Commun. 6, 7434 (2015)

Phenomenological expression 
for edge state transmission, with 
co-existing dissipation

η = 1− el0 /λ = 1− eΔ/Δ0

Pure dissipative
conductance



Quantifying edge state transport & dissipation

ΔBz(x,y) = BZ (H+δH) - BZ (H)

A. Kandala et. al. Nature Commun. 6, 7434 (2015)

Landauer-Buttiker provides good fit to angular dependence of “giant magneto resistance.”



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?



Spin transfer torque

Interaction between a spin polarized current and a ferromagnet results in a “spin transfer 
torque” that can make the magnetization precess and even reverse orientation. 

[L. Berger, Phys. Rev. B 54, 9353–9358 (1996); J. C. Slonczewski, J. C. J. Magn. Magn. Mater.159, L1–L7 (1996)]


[Graphic: Brataas, Kent, Ohno, Nature Mater. 11, 372 (2012)]
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Ferromagnets are characterized by a magnetization that has 
long been used to store information. The magnetization is 
largely due to localized electron spins with their associated 

magnetic moments aligning in a particular direction in space, 
which gives rise to a collective magnetic moment and magnetiza-
tion that is far larger than that of non-ferromagnetic materials. 
The magnetization direction of a ferromagnet can represent a bit 
of information (for example, orientation up = 1 and down = 0), 
such as that used in hard-disk drives. The principal means of 
altering the magnetic moment direction has been to use applied 
magnetic fields from currents through wires that generate Oersted 
fields. However, there have been major new discoveries in con-
densed matter and materials physics  — known as spin-transfer 
torques — that have expanded the means available to manipulate 
the magnetization of ferromagnets and, as a result, have acceler-
ated technological development of high-performance and high-
density magnetic storage devices. These new magnetic devices are 
all electronic (that is, they do not have moving parts like a hard-
disk drive) and can be integrated with, and add functionality to, 
semiconductor devices.

Current-induced torques in magnetic materials
Arne Brataas1*, Andrew D. Kent2 and Hideo Ohno3,4

The magnetization of a magnetic material can be reversed by using electric currents that transport spin angular momentum. 
In the reciprocal process a changing magnetization orientation produces currents that transport spin angular momentum. 
Understanding how these processes occur reveals the intricate connection between magnetization and spin transport, and can 
transform technologies that generate, store or process information via the magnetization direction. Here we explain how cur-
rents can generate torques that affect the magnetic orientation and the reciprocal effect in a wide variety of magnetic materi-
als and structures. We also discuss recent state-of-the-art demonstrations of current-induced torque devices that show great 
promise for enhancing the functionality of semiconductor devices.

Similar to electric currents being carried by moving charge, the 
spin current occurs due to moving spins. The spin current carries 
angular momentum, which can be transferred to the magnetiza-
tion, a phenomenon known as spin-transfer torques. Sloncwezski 
and Berger were the first to theorize about the existence of this 
phenomenon1,2. The torques are a result of an interaction between 
itinerant electrons in a ferromagnet that are spin polarized (spin 
currents) and the magnetization. The interaction can be very strong 
and occurs locally; it only occurs in regions in which spin currents 
flow, and thus can be precisely directed for applications. Spin-
transfer torques have been found to be both present and important 
in all known magnetic materials, including transition metal fer-
romagnets, magnetic semiconductors and oxide ferromagnets. In 
fact, spin-transfer torques are not limited to ferromagnetic materi-
als, or even to ferromagnetic conductors or semiconductors. Not 
only can they also be important in ferromagnets and antiferromag-
nets, but they also occur at interfaces of insulating magnetic mate-
rials. Furthermore, spin transfer is also seen in a variety of material 
structures and device geometries, including point contacts and 
nanopillars composed of magnetic–non-magnetic multilayers as 
well as in nanowires and magnetic tunnel junctions. The latter are 
now widely used in hard-disk drives and are of particular impor-
tance to the development of all electronic magnetic memories.

This article reviews the fundamentals, phenomena, devices 
and materials of spin-transfer torques, at the heart of this rapidly 
advancing field of current-induced magnetization dynamics. We 
discuss how spin-transfer torques will permit the ultimate minia-
turization of magnetic random access memories (MRAM), com-
mercially available memories that at present use magnetic fields to 
reorient magnetization to store information. Although spin-trans-
fer torques can reorient magnetization by spin currents, we also 
discuss a new way of probing spin transport in materials using a 
reciprocal process, known as spin pumping, which is the emission 
of spin currents by magnetization reorientation. The most signifi-
cant developments are in recent experiments confirming sophisti-
cated theories of spin-transfer torques and spin pumping, and they 
clearly show how they directly open up possibilities for improved 
nanometre-scale electronic devices.

Spin-transfer torques are associated with spin currents in mate-
rials, a flow of electron spin angular momentum that arises when 
there is an imbalance between a flow of up- and down-oriented 
electron spins. Figure 1 illustrates the basic physics of spin-transfer 
torques. An electron spin interacts with the magnetization of a thin 
ferromagnetic layer and this interaction results in a reorientation 

1Department of Physics, Norwegian University of Science and Technology, NO-7191 Trondheim, Norway, 2Department of Physics, New York University, 
4 Washington Place, New York, New York 10003, USA,3Center for Spintronics Integrated Systems, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 
980-8577, Japan,4Laboratory for Nanoelectronics and Spintronics, Research Institute of Electrical Communication, Tohoku University, 2-1-1 Katahira, 
Aoba-ku, Sendai 980-8577, Japan. *e-mail: Arne.Brataas@ntnu.no

Spin-transfer
 torque

Field-like
torque

Incident
electron

Outgoing
electron

Figure 1 | Illustration of current-induced torques. A spin-polarized current 
enters a ferromagnet. The interaction between the spin-polarized current 
and the magnetization causes a change in the spin direction of the outgoing 
electron compared with the incident electron. The difference in spin 
polarization causes torques on the ferromagnet, both a torque in the plane 
of the incident and outgoing electron spin directions (a spin-transfer torque) 
and a torque perpendicular to that plane, called the field-like torque. The 
bold vertical arrow is the magnetization of the ferromagnetic layer.
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incident spin polarized 
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outgoing
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τ||

Field-like 
torque τ⊥
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Spin transfer torque & universal memory
• Magnetic random access memory (MRAM): bits consist of 

arrays of magnetic tunnel junctions

• Write using spin-transfer torque, read using tunnel 

magnetoresistance 

• Density competitive with DRAM (< 20 nm), speed with 

FLASH (~10 ns), possibly with SRAM (~2 ns projected) 

• Non-volatile, little wear out (at low write voltage), low 

standby power

Graphic: Kent & Worledge,

Nature Nano 10, 187 (2015)

(courtesy: EVERSPIN Technologies)

64Mb

Pinned FM

Free FM

Spin-Transfer-Driven Magnetic Switching 

Huai et al., APL 84, 3118 (2004). 
Fuchs et al., APL 85, 1205 (2004). 

70 nm

130 nm

view from 
above 

CoFeB 

CoFeB 
MgO (~1 nm) Tunnel Junction 

Spin-torque MRAM now available commercially 
(64Mb, Everspin Technologies) 

Switching currents on the order of 30 µA, 
compared to 10,000 µA for field-switched MRAM. 
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tungsten

CoFeB
MgO

CoFeB

Spin transfer torque from spin Hall effect

The spin polarized electrons needed to exert a 
spin transfer torque can be created without a 
ferromagnet, via the “spin Hall effect” due to 
spin-orbit interaction in a heavy metal.

θ|| =
JS
Je
2e
!

=
σ S , ||

σ
2e
!

Charge-to-spin conversion 
efficiency given by:

[L. Liu et al., Science 336, 555 (2012)]

“spin Hall ratio”

“spin torque ratio”

JC

JS
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Topological Spintronics

ky

kx

• Can we use spin-textured surface states of a topological insulator for efficiently 
generating spin currents & for exerting an efficient spin torque?

•What is the charge-to-spin conversion efficiency?

•What about spin-orbit contributions from Rashba and bulk states?

Dirac (surface)

θ|| =
JS
Je
2e
!

=
σ S , ||

σ
2e
!

= ?

E (k)

 kx

 ky

E (k)

kx

ky
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Measuring charge-spin conversion in Bi2Se3/FM

Bi2Se3
Permalloy

Sapphire
z y
x

Vmix = −
IRFγ
4

dR
dϕ

⎛
⎝⎜

⎞
⎠⎟
τ !
1
Δ
FS (Bext ,ω )+τ ⊥

1+ (µ0Meff / Bext )⎡⎣ ⎤⎦
1/2

Δ
FA(Bext ,ω )

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

Liu et al. Science 336, 555 (2012)

Liu et al., PRL 106, 036601 (2011)

!

T = 300 K
f = 8 GHz

A. Mellnik et al. Nature 511, 449 (2014)
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Send an rf current through a ferromagnet/
topological insulator bilayer in presence 
of an in-plane magnetic field.

Precessing magnetization is perturbed by 
vertical spin current.

Measure dc “mixing voltage” along 
current direction vs. magnetic field.



Measurement of spin torque generated by 
topological insulators shows a much higher spin-
charge conversion efficiency compared with more 
conventional high spin orbit coupling metals.

Material σs,|| θ||

Pt [1] 3.4 0.08

β-Ta [2] 0.8 0.15

Cu(Bi) [3] 0.24

β-W [4] 1.8 0.3

Bi2Se3 ~0.5 1 ± 0.4

105 !
2e

Ω.m( )−1

!

T = 300 K
f = 8 GHz

[1] Liu et al., PRL 106, 036601 (2011) 

[2] Miron et al. Nature 476, 189 (2011)

[3] Niimi et al., PRL 109, 156602 (2012)

[4] Pai et al., APL 122, 101404 (2012)

A. Mellnik et al. Nature 511, 449 (2014)

θ|| =
JS
Je
2e
!

=
σ S , ||

σ
2e
!
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Spin torque generated by Bi2Se3



Spin Pumping from YIG into Bi2Se3

θ|| =
JS
Je
2e
!

=
σ S , ||

σ
2e
!HHRF

TI

V

YIGz

x
y

JS

• Measuring spin-charge conversion 
between a topological insulator and a 
ferromagnet is better accomplished 
using an insulating magnet.


• We can do this using YIG, an insulating 
ferrimagnet.

Hailong Wang et al., PRL 117, 076601 (2016).
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Spin pumping from YIG into helical Dirac surface states 

Spin-charge conversion efficiency varies 
with film thickness, showing a plateau once 
the Dirac cone is established. 

Note that spin-charge conversion efficiency 
drops at ~ 6 QL, critical thickness for 
hybridization of opposite surfaces.

4 QL 6 QL

47

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.

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



Topological spintronics: outlook

Can spin-momentum locking in TI surface states yield efficient enough spin-
charge conversion & spin transfer torque for pragmatic applications? 


Examples: all-spin logical & non-volatile spin switch [Datta et al.], m-logic [Zhu et 
al.], STT-RAM,… 


??

Datta et al., Appl. Phys. Lett. 101, 252401 (2012).
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