
compounds through subsequent functionalization
(Fig. 4), our catalytic asymmetricmethodmayhave
a substantial impact on the many fields that
benefit from ready access to chiral molecules.
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TOPOLOGICAL MATTER

Robust spin-polarized midgap
states at step edges of topological
crystalline insulators
Paolo Sessi,1* Domenico Di Sante,2 Andrzej Szczerbakow,3 Florian Glott,1

Stefan Wilfert,1 Henrik Schmidt,1 Thomas Bathon,1 Piotr Dziawa,3 Martin Greiter,2

Titus Neupert,4 Giorgio Sangiovanni,2 Tomasz Story,3

Ronny Thomale,2 Matthias Bode1,5

Topological crystalline insulators are materials in which the crystalline symmetry leads to
topologically protected surface states with a chiral spin texture, rendering them potential
candidates for spintronics applications. Using scanning tunneling spectroscopy, we uncover
the existence of one-dimensional (1D) midgap states at odd-atomic surface step edges of the
three-dimensional topological crystalline insulator (Pb,Sn)Se. Aminimal toymodel and realistic
tight-binding calculations identify them as spin-polarized flat bands connecting two Dirac
points.This nontrivial origin provides the 1D midgap states with inherent stability and protects
them from backscattering.We experimentally show that this stability results in a striking
robustness to defects, strong magnetic fields, and elevated temperature.

T
he recent theoretical prediction and exper-
imental realization of topological insulators
(TIs) have considerably extended thenotion
of a phase of matter. Within this frame-
work, it has been shown that—based on

some topological invariants—the electronic prop-
erties of materials can be classified into distinct
topological classes (1, 2). In topologically nontrivial
materials, unconventional boundarymodes have
been experimentally detected by several different
techniques (3–9). In two-dimensional (2D) TIs,
counter-propagating spin-momentum–locked 1D
edge modes develop along the sample boundary;
in contrast, 3D TIs (4) have boundary modes that
are linearly dispersing chiral surface states. Al-
though a large variety of 3D TIs have been re-
ported, only very few 2D TIs are known [HgTe
(3), InAs (10) quantum wells, and Bi bilayers (11)].
These 2D TIs are delicate and difficult to realize
experimentally because they all require the fab-
rication of precisely controlled thin film hetero-
structures. Properties such as small band gaps
(3, 10), strong substrate-induced hybridization
effects (11), or the existence of residual trivial
states (10, 11) make helical edge states not only
challenging to study but also of limited appeal
for applications. Furthermore, their topological
properties are protected only as long as time-
reversal symmetry is preserved.
Here, we report that 2D topological surfaces,

in turn, can be the mother state for nontrivial

1D midgap states (12), suggesting a dimensional
hierarchy of boundary states in topological insu-
lators. Specifically, we report on the discovery of
1D topological spin-filtered channels that naturally
develop at step edges of 3D topological crystal-
line insulators (TCIs)—i.e., materials where the
existence of surface Dirac states is guaranteed
by crystal symmetries.
Figure 1A displays the rock-salt structure of

Pb1−xSnxSe (x ≤ 0.4). Depending on Sn-content
x, these compounds have been reported to belong
to two topologically distinct phases (13) that can
be stoichiometrically controlled. Starting from
PbSe, which is topologically trivial, the substitu-
tional solid solution Pb1−xSnxSe turns into a topo-
logically nontrivial phase as the Sn concentration
exceeds x ≈ 0.24 (14, 15). Its bulk inverted band
gap cannot be adiabatically connected to a trivial
state as long as some crystal symmetries are pre-
served. The electronic properties of high-symmetry
surfaces of these TCIs are characterized by topo-
logically protected linearly dispersing Dirac states
(13, 14, 16–19). Figure 1B illustrates this scenario for
the nonpolar (001) surface, which is commonly
exposed after cleaving bulk crystals. It hosts
four Dirac cones centered in close proximity to
theXand Y points of the Brillouin zone. Figure 1C
shows a typical image of the (001) surface ac-
quired by scanning tunneling microscopy (STM)
on a freshly cleaved Pb0.67Sn0.33Se bulk crystal
(20)—i.e., a material safely within the topological
regime at x ≥ 0.24. An atomically resolved image
showing the Se sublattice (21) is displayed as an
inset. The profile taken along the gray line shows
that several atomically flat terraces exist, separated
by step edges of different heights.
Given the equal probability of breaking the

crystal bonds at every atomic layer, all steps can
be mapped onto two different classes: those cor-
responding to an integer number n of the con-
ventional unit cell heights a—i.e., na, from here
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Fig. 1. Electronic properties of Pb0.67Sn0.33Se terraces and step edges
probed by STS. (A) Rock-salt crystal structure and (B) schematic band struc-
ture of (Pb,Sn)Se. (C) Topographic STM image of a cleaved Pb0.67Sn0.33Se
surface (scan parameters: U = −75 mV; I = 50 pA). (Inset) Atomic resolution
image of the Se sublattice.Two steps are visible in themain panel.The line section
(bottom panel) measured along the gray line shows that their heights correspond
to a single- (right) and a double-atomic step (left), respectively.Whereas the
periodicity is maintained for even step edges (D), odd step edges lead to a struc-

tural p shift (E). (F) dI/dUmap (top) measured at the same location as (C).The
line section (bottom) revealsanenhancedconductanceat thepositionof thesingle-
atomic step edge. (G) Local tunneling spectra measured with the STM tip posi-
tioned at the locations indicated in (F). The spectra measured on atomically flat
terraces (1, 3, and 5) and at even step edges (2) display the typical V shape with a
minimumat theDiracenergy (ED=−75meV)surroundedby twomaxima indicating
van Hove singularities (L– = −110meVand L+= −30meV); the spectrummeasured
at the position of the odd step (4) exhibits a strong peak at the Dirac energy.

Fig. 2. Sn concentration-dependent electronic
properties of (Pb,Sn)Se. Topography (top), dI/dU
maps (bottom), and their corresponding profiles
taken along the indicated line (bottom of each panel),
measured on Pb1−xSnxSe crystals with different Sn
content—i.e., (A and B) x = 0, (C and D) x = 0.24,
and (E and F) x = 0.33—thereby spanning the range
from trivial to topological surfaces. Step edges on
the trivial compound (x = 0) carry no particular edge
feature, irrespective of their even- or oddness. In
contrast, a weak and strong enhancement of the
local DOS is indicated by the high dI/dU signal mea-
sured at odd step edges for x = 0.24 and x = 0.33,
respectively. Scan parameters: U = −310 mV, I =
30 pA (x = 0); U = −115 mV, I = 50 pA (x = 0.24);
U = −70 mV, I = 100 pA (x = 0.33). T = 4.8 K.
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on even steps—and those corresponding to half-
integer multiples—i.e., (1/2 + n)a, called odd
steps hereafter. Whereas even stepsmaintain the
translational symmetry of the surface lattice, odd
steps introduce a structural p shift (Fig. 1, D and
E, shows the two situations from the top). As will
be described below, this has far-reaching implica-
tions for the electronic structure of the step edges.
Figure 1F shows a differential conductance

(dI/dU) map at an energy of E − EF = −75 meV,
which was measured simultaneously with the
topographic image presented in Fig. 1C. Whereas
the local density of states (DOS) is similar for all
terraces and also remains essentially unchanged
for the even step edge, a strong enhancement can
be recognized along the odd step. Its intensity is
symmetrically distributed on both sides of the step
and has a width of ~10 nm (line profile in Fig. 1F).
Remarkably, this DOS is very homogeneously dis-
tributed along the step; no evidence for scattering-
induced quasiparticle interference pattern was
found [for the Fourier-transformeddI/dU intensity
along the step edge, see (20) and fig. S1].

To unravel the origin of this prominent elec-
tronic feature, wemeasured local scanning tunnel-
ing spectroscopy (STS) data on the three atomically
flat terraces and the two step edges. The precise
locations where the STS curves displayed in Fig.
1G have been obtained are indicated by numbers
1 to 5 in Fig. 1F. As expected, all spectra obtained
on top of Pb0.67Sn0.33Se(001) terraces (panels 1, 3,
and 5) show the same features. In particular, sim-
ilar to earlier observations on TCI surfaces (17, 22),
the minimum visible about −75 meV marks the
position of the Dirac point; the peaks L− and L+

identify van Hove singularities, which signal the
energy position of the two saddle points below
and above the Dirac point, respectively.
Whereas this local DOS profile remains essen-

tially unperturbed at the even step edge (position
2), completely different STS curves are observed
at odd step edges—e.g., at position 4. Here, the
spectrum is characterized by a strong peak at
the Dirac point. More generally, its emergence
is associated with a strong redistribution of the
spectral weight over a relatively large energy range,

as evidenced by the disappearance of the features
associated with the van Hove singularities. This
scenario is consistently also found for even and
odd steps of higher order—i.e., triple and quad-
ruple step edges (see fig. S2). Furthermore, the
absence of scattering [similar to recent experi-
ments on weak topological insulators (23)], the
energy position locked at the Dirac point, and
the association with translational symmetry
breaking all point to a topological origin of
these 1D channels.
To unequivocally prove that the emergence of

these 1D edge states is linked to the existence of a
nontrivial bulk band structure, we have performed
measurements on crystals where the Sn concen-
tration has been systematically changed, thereby
spanning the entire range fromtrivial to topological
surfaces (14) (Fig. 2). For all three concentrations—
i.e., (A,B) x = 0, (C,D) x = 0.24, and (E,F) x = 0.33—
the topographic images displayed in Fig. 2, A, C,
and E, show one even and one odd step edge (see
respective line profiles at the bottom of each
panel). Irrespective of the step’s even- or oddness,
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no particular edge feature is visible in the dI/dU
map of the topologically trivial material—i.e., of
pure PbSewithout any Sn (Fig. 2B). An edge state
with a slightly enhanced dI/dU intensity develops
once x = 0.24 (Fig. 2D)—i.e., just at the critical Sn
concentration required for the transition between
anormal andan invertedbandgap, thereby leading
to a weakly protected topological nontrivial state
(14). By further increasing the amount of Sn to
x = 0.33, the Pb1−xSnxSe compound is driven
deeply into the topologically nontrivial regime.
Correspondingly, we observe a strong enhance-
ment of the local dI/dU signal at the position of
the odd step edge (Fig. 2F).
To understand the accumulation of midgap

states at odd step edges, it is best to think of them
as electronic domain walls in the surface states
(24). This effective 2D electronic surface state
features four Dirac cones, and domain walls
are created by interchanging the two atoms in
the unit cell. The simplest 2D toy model dis-
playing an even number of Dirac cones and a
two-sublattice structure is the staggered flux
model—i.e., a square lattice model restricted to

nearest-neighbor hopping terms, inwhich neigh-
boring plaquets are threaded by opposite mag-
netic fluxes +f and −f, with 0 < f < p. Wemodel
a domain wall by interchanging the relative
position of the two sublattices along the [11]
direction (Fig. 3A). On the domain wall, the 2D
Brillouin zone (BZ) of the staggered flux lattice
is projected onto a 1D BZ, as indicated in green
in Fig. 3B. Thereby, the two Dirac cones are not
projected onto each other. We solve this system
by Fourier transformation in the qjj direction only,
while keeping a real space index for the direction
perpendicular to the wall. We obtain a chain
model with alternating, real hopping amplitudes
tT ¼ 2cos

qjjffiffi
2

p T f
4

� �
, with − pffiffi

2
p < qjj≤ pffiffi

2
p , and a do-

main wall (Fig. 3C). Except for the positions of
the two Dirac cones in the 1D BZ, qjj ¼ 0 and
qjj ¼ pffiffi

2
p , where jtþj ¼ jt−j, the 1Dmodel is gapped.

Because closing the chain in the presence of the
domain wall requires an odd number of sites,
whereas particle-hole symmetry demands that
all states with E ≠ 0 are arranged in pairs with
energies ±E, we necessarily obtain a midgap state
at E = 0 localized around the domain wall. We

obtain one such midgap state for each value of
qjj ≠ 0; pffiffi

2
p —i.e., one for each real space unit cell.

The spectrum will hence schematically look as
depicted in Fig. 3D.
To elevate this minimal model result to an

accurate description of the experimental scenario
observed inFig. 1,wehaveperformed tight-binding
calculations adapted to reproduce the band struc-
ture of a topologically nontrivial crystalline in-
sulator (13). The model is solved for a geometry
with two step edges on the topmost surface; the
bottom surface is left unperturbed. Figure 3E
shows the calculated band structure of an in-
finite terrace (left panel), a single-, a double-, and
a triple-step edge (right) as a function of qjj, the
momentum along the step edge. In close analogy
to the staggered flux model described above, we
consider the case of step edges parallel to the [110]
direction. A discussion of the step edges along the
[100] direction (as those shown in the sketch of
Fig. 1, D and E), as well as further details of the
model and the calculation, can be found in (20).
In all cases, the electronic structure obtained for
the step-edge-free surface corresponds to the
results expected for a TCI surface—i.e., with two
Dirac cones symmetrically shiftedwith respect to
qjj ¼ p=a (gray lines). The size of the red dots is
proportional to the degree of localization at the
step edge.
Whereas even step edges give rise to two Dirac

cones and a relatively wide open mouth-shaped
feature connecting them, the odd-edge spectrum
is markedly different. The states in between
the Dirac cones have a narrow dispersion and
therefore account for the overwhelming part of
the step edge spectral weight (20). In contrast to
the result of the staggered flux model presented
above, these narrow states are not completely flat
because the tight-binding model is not perfectly
particle-hole symmetric. Furthermore, themidgap
states do not extend over thewhole Brillouin zone,
as the Dirac cones are shifted away from high-
symmetry points. For odd step edges, these states
are laterally (i.e., perpendicular to the step) con-
fined to a few nm, whereas in the z direction, they
extend up to four lattice spacings. As shown in the
left inset of Fig. 3E, our results for the single-
atomic step edge correctly reproduce the spin-
momentum locking of electronic states in theDirac
cone with an in-plane spin polarization. The right
inset reveals that the two pairs of narrow, counter-
propagating in-gap bands exhibit instead a high
degree of out-of-plane spinpolarization (maximum
expectation value ≈ 0.7 for the operator hszi).
In comparison to 2D TIs, the Pb1−xSnxSe topo-

logical edge state reported here is expected to
offer superior properties because it is protected
by a bulk band gap that is up to 200 meV wide
(14). We experimentally tested the robustness of
the edge state to perturbations, such as hybridiza-
tion with adjacent edge states, external magnetic
field, or enhanced temperatures. For example,
Fig. 4A shows a topographic STM image of a
sample locationwith four odd step edges.Whereas
the two right step edges run almost in parallel,
thereby maintaining their separation, the two left
step edges are inclinedwith respect to one another
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and eventually merge close to the bottom of the
image. As qualitatively evidenced by the dI/dU
map of Fig. 4B and quantitatively supported by
the line sections plotted at the bottom of this
panel, the edge state disappears as soon as the
step-step separation decreases below the spatial
extent of the edge state (25)—i.e., about 10 nm.
We further analyze the response of these edge
states to highmagnetic fields B. Figure 4C reports
a dI/dU map (top) and STS data acquired on an
odd step edge (bottom) at B = 11 T; contrary to the
quantum spin Hall state found in HgTe, the 1D
TCI state investigated here is robust against time-
reversal symmetry breaking perturbations. Finally,
Fig. 4D shows that the edge state also persists at
elevated temperatures (T = 80 K). Despite the
reduced intensity evidenced by the STS spectrum,
a well-defined 1D channel is still clearly present.
The observation of a distinct type of one-

dimensional states at odd step edges of topological
crystalline insulators with relatively wide bulk
band gaps opens up opportunities for the use
of topological materials for sensing and informa-
tion processing purposes well beyond existing
materials (4, 10, 11). Furthermore, the absence of
scattering and the high degree of spin polariza-
tion observed in tight-binding calculations indi-
cate that the 1Dmidgap state might be useful for
spintronics applications. By patterning the step-
and-terrace structure of TCI surfaces, this may
allow for the creation of well-separated conduc-
tive channels with a width of only about 10 nm.
This may lead to interconnections between func-
tional units at ultrahigh packing densities. To
fully explore whether the 1D midgap state found
at odd TCI step edges display quantum conduct-
ance effects, further investigations by, for exam-
ple, four-probe transport measurements, will be
needed.
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BRAIN RESEARCH

Midbrain dopamine neurons control
judgment of time
Sofia Soares,* Bassam V. Atallah,*† Joseph J. Paton†

Our sense of time is far from constant. For instance, time flies when we are having fun, and
it slows to a trickle when we are bored. Midbrain dopamine neurons have been implicated
in variable time estimation. However, a direct link between signals carried by dopamine
neurons and temporal judgments is lacking. We measured and manipulated the activity
of dopamine neurons as mice judged the duration of time intervals. We found that
pharmacogenetic suppression of dopamine neurons decreased behavioral sensitivity to
time and that dopamine neurons encoded information about trial-to-trial variability in time
estimates. Last, we found that transient activation or inhibition of dopamine neurons was
sufficient to slow down or speed up time estimation, respectively. Dopamine neuron
activity thus reflects and can directly control the judgment of time.

O
ur ability to accurately estimate and re-
produce time intervals is variable and de-
pends onmany factors, includingmotivation
(1), attention (2), sensory change (3), novelty
(4), and emotions (5). In addition, several

neurological and neuropsychiatric disorders (6–9)
are accompanied by changes in timing behavior.
Midbrain dopamine (DA) neurons are implicated
in many of the psychological factors (10) and dis-
orders (6, 8, 11) associated with changes in time
estimation.
Midbrain DA neurons also encode reward pre-

diction errors (RPEs) (12–15), an important teach-
ing signal in reinforcement learning (16). Phasic
DA responses to reward-predicting cues reflect
the magnitude of (17, 18), probability of (19), and
expected time delay until the reward (20, 21).
When expectation varies over time, DA neuron
responses are smaller at times when rewards
and reward-predicting cues are more expected
(21, 22), indicating that DA neurons receive tem-
poral information. Manipulations of the DAergic
system by pharmacological (23) or genetic (24)
approaches disrupt timing behavior, suggesting
that DA neurons may directly modulate timing.
However, the data from pharmacological and ge-
netic manipulations are inconsistent: In some
cases, DA seems to speed up timekeeping (23, 25),
and in others, DA seems to slow down or not
affect timekeeping (26, 27).

To determine (i) what signals are encoded by
midbrain DA neurons during timing behavior
and (ii) howDA neurons contribute to variability
in temporal judgments, we measured and mani-
pulated the activity of DA neurons in mice as
they performed categorical decisions about dura-
tion (28). We first trained mice to perform a tem-
poral discrimination task (Fig. 1A, left). Mice
initiated trials at a central nose port, immediate-
ly triggering the delivery of two identical tones
separated by a variable delay. Mice reported the
delay between tones as shorter or longer than 1.5 s
at one of two lateral nose ports for water reward.
Incorrect choices were not rewarded. Perform-
ance was nearly perfect for the easiest intervals
but more variable for intervals near 1.5 s (the
boundary between the “short” and “long” cate-
gories) and was well described by a sigmoid psy-
chometric function (Fig. 1A, middle).
Wethenpharmacogenetically suppressedDAergic

neuronal activity and observed impaired tempo-
ral judgments on treatment days as compared
with adjacent nontreatment days (P < 0.004, n =
3 mice; Fig. 1A, right). We also observed a ten-
dency to perform fewer trials [control group,
177 ± 15 trials; clozapine N-oxide (CNO)–treated
group, 115 ± 54 trials; mean ± SD; P = 0.05],
suggesting that the animals’ motivation was
affected byDAergic suppression. To test whether
fluctuations in endogenous DA neuron activity
predicted systematic changes in temporal judg-
ments, we used fiber photometry (29) tomeasure
Ca2+ activity in DAergic neurons, targeting the
substantia nigra pars compacta (SNc) (Fig. 1, B
and C, and figs. S1 and S2).
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Robust spin-polarized midgap states at step edges of topological crystalline insulators
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of these states in practical applications.
crystal and survived large magnetic fields and increased temperatures. This robustness bodes well for the potential use
to discover unusual 1D states in a 3D crystalline TI. The states appeared on the edge of a particular kind of step in the 

 used scanning tunneling spectroscopyet al.a surface for a three-dimensional (3D) TI or a line edge for a 2D TI. Sessi −−
A distinguishing characteristic of topological insulators (TIs) is that they have conducting states on their boundary

An edge that is hard to get rid of
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