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We report the evolution of the surface electronic structure and surface material properties of a
topological crystalline insulator (TCI) Pb1−xSnxSe as a function of various material parameters
including composition x, temperature T and crystal structure. Our spectroscopic data demonstrate
the electronic groundstate condition for the saddle point singularity, the tunability of surface chem-
ical potential, and the surface states’ response to circularly polarized light. Our results show that
each material parameter can tune the system between trivial and topological phase in a distinct
way unlike as seen in Bi2Se3 and related compounds, leading to a rich and unique topological phase
diagram. Our systematic studies of the TCI Pb1−xSnxSe are valuable materials guide to realize new
topological phenomena.

PACS numbers:

I. INTRODUCTION

A topological insulator (TI) material differs from a
conventional insulator in the sense that a TI features
metallic surface states that can only be removed by go-
ing through a topological quantum phase transition1–8.
Understanding the key parameters of a material that
are relevant to its nontrivial topology is vital for uti-
lizing the protected surface states in applications1–15.
A topological crystalline insulator (TCI) is a new sym-
metry protected topological phase that is protected by
crystalline space group symmetries16–18. The surface
states of this novel topological phase are predicted to
host many uniquely-new quantum phenomena, including
surface spin filtering19, strain-induced crystalline symme-
try protected Chern currents20, correlation physics due
to surface electronic singularities21,22, none of which are
possible in the much studied Z2 TI1,2. The realization
of these proposals requires the ability to control a TCI
material to be topological or non-topological as a func-
tion of various material parameters, and to understand
the properties of the protected surface states under all
these parameter conditions.

Recently, the TCI phase is experimentally realized in
the Pb1−xSnxSe(Te) material system23–27. It is interest-

ing to study the TCI materials at various sets of param-
eters (composition x, temperature T , lattice constant a,
crystal structure, etc.). Studying the Pb1−xSnxSe(Te)
system as a function of these material parameters is not
just a material detail, but it is in fact important because
varying these parameters usually leads to a change of
topology between a nontrival TCI and a trivial state.
Furthermore, the exploration of TCI surface state prop-
erties and novel utilization are limited due to the lack of
understanding of their material phase diagram.

In this report, we systematically study the surface elec-
tronic groundstate of the Pb1−xSnxSe at various compo-
sitions x, temperatures T , and crystal structures by us-
ing angle resolved photoemission spectroscopy (ARPES),
circular dichroism ARPES (CD-ARPES) and transport
measurements. Our results reveal a remarkable tunablity
in terms of the topological nature and the surface state
electronic properties as a function of these parameters.
Specifically, we show that by varying the composition x,
Pb1−xSnxSe undergoes an electronic band inversion at
x ∼ 0.20 and a structural transition at 0.45 ≤ x ≤ 0.75,
each of which alters the topology of the Pb1−xSnxSe sys-
tem in its unique way. Our studies show that the topo-
logical nature and the surface state electronic structure
of Pb1−xSnxSe are further distinctly sensitive to tem-
perature. Moreover, we provide momentum-resolved evi-
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dence for the existence of a saddle point singularity in the
mirror-protected surface states of Pb1−xSnxSe. These
systematic studies of Pb1−xSnxSe in terms of its topolog-
ical nature and the surface state electronic structure as
a function of the material parameters provide a valuable
material reference to study various topological phenom-
ena.

II. METHODS

High-resolution ARPES measurements: Single
crystals of Pb1−xSnxSe used in these measurements were
grown by standard growth method (see ref.28,29). Low
photon energy (15 eV-30 eV) and temperature depen-
dent ARPES measurements for the low-lying electronic
structures were performed at the Synchrotron Radia-
tion Center (SRC) in Wisconsin and the Stanford Syn-
chrotron Radiation Centre (SSRL) in California with
R4000 electron analyzers whereas high photon energy
(∼60 eV) measurements were performed at the Beamlines
12 and 10 at the Advanced Light Source (ALS) in Califor-
nia, equipped with high efficiency VG-Scienta SES2002
and R4000 electron analyzers. Samples were cleaved in
situ and measured at 10-300 K in vacuum better than
1 × 10−10 torr. They were found to be very stable and
without degradation for the typical measurement period
of 20 hours. Energy and momentum resolution were bet-
ter than 15 meV and 1% of the surface Brillouin zone
(BZ), respectively.

Surface deposition: Sn deposition ARPES measure-
ments were done in The CASSIOPEE beamline, Soleil,
France from Sn source, which was thoroughly degassed
before the experiment. Pressure in the experiment cham-
ber stayed 1 × 10−10 torr. The deposition rate (Å/min)
was monitored using a commercial quartz thickness moni-
tor (Leybold In con Inc., Model XTM/2). The deposition
rate of Sn was 0.3 Å/min.
CD-ARPES measurements: CD-ARPES measure-

ments for the low energy electronic structure were per-
formed at the Synchrotron Radiation Center (SRC),
Wisconsin, equipped with high efficiency VG-Scienta
SES2002 electron analyzer. The polarization purity is
better than 99% for horizontal polarization (HP) and bet-
ter than 80% for RCP and LCP. Samples were cleaved
in situ and measured at 20 K in a vacuum better than
1 × 10−10 torr. Energy and momentum resolution were
better than 15 meV and 1% of the surface Brillouin zone
(BZ), respectively.

Synchrotron-based XRD: Synchrotron-based X-
ray diffraction (XRD) measurements were performed
with X-ray beamline at the Spring-8 light source which
has access to hard X-rays. The synchrotron X-ray diffrac-
tion patterns were analyzed using the General Struc-
ture Analysis System (GSAS) program30 following the
Rietveld profile refining method. The final refinements
were carried out assuming a cubic symmetry with a space
group of Fm-3m and taking the pseudo-Voigt function for

the peak profiles.
First-principles calculations: The first-principles

calculations are carried out within the framework of the
density functional theory (DFT) using projector aug-
mented wave method31 as implemented in the VASP
package32. The generalized gradient approximation
(GGA)33 is used to model exchange-correlation effects.
The spin orbital coupling (SOC) is included in the self-
consistent cycles. The cutoff energy 260 eV is used for
both PbSe and SnSe systems. To capture the physi-
cal essence of the surface state electronic structure of
the TCI phase in an alloy Pb1−xSnxSe system, we take
SnSe and assume that SnSe crystalizes in the FCC struc-
ture and then calculate the (001) surface electronic struc-
ture. We also calculate the electronic structure of PbSe
(FCC) and SnSe (orthorhombic) using experimentally
determined crystal structure and lattice constant. For
all calculations, the (001) surface is modeled by periodi-
cally repeated slabs of 48-atomic-layer thickness with 24
Å vacuum regions and use a 12 × 12 × 1 Monkhorst-Pack
k−point mesh over the (BZ).
k · p model: We use an effective surface k · p

Hamiltonian34 of topological crystalline insulator on
(001) plane to obtain the surface bands dispersion.

III. RESULTS AND DISCUSSION

A. Crystal structure and Brillouin zone symmetry

Since the nontrivial topology in a TCI state fundamen-
tally relies on crystalline symmetries, we first characterize
the crystal structure of Pb1−xSnxSe. Fig. 1a shows the
crystal structure of PbSe (x = 0.0) and SnSe (x = 1).
Based on X-ray diffraction (XRD) data (Fig. 1b), the
x = 0.0 sample has a face centered cubic rocksalt struc-
ture (Fm3̄m, #225). The unit cell is shown by the red
square and includes one Pb/Sn site in the center and one
Se site shared by the corners, see Fig. 1a left. The x = 1
sample has a primitive orthorhombic structure (Pnma,
#62) based on the XRD (Fig. 1b). In this structure,
none of the lattice vectors a, b or c are equal and the
Pb/Sn site is displaced from the center of the unit cell,
see Fig. 1a right.

We study core level spectra in a binding energy range
10 eV - 56 eV, Fig. 1c. For the x = 0 composition, we
observe the Pb 5d (∼20eV) and Se 3d (∼55eV) core level
peaks. For x = 0.23, we observe the Pb 5d (∼20eV),
Sn 4d (∼24eV) and Se 3d (∼55eV) core level peaks. For
x = 1, we observe the Sn 4d (∼24eV) and Se 3d (∼55eV)
states. The sharp core level peaks indicate the high qual-
ity of the samples used for our measurements . For x
values where the crystal has rocksalt structure, the elec-
tronic structure is known to have a direct band gap at
the L points28. These are projected to the X̄ points on
the (001) surface, see Fig. 1d. As x varies within the
rocksalt range, the system undergoes a band inversion at
each L point, see Fig. 1e. The inverted Pb1−xSnxSe(Te)
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FIG. 1: (a) Crystal structure of PbSe with ideal NaCl type and SnSe with orthorhombic distortion. (b) X-ray power diffraction
patterns for Pb0.77Sn0.23Se and SnSe systems. (c) Core level spectroscopic measurements of PbSe, Pb0.77Sn0.23Se and SnSe
systems. Various core level energy peaks are marked on the curves. (d) The first Brillouin of Pb1−xSnxSe. The mirror planes
are projected onto the (001) crystal surface as the X̄-Γ̄-X̄ momentum cut mirror lines (shown by red solid lines). (e) First-
principles calculations of band dispersion along high-symmetry momentum space cuts. Red lines and blue areas represent the
surface and bulk bands, respectively.

compositions are expected to show topological surface
states protected by mirror symmetries. These are the
signatures of the TCI state17.

B. Tunable topological surface state and saddle
point singularity.

We systematically study the electronic structure of
the symmetry-protected topological surface states in
Pb0.70Sn0.30Se (x = 0.3). Previously, although topo-
logical surface states have been observed by ARPES in
Pb0.67Sn0.23Se (x = 0.23), the main purpose was to
demonstrate the TCI state25. However, the saddle point
singularity, the surface chemical potential tunability and
the spin-orbit polarization have not been experimentally
characterized with momentum resolution. Here, we focus
on these key properties of the symmetry-protected topo-
logical surface states, which are crucial for the utilization
of the TCI phase in Pb1−xSnxSe.

In Figs. 2a, b we show the dispersion of the topologi-
cal surface states in Pb0.70Sn0.30Se along the mirror line,

Γ̄-X̄-Γ̄, as well as along the M̄ -X̄-M̄ direction, which is
perpendicular to the mirror line. We observe two sur-
face Dirac cones along the mirror line, on opposite sides
of the X̄ point. We find that these two Dirac cones are
near each other in momentum space, so they hybridize
with each other at binding energies far from the energy
of the Dirac point, EDP. In Fig. 2c we show constant en-
ergy contour maps at different binding energies, EB. We
find that the Dirac points are at EB = EDP = 70 meV.
At energies EB slightly above or below EDP, the con-
stant energy contour evolves from two points into two
unconnected pockets. As we scan in EB, we find that
the size of the pockets increases until they come together
and undergo a Liftshitz transition. A Lifshitz transition
in the band structure is associated with a van Hove sin-
gularity in the density of states (DOS), since the band
structure is nearly flat around the saddle point where
the bands touch18,35. This observation is also predicted
by our first-principles calculation of the surface and bulk
DOS, see Fig. 2d. For still higher EB, the constant en-
ergy contour changes into two concentric contours both
enclosing the X̄ point. The inner contour shrinks with in-
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FIG. 2: Observation of the
saddle point singularity. (a)
Schematics of surface band
dispersion of the TCI phase
along the mirror line Γ̄-X̄-
Γ̄ and the perpendicular to
the mirror line M̄ -X̄-M̄ mo-
mentum space cut-directions.
Five important features of the
surface state, including Dirac
point of the upper Dirac cones
(UDP), van Hove singular-
ity of the upper Dirac cones
(VH1), two Dirac points along
the Γ̄-X̄-Γ̄ mirror line (DP),
van Hove singularity of the
lower Dirac cones (VH2) and
Dirac point of the lower Dirac
cones (LDP) are marked. (b)
ARPES measured dispersions
along the Γ̄-X̄-Γ̄ and M̄ -
X̄-M̄ momentum space cut-
directions, where five features
are also marked. (c) Experi-
mental observation of the Lif-
shitz transition - the binding
energies are noted on the con-
stant energy contours. (d)
Calculated density of state
(DOS) for the surface states
and the bulk bands using the
k · p model34. ARPES data
presented here were measured
at low temperature (T ∼ 10
K) with photon energy of 18
eV at SSRL BL 5-4.

creasing EB until it forms an upper Dirac point at large
EB. In summary, there are five important energies in
the surface state band structure: the Dirac point (DP),
the Lifshitz transition energy for the upper Dirac surface
states (EVH1) and lower Dirac surface states (EVH2), as
well as the Dirac points for the upper and lower Dirac
surface states (UDP and LDP), all of which are noted in
Figs. 2a-c.

In order to identify these key features, especially the
interesting van Hove singularities, we further study the
surface states’ electronic structure. We focus on the con-
stant energy contour at the Lifshitz transition energy,
EB = 40 meV (Fig. 3a). The two dots (green and blue)
in Fig. 3a mark the momentum space locations where the
two unconnected contours merge. Their energy and mo-
mentum space coordinates are experimentally identified

to be (EB, kx, ky) = (40 meV, 0,±0.02 Å
−1

). To exper-
imentally establish the saddle point band structure, we
focus on the blue dot in Fig. 3a and study the energy-
momentum dispersion cuts along three important mo-
mentum space cut-directions, labelled as cut 1, 2, and 3.
Cut 1 and 2 (Figs. 3c and d) show the dispersion along
the horizontal (kx) and vertical (ky) directions across the

blue dot. Interestingly, the blue dot is found to be a lo-
cal band structure minimum along cut 1 shown in Fig.
3c, whereas it is a local maximum along cut 2 (Fig. 3d).
Observation of a local minimum and local maximum at
the same momentum space location (the blue dot) un-
ambiguously shows that it is a surface band structure
saddle point. The observation of a surface momentum-
space saddle point implies that there exists certain inter-
mediate cut-directions (between cut 1 and 2), where the
surface band structure is flat in the vicinity of the blue
dot. Indeed, as shown in Fig. 3e, for cut 3, we found that
the surface states are nearly flat near the saddle point.
The observed flat band structure (along cut 3) is asso-
ciated with a divergence of the surface density of states
(DOS), a surface van Hove singularity (VHS). Indeed, a
pronounced peak is observed at the energy correspond-
ing to the saddle point, namely EB = 40 meV, as labelled
by “VH1” in Fig. 3f. Additionally, we observe a signif-
icant dip of angle-integrated photoemission intensity at
the binding energy of EB = 70 meV, which corresponds
to the energy of the Dirac points (DP). In order to better
highlight the other three features (UDP, LDP, VH2), we
present a second derivative of the angle-integrated pho-
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FIG. 3: Observation of the saddle point curvature. (a) ARPES constant energy contour in the vicinity of an X̄ point in
the (001) surface BZ of Pb0.70Sn0.30Se at binding energy 40 meV, which corresponds to the saddle point energy of the upper

Dirac cones. The X̄ points locate at (kx, ky) = (±0.7 Å
−1

, 0) or (0,±0.7 Å
−1

). The momentum space coordinate of one X̄
point is redefined to be (kx, ky) = (0, 0) for simplicity of presentation. The blue and green dots denote the momentum space
locations of the two surface saddle points. The blue dotted lines indicate the momentum space cut-directions for cuts1 (along
the M̄ -X̄-M̄ momentum space cut), cut2 (parallel to the Γ̄-X̄-Γ̄ momentum space cut), and cut3 (in between cut1 and cut2),
which are centered at the blue dot. (b) Calculated surface state constant energy contour at the saddle point singularity energy
(top), where outer blue elliptical and inner red circular features represent the contour from outer cone and inner child cone
respectively, and a three-dimensional schematic of a saddle point (bottom). (c-e) ARPES dispersion maps (left) and their
second derivative images along cuts 1, 2, and 3. The white and green arrows point the saddle points (blue and green dots in
Panel (a). (f) Momentum (kx and ky) integrated ARPES intensity as a function of binding energy (left). 2nd derivative of the
ARPES intensity with respect to binding energy is presented to further highlight the features (right panel). The upper Dirac
point (UDP), upper van Hove singularity (VH1), Dirac point (DP), lower van Hove singularity (VH2) and lower Dirac point
(LDP) are marked. (g) ARPES dispersion maps upon in situ Sn deposition on the Pb0.70Sn0.30Se surface. The dosage (time)
for Sn deposition is noted. A different batch of sample, which is p−type with the chemical potential located below the Dirac
points, is used for the Sn deposition data shown in this panel. ARPES data presented here were measured at low temperature
(T ∼ 10 K) with photon energy of 18 eV.

toemission intensity (Fig. 3f right), where all five features
are identified and show qualitative correspondence with
the theoretical calculated results in Fig. 2d.

Here, we demonstrate the ability to control the sur-

face chemical potential via surface chemical deposition.
As shown in Fig. 3g, Sn atoms are deposited onto the
surface of a p-type Pb0.70Sn0.30Se sample, whose native
chemical potential is found to be below the Dirac point.
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FIG. 4: (a) Fermi surface plot of Pb0.70Sn0.30Se. (b) Circu-
lar dichroism measurements of Pb0.70Sn0.30Se. The ARPES
spectra are measured using the light of circularly polarized
right (CPR) and left (CPL) along two different momenta
marked as D1 and D2 in (a). The circular dichroism is the dif-
ference between those two spectra (CD= CPR−CPL). These
data were measured at temperature of 20 K with photon en-
ergy of 18 eV at SRC U9 VLS-PGM beamline. (c) Schematic
view of the CD results.

The deposition rate of Sn on the surface of the sample is
estimated to be about 0.3 Å per minute. Our Sn surface
deposition shows that the surface chemical potential can
be shifted across the energies of the Dirac point and the
van Hove singularity.

We further perform circular dichroism (CD) ARPES
measurements in attempt to probe the spin-orbit polar-
ization of the topological surface states. Previously, spin-
resolved ARPES results were reported on TCI states24,36.
CD-ARPES not only brings insight to the spin-orbit
polarization of a topological surface state, as was al-
ready shown in TI Bi2Se3

37,38, but also holds promise
to manipulate the spin texture via circular polarized
photon excitations39–41. However, there have been
no CD-ARPES measurements performed on the TCI
Pb1−xSnxSe(Te) systems. Fig. 4b shows ARPES disper-
sion maps of surface states measured using right circu-
larly polarized (RCP) light and left circularly polarized
(LCP) light for a p-type Pb0.7Sn0.3Se. The directions
of the dispersion cuts are noted as D1 and D2 in Fig.
4a. A clear surface state CD response on the photoelec-
tron signal from the lower Dirac cone surface states is
observed where the +k Dirac branch shows stronger re-
sponse for RCP light and the −k Dirac branch shows
stronger response for LCP light (Fig. 4b) for both lower
Dirac cones. The magnitude of the CD response signal
defined, as ICD=(IRCP − ILCP )/(IRCP + ILCP ) is ob-
served to be about 20% for incident photons with energy

20 eV at binding energy 100 meV, well below the chem-
ical potential. The CD signal observed in Fig. 4b is
consistent with the expected spin-orbital texture of the
surface states (shown schematically in Fig. 4c).

C. Topological phase transitions and topological
phase diagram for Pb1−xSnxSe.

We now study the topological nature of Pb1−xSnxSe
as a function of the composition (x), temperature (T ),
and crystal structure. We note that the temperature
and composition dependent studies of Pb1−xSnxSe (with
0≤ x ≤ 0.37) have been discussed in Ref.42. Our goal
here is to map out an entire topological phase diagram for
Pb1−xSnxSe (0≤ x ≤ 1.0), and to study how the topolog-
ical surface states arise and disappear as the system goes
through various topological phase transitions. In Fig. 5a
and b, we present ARPES spectra of Pb0.70Sn0.30Se at
different temperatures. At a low temperature, T = 20
K, we observe two Dirac cones near the X̄ point along
the Γ̄-X̄-Γ̄ cut, which are associated with the nontrivial
TCI phase. We repeat this measurement at 100 K, 180
K and 200 K, and we find that as the temperature rises
the two Dirac points move closer to each other. At ∼ 250
K, we see that the two cones merge at the X̄ point. The
momentum space distance between the two Dirac points

are measured to be 0.05 Å
−1

, 0.03 Å
−1

, 0.01 Å
−1

, and

0 Å
−1

at 20 K, 100 K, 180 K and 200 K, respectively.
Finally, at 300 K we observe that a gap opens in the sur-
face states, reflecting the transition into a topologically
trivial phase (rightmost panel, Fig. 5a-b).

To further study the thermodynamic evolution of
the surface state electronic structure, we perform
synchrotron-based X-ray diffraction measurements on
the sample as a function of temperature. As shown in
Fig. 5c, the peak of the diffraction 2θ angle is clearly
found to move towards smaller values with rising tem-
perature showing that the lattice constants increase with
increasing temperature (Fig. 5d). The variation of the
momentum distance between two Dirac points with tem-
perature (Fig. 5d, right axis) shows an evolution of the
trivial state from TCI. This is qualitatively consistent
with thermodynamic expansion of the lattice constant.

We study the TCI phase in Pb1−xSnxSe as a function
of composition x. Fig. 6 shows ARPES measurements
of the low energy states of various compositions together
with the two end compounds, namely PbSe and SnSe.
For PbSe, we observe low-lying bulk conduction and va-
lence bands with a clear band-gap of ∼ 0.15 eV. This
suggests that the system is topologically trivial for x = 0.
As x is increased (see Fig. 6 ), the low-lying bulk bands
are observed to approach each other, and eventually their
energy levels invert. We find that the critical composi-
tion for band inversion is at x ∼ 0.20. It is interesting to
note that the spectrum of the x = 0.2 composition at low
temperature (∼ 20 K) shows the presence of weak spec-
tral weight in the bulk band gap and at the boundary
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FIG. 5: Thermal evolution of
the topological surface states
(TCI → Trivial). (a) Disper-
sion maps along the mirror
line Γ̄-X̄-Γ̄ at different tem-
peratures. These data are
measured with photon energy
of 18 eV at SSRL BL 5-4.
(b) Energy dispersion curves
(EDCs) of the selected spec-
tra shown in (a). The mea-
sured temperatures are noted
on the plots. The blue dash
lines are guide to the eye. (c)
Synchrotron-based tempera-
ture dependent X-ray diffrac-
tion (SXRD) measurements
for Pb0.70Sn0.30Se. The peak
is observed to shifts towards
the lower angles with in-
creasing temperature, which
confirms the picture of the
thermal expansion of lattice.
(d) Experimentally measured
values of the lattice con-
stant at different tempera-
tures (left axis). The mo-
mentum distance between two
Dirac points as a function
of temperature is plotted in
the right axis. The error
bar represents an uncertainty
of estimating the momentum
distance between two Dirac
points.

FIG. 6: Topological phase transition in Pb1−xSnxSe. ARPES measured dispersion map of PbSe, Pb0.8Sn0.2Se, Pb0.77Sn0.23Se,
Pb0.7Sn0.3Se, Pb0.6Sn0.4Se, Pb0.3Sn0.8Se and SnSe. Note that PbSe, Pb0.2Sn0.8Se and SnSe are observed to be insulators. The
Dirac-like surface state dispersion is observed in Pb0.77Sn0.23Se, Pb0.7Sn0.3Se, Pb0.6Sn0.4Se while no surface state is observed
in Pb0.8Sn0.2Se. PbSe, Pb0.8Sn0.2Se, Pb0.77Sn0.23Se, Pb0.7Sn0.3Se and Pb0.6Sn0.4Se are measured at low temperature (∼ 20K).
The chemical composition of the measured compounds are noted on each panels. Note that Pb0.6Sn0.4Se sample is p−type
where the Fermi level is below the Dirac point. Energy gap is observed in Pb0.2Sn0.8Se and SnSe measured at temperature of
100K. All these spectra were measured parallel to the M̄ -X̄-M̄ momentum cut.



C Topological phase transitions and topological phase diagram for Pb1−xSnxSe. 8

FIG. 7: Topological phase diagram of the Pb1−xSnxSe system. For composition range of 0 < x < 0.45, the system is in
the single crystalline FCC phase. The bulk band of Pb1−xSnxSe undergoes a band inversion with Pb/Sn substitution. The
critical composition xc1 is ∼ 0.20 depending on the temperature. The conduction and valence band states representing odd
and even parity eigenvalues are marked as L−

6 and L+
6 , respectively. For composition range of 0.45 < x < 0.75, the system

shows multi-structural-phase (cubic and orthorhombic phases coexist. See the XRD data in the inset for x = 0.5 and 0.6). The
upper insets are schematic Fermi surface plots around the X̄ point. The inset in the bottom right conner shows the resistivity
measurements on SnSe, which proves its insulator nature. BS FS and SS FS denote the bulk state Fermi surface and surface
state Fermi surface, respectively. The arrows at bottom note the compositions where our ARPES studies have been performed.
For composition range of 0.75 < x < 1, the system is in a single crystalline orthorhombic phase.

of the bulk valence and conduction bands. These may
be preformed surface states in the vicinity of topological
phase transition. Analogous preformed states have re-
cently been observed experimentally43,44. Next, we con-
sider the other end compound, SnSe, as shown in the
right panel in Fig. 6. At the Fermi level, no electronic
states are observed. Instead, a fully gapped electronic
structure with the chemical potential inside the band gap
is found. This is because SnSe is in primitive orthorhmo-
bic structure45,46. This crystal structure breaks both in-
version and mirror symmetry, removing the fundamental
symmetries which support the TCI phase. Our obser-
vation of an insulating state in SnSe is consistent with
previous studies where the band gap is reported to be as
large as ∼ 1 eV47. Our systematic ARPES studies and
transport measurements show a rich topological phase di-
agram in Pb1−xSnxSe. A summary is presented in Fig. 7.
The blue and red lines represent the energy levels of the

lowest lying bulk conduction and valence bands. Start-
ing from PbSe (x = 0), the system has a non-inverted
band-gap of ∼ 0.15 eV. As x increases, band inversion
takes place and the system enters the TCI phase. The
inverted band-gap increases until the system enters the
multi-(crystal structure)-phase regime at x & 0.45, where
cubic and orthorhombic structures coexist. Finally, for
x & 0.75, the system becomes a large band gap trivial in-
sulator with primitive orthorhombic structure. Distinct
phase transitions are observed, labelled xc1, xmp (where
‘mp’ stands for multi-phase) and xc2. The first transition
(xc1 & 0.2) is due a decrease in the lattice constant, which
increases the effective spin-orbit strength, while the sec-
ond transition (xmp & 0.45) corresponds to the coexis-
tence of cubic and orthorhombic structures and the third
transition (xc2 & 0.75) is the result of a drastic change in
crystal structure to orthorhombic phase. Therefore, our
experimental data reveal a delicate relationship among
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lattice constant, band gap, effective spin-orbit coupling
strength and crystal structure associated with the topo-
logical phase transition in Pb1−xSnxSe.

IV. CONCLUSION

In conclusion, by utilizing ARPES, CD-ARPES and
transport measurements, we provide a comprehensive
topological phase diagram for Pb1−xSnxSe as a function
of composition (x), temperature (T ) and crystal struc-
ture. We show that each of these three material parame-
ters can tune the system between a trivial and topological
phase differently, giving rise to a rich topological phase

diagram. Moreover, we reveal the momentum space na-
ture of interconnectivity of the Fermi surface pockets
leading to a saddle point singularity within the topo-
logical surface state in the TCI. We further show that
the measured momentum-integrated density of states ex-
hibits pronounced peaks at the saddle point energies,
demonstrating the van Hove singularities (VHSs) in the
topological surface states, whose surface chemical poten-
tial, as we have shown, can be tuned via surface chemical
gating. Our systematic measurements represent a mate-
rial guide for TCIs and provide a reference for the utiliza-
tion of the symmetry-protected topological surface states
of this phase to realize novel topological phenomena and
develop future device applications.
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