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Discovery of Cz rotation anomaly in topological
crystalline insulator SrPb
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Topological crystalline insulators (TCls) are insulating electronic states with nontrivial
topology protected by crystalline symmetries. Recently, theory has proposed new classes of
TCls protected by rotation symmetries Cn, which have surface rotation anomaly evading the
fermion doubling theorem, i.e., n instead of 2n Dirac cones on the surface preserving the
rotation symmetry. Here, we report the first realization of the Cz rotation anomaly in a binary
compound SrPb. Our first-principles calculations reveal two massless Dirac fermions pro-
tected by the combination of time-reversal symmetry T and Czy on the (010) surface. Using
angle-resolved photoemission spectroscopy, we identify two Dirac surface states inside the
bulk band gap of SrPb, confirming the C, rotation anomaly in the new classes of TCls. The
findings enrich the classification of topological phases, which pave the way for exploring
exotic behavior of the new classes of TCls.
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ince the advent of time-reversal symmetry T protected

topological insulators characterized by topological 7,

invariants!2, a generalization of the topology concept to the
band insulators is topological crystalline insulators (TCIs)3,
protected by discrete crystalline symmetries. They are of tre-
mendous interest in condensed matter physics and materials
science*™? in view of the rich variety of crystalline symmetries in
solids!®11. However, although 230 crystallographic space groups
of nonmagnetic materials imply the enormous potential to realize
abundant TCIs, theoretical predictions of TClIs are for a long time
limited to materials with mirror or glide-mirror symmetries, such
as SnTe!2 and KHgSb!3. The SnTe-based compounds are con-
firmed to be TCIs by observation of Dirac-cone surface
states!4~16, and the experimental signature of “hourglass” surface
states in KHgSb has been reported!”.

Recently, mapping the symmetry data of nonmagnetic mate-
rials with gapped band structures to the topological invariants has
been carried out by several theoretical groups to greatly simplify
the process for identifying the topologically nontrivial
insulators!'8-21, leading to the discovery of a substantial number
of TCIs by first-principles high-throughput screening?2-2°. In this
elegant strategy, a set of up to six Z,_, 3 4 45 1, numbers, also
named symmetry-based indicators, has been used to classify the
topological states including the new classes of TCIs protected by
n-fold (n = 2, 4, 6) rotational symmetries C, instead of mirror or
glide-mirror symmetries?®. The rotational symmetry-protected
TClIs have n unpinned Dirac cones at generic k points (related by
C,) on the surface preserving the rotational symmetry C,, which
are connected by n one-dimensional (1D) helical states on the
hinges parallel to the rotation axis because of the higher-order
bulk-boundary correspondence?’-28. The number of the surface
Dirac cones in the new classes of TCIs is n rather than 2n as
expected from the well-known fermion multiplication theorem in
two-dimensional (2D) time-reversal-invariant systems. The vio-
lation of the theorem is a result of the quantum anomaly induced
by the breaking of continuous rotation symmetry, which is
termed rotation anomaly for short 27,

Owing to the great theoretical efforts, the new classes of TCls
have been predicted in some candidates, including bismuth??,
BiBr,3%31, and Ba;Cd,As,3? with C, rotation anomaly, anti-
perovskite Sr;PbO with C, rotation anomalyS, and SnTe with C,
and C, rotation anomalies on different surfaces?”-28, However,
the experimental evidence of rotation anomalies is very rare
except the Dirac cones previously observed on the (001) surface
of SnTel4-16, which are now reinterpreted as the C, rotation
anomaly?”-28. In this work, by combining first-principles calcu-
lations and angle-resolved photoemission spectroscopy (ARPES)
experiments, we have revealed the C, rotation anomaly on the
(010) surface of the binary compound SrPb, where two Dirac-
cone surface states protected by the combination of T and Czy are
identified.

Results

C, rotation anomaly in SrPb. SrPb crystallizes in a centrosym-
metric orthorhombic unit cell (a4 =5.018 A, b=1223 A, and c =
4.648 A) with space group Cmcm (SG #63)3, as shown in Fig. la.
Both Sr and Pb atoms occupy the 4c (0, y, 1/4) Wyckoff position
with the internal parameter y =0.132 and 0.422 for Sr and Pb,
respectively. The lattice is formed by a stacking of slightly buckled
SrPb layers along the [010] direction. The point group of the
structure is D, generated by inversion I, twofold rotational
symmetries (C,, and {C‘zy|00 1}, screw rotational symmetry
{C‘ZZ|00 %}, mirror symmetries (Mx and {MZ|OO %}), and glide-
mirror symmetry {§y|00%}. {C,,lijk} is the twofold rotational
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Fig. 1 Crystal structure and band structure of SrPb. a Crystal structure of
SrPb with the rotation axis Czy along the b axis. The yellow plane indicates
the cleavage position at the (010) surface. b Schematic of topological
surface states with Cz rotation anomaly, showing two Dirac cones on each
surface perpendicular to the Cz rotation axis, which are connected by two
helical edge modes on the side surface. € Bulk BZ and (010) surface BZ of
SrPb with high-symmetry points indicated. d Calculated bulk bands of SrPb
along high-symmetry lines with SOC. The blue and red curves represent
valence and conduction bands, respectively. The shadow region indicates
the continuous gap between the valence and conduction bands.

symmetry with respect to the vector n followed by a fractional
lattice translation ia 4+ jb + k¢, and {M,|ijk} is the mirror
reflection with respect to the plane with the normal vector n
followed by a fractional lattice translation ia + jb + kc, where a,
b, and c are three unit cell vectors.

The full-potential linearized augmented-plane-waves method
as implemented in the WIEN2K code is employed to calculate the
band structure of SrPb (see Methods for the calculation details),
which is shown in Fig. 1d. It is clear that the band-gap opening
due to spin-orbit coupling (SOC) occurs around the Fermi level
(Eg), leading to the existence of a continuous direct gap between
the conduction and valence bands at each k point in the full
Brillouin zone (BZ). Therefore, the Fu-Kane topological invar-
iants Z, (vy; v,v,15)3* and symmetry-based indicators 2, , 5 4
(25, i—1.2,3:24)'81 for band insulators are well defined for SrPb in
SG #63 (note that v; = z,; with i=1, 2, 3). Because of the
existence of inversion symmetry in SrPb, the Fu-Kane parity
criterion* can be used to easily calculate the topological
invariants 7, = (vy; v,v,V3), where v (v;_, ,3) is the strong
(weak) topological index. Based on the parities of occupied bands
at eight time-reversal-invariant momenta (TRIM) listed in
Table 1, the Fu-Kane topological invariants 7, are computed to
be (0;110), which are consistent with the previous
calculations?>2%. The symmetry-based indicators 2, ,,, are
computed to be (1102)223>, with Z, = 2 indicating the existence
of higher-order topology in the TCI SrPb.

Given that the mapping from symmetry-based indicators to
topological invariants is one-to-many mapping (it is a one-to-
four mapping for SrPb), the mirror Chern numbers (ny and
nj; ) are calculated in order to confirm the exact topological
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phase in SrPb. In the presence of time-reversal symmetry, the
Chern number (n) can be identified in half of the plane by the
1D Wilson loops of the two mirror eigenvalues (+i and —i)
subspaces®®. The Wannier charge centers of the k,-directed and
k,-directed Wilson loops as a function of k, for the k, =0 and k,
=0 planes are shown in Fig. 2a, b, respectively. The results show
that ny; of the k, =0 plane and n;_of the k. = 0 plane are 0 and
—2, respectively, signaling the existence of topologically protected
surface states on the surfaces preserving the mirror symmetry M,.
According to ref. 1%, we conclude that SrPb, with the indicators
(1102) and invariants ny = 0, ny = 2, belong to the TCI

phase in Table 2, which has nontrivial values of the C, anomaly
indices. The invariant Ve, = 1 guarantees the CZ}/ rotation
anomaly in the (010) surface of SrPb. Two Dirac-cone surface
states can be stabilized by (T - Czy)z = 1 and protected from

annihilation by the coexistence of T and CZ)/'

Surface band calculation. The nonzero topological invariants
suggest the existence of topologically nontrivial surface states,
which are calculated with the Green’s function methodology, as
shown in Fig. 2¢, d. We find two type-II surface Dirac cones on
the (010) surface, which are consistent with the nontrivial topo-
logical invariant Ve, = 1. Interestingly, the Dirac cones are

Table 1 Parities of four pairs of occupied bands at
eight TRIM.

TRIMs Position Parities order Parity product
T 0, 0, 0) +4+—— +
1Y (O, 27, 0) ++—— +
2S (—x, 7, 0) (x, @, 0) +——— -
1Z 0,0, m +4+—— +
1T (0, 27, 0) +4+—— +
2R (—n, n, ) (7, m, ) +4+—— +

The positions of the TRIM are given in units of (¢,3., .

constrained on the high-symmetry line X — T on account of the
nonzero #ny Chern number. Next, we study the influence of the

breaking of mirror symmetry M, on the two surface Dirac cones.
After applying a tiny shear strain (about 2%), the third primitive
lattice vector ¢ becomes (0.1, 0, ¢) in unit of A, while the other
primitive lattice vectors and the internal parameters of Sr and Pb
atoms remain unchanged, resulting in a crystal without M, but
preserving CZ},. The results of surface state calculations are shown
in Fig. 2e, f, which show that the two surface Dirac cones cannot
be gapped out but move away from the high-symmetry line X —
T to generic k points due to (T - Czy)z = 1. In view of the higher-
order bulk-boundary correspondence, the higher-order TI with
two helical hinge states is expected on the hinges parallel to the y
axis, as shown in Fig. 1b.

Bulk electronic structures of SrPb. To examine our theoretical
prediction of the nontrivial topological phase, we have carried out
systematical ARPES measurements on the (010) cleavage surface
of SrPb single crystals. We determine momentum locations per-
pendicular to the sample surface by photon energy (hv) depen-
dent ARPES measurements (see Supplementary Fig. 1 in
Supplementary Information). Figure 3c, d shows the in-plane
Fermi surfaces (FSs) measured with hv = 58 and 34 eV, which are
consistent with the calculated FSs in the k, = 0 (Fig. 3e) and
k, = 2m/b (Fig. 3f) planes, respectively. As seen in Fig. 3a, the
calculations exhibit quasi-2D FSs extending along the k, direction
and three-dimensional (3D) FSs located around the ky = 0 and
k, = 2m/b planes in the 3D BZ. The quasi-2D FSs have two
semicircular contours in the k, = 27/b plane (Fig. 3d, f) and
they merge to form a nearly elliptical contour enclosing the T
point in the k, = 0 plane (Fig. 3¢, ¢). In addition, Fig. 3¢ shows
two faint semicircular contours near the I' point, which are
ascribed to momentum broadening of the FSs near the Y point
because of short mean free path of the photoelectrons. On the
other hand, the 3D FSs are observed near the Z point in the
k, = 0 plane (Fig. 3¢, e) and on the Y — X, line in the k, =
27/b plane (Fig. 3d, f).
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Fig. 2 WCCs and Dirac surface states of StPb. a, b WCCs of the k,-directed and k,-directed Wilson loops as a function of k, in the k, = O and k, = O
planes, respectively. The red and blue curves represent the flow of the WCCs for the bands with mirror +i and —i eigenvalues, respectively. The horizontal
dashed lines are reference lines. ¢, d Surface band structures of SrPb on the (010) surface. e Surface Dirac cone on the line X — T is gapped out when the
MZ is broken. The upper insets in (d, @) schematically show the positions of the type-Il Dirac surface cones in the (010) surface BZ. The lower inset in (e)
clearly shows the gapped Dirac cone. f Dispersions of the Czy rotational symmetry-protected surface Dirac cone along the line P — Q on the (010) surface.
The positions of P, kp, and Q are (0.2077, —0.0022), (0.2052, —0.0022), and (0.2027, —0.0022), respectively. The positions are given in unit of A1
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Table 2 Symmetry-based indicators and topological invariants of SrPb.
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Fig. 3 Bulk electronic structures of SrPb. a Calculated FSs of bulk states in the 3D BZ. b 3D bulk BZ with the k, = 0 and k, = 27/b planes marked with
red and blue colors, respectively. ¢, d ARPES intensity plots at Er recorded on the (010) surface with hv = 58 and 34 eV, respectively. The data in (¢, d) are
symmetrized with respecttoI' — Xand Y — X;, respectively. The black lines in (d) indicate momentum locations of the cuts in Fig. 4i, |. e, f Calculated FSs
inthe k, = 0 and k, = 27 /b planes, respectively. g-j ARPES intensity plots showing band dispersions along T — Z, Y — T,T — X, and Y — X;,
respectively. The arrows in (g) and (j) indicate extra bands compared with the calculated bulk bands. k-n Calculated bulk bands along T — Z, Y — T,
I' — X,and Y — X;, respectively. We note that the Fermi level in the calculations is shifted down by 0.14 eV to match the experimental results because the

samples are slightly hole-doped.

Dirac surface states protected by C, rotational symmetry. In
Fig. 3g-n, we compare the experimental bands with the calculated
bulk bands along the high-symmetry lines ' — Z, Y — T,
I' - X,and Y — X;. As shown in Fig. 1c,bothT — Zand Y —
T are projected onto T — Z while both T — X and Y — X, are
projected onto T — X on the (010) surface. The experimental
bands are generally consistent with the calculated bulk bands. In

addition, we identify some extra bands, as indicated with arrows
in Fig. 3g, j. The extra band dispersion at the I point in Fig. 3g is
identical with the one at the Y point in Fig. 3h. As the extra band
is very sharp, we attribute it to 2D surface states rather than the
momentum broadening of 3D bulk states, the latter usually
smears the band dispersions. The surface band is located at the
lower boundary of the valence band continuum and has nothing
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Fig. 4 Dirac surface states on the (010) surface. a Schematic band structures of SrPb showing two surface Dirac cones protected by Czy rotational

symmetry. b Schematic of tilted surface Dirac cones, showing dispersions of Dirac-like band crossings along and perpendicular to the tilt direction. ¢ Near-
Er band dispersions along I' — X extracted from the ARPES data collected at different photon energies and temperatures. d ARPES intensity plot along
I — X measured with hv = 20 eV at 200 K. e Momentum distribution curves of the data in (d). f ARPES intensity plot along T — X measured with hv =
30eV at 200K. g 2D curvature intensity plot of the data in (f), showing two surface bands cross each other forming a surface Dirac point (SDP). The
method of 2D curvature was developed in“>. h Calculated band structures along I' — X of a slab with a thickness of five unit cells along the [010] direction
for termination A, whose cleavage position is indicated as a yellow plane in Fig. 1a. The size of red dots scales the contribution from the outmost two SrPb
layers. The Fermi level of the calculated bands is shifted down by 0.14 eV. i, j ARPES intensity plots and corresponding 2D curvature intensity plots along
the cuts perpendicular to T — X, whose momentum locations are indicated in Fig. 3d. The data in (i) were collected with hv =30 eV at 200 K. The ARPES

data in Fig. 4 are divided by the Fermi-Dirac distribution function.

to do with the topology of the band gap between the valence and
conduction states. On the other hand, we observe two hole-like
bands across Ep alongI' — X and Y — X, (Fig. 3i, j), whereas the
calculations (Fig. 3m, n) indicate only one hole-like bulk band.
Our ARPES measurements show that the inner band dispersion
exhibits obvious variation while the outer one remains unchanged
with varying photon energy (see Supplementary Fig. 2 in Sup-
plementary Information). The inner band is identified as the
valence band of bulk states, while the outer one is attributed to
the surface band, which is located in the band gap between the
valence and conduction bulk states.

We also discern the sign of a nearly flat band at Ep in the bulk
band gap from the ARPES data collected at 30K (see
Supplementary Fig. 2 in Supplementary Information). In order
to exhibit the near-Ep band more clearly, we have carried out
ARPES measurements at 200 K, which reduce the influence of the
Fermi cutoff effect so that the bands above Ep can be observed.
The ARPES data collected at 200 K in Fig. 4f, g reveal a relatively
flat band near Ep, which emanates from the bottom of the
conduction band and extends to the valence band. Remarkably,
the two bands in the bulk band gap forming a crossing at ~20
meV below Eg. In Fig. 4c, we plot the band dispersions extracted
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from the experimental data collected along T — X. The
observation of Dirac-like band crossing in the bulk band gap is
in accord with our theoretical expectation, whereas the experi-
mental surface band dispersions in Fig. 4c are obviously different
from the tight-binding calculations in Fig. 2d, which do not
consider the real situation of cleavage surface. We thus performed
slab calculations considering two kinds of terminations (see
Supplementary Fig. 4 in Supplementary Information). While the
calculations for both terminations show Dirac-like surface states
along T' — X, the calculated surface bands for termination A in
Fig. 4h well reproduce the experimental results. The excellent
consistency between experiment and calculation provides com-
pelling evidence for the nontrivial topology of the bulk band gap.

We further investigate band dispersions of the Dirac surface
states perpendicular to I — X. Figure 4i, j shows band
dispersions measured along a series of cuts perpendicular to
T — X, whose momentum locations are indicated in Fig. 3d. A
Dirac-like band crossing is clearly resolved at ~20 meV below Eg
along cut #3. These experimental data demonstrate that the
Dirac-cone surface states are strongly tilted along the T — X
direction as the schematic drawing in Fig. 4b. As seen in Fig. 3d,
the equal-energy contour of the Dirac-cone surface states is not a
closed FS but an open arc connecting to the FSs of bulk states.
The tilted Dirac-cone surface states are reminiscent of the type-II
Weyl and Dirac semimetals37-38.

Discussion

By combining theoretical calculations and ARPES experiments,
we have demonstrated the C, rotation anomaly in SrPb. We draw
a schematic plot of the band structures of SrPb in Fig. 4a, which
shows a pair of surface Dirac cones protected by C2y rotational
symmetry in the bulk band gap. The Dirac points lie on the high-
symmetry line T — X due to the constraint of mirror symmetry,
which is similar to the case in SnTel>14-16. As has been
demonstrated in the SnTe-based compounds, the Dirac points
can be tuned to move along the T — X line by element sub-
stitution with the mirror symmetry being preserved3. If the
mirror symmetry is broken while the rotational symmetry kept by
a particular lattice distortion, the Dirac points will move away
from the I' — X line. In addition to 2D Dirac surface states at
generic locations in momentum space, rotational symmetry-
protected TClIs also have 1D hinge states at generic locations in
real space, which have been predicted to have a quantized con-
ductance of ne?/h?’. 1t is highly desirable to explore these unique
properties of the new classes of TCIs in the future.

Methods

Sample synthesis. Single crystals of SrPb are grown using self-flux methods. The
starting materials Sr (distilled dendritic pieces, 99.8%) and Pb (shot, 99.999%) are
mixed with a molar stoichiometric ratio of 1:1.32 in a glove box filled with high-
purity Ar gas. The mixture is placed in an alumina crucible and sealed in an
evacuated quartz tube. The tube is heated to 1000 °C and kept for 10 h. The sample
is quickly cooled down to 830 °C and then slowly cooled down to 730 °C at a rate of
2°C/h followed by centrifuging to remove the excess of Pb. Finally, the shiny
crystals SrPb are obtained on the bottom of the crucible. Because the crystals are
extremely sensitive to air and water, it is important to store the crystals in an Argon
atmosphere.

Angle-resolved photoemission spectroscopy. All the ARPES data shown are
recorded at the “Dreamline” beamline of the Shanghai Synchrotron Radiation
Facility. We conducted complementary experiments at the Surface and Interface
Spectroscopy beamline at the Swiss Light Source, the CASSIOPEE beamline of
Soleil Synchrotron, and beamline 13U of National Synchrotron Radiation
Laboratory. The energy and angular resolutions are set to 15-30 meV and 0.2°,
respectively. All the samples for ARPES measurements are mounted in a BIP
Argon (>99.9999%)—filled glove box, cleaved in situ, and measured at 25K and
200K in a vacuum better than 5 x 10! torr.

Calculation method. The calculations are performed using the full-potential lin-
earized augmented-plane-waves method as implemented in the WIEN2K code0.
The exchange and correlation potential is treated within generalized gradient
approximation of Perdew, Burke and Ernzerhof type?l. SOC is included in the
calculation as a perturbative step. The atomic radii of the muffin-tin sphere RMT
are 2.5 bohrs for Sr and Pb. The 9 x 9 x 10 kmesh is used in the BZ. The s orbitals
of Sr and p orbitals of Pb are used to construct the maximally localized Wannier
functions*2, which are then used to calculate the boundary states by an iterative
method*344,

Data availability
Materials and additional data related to this paper are available from the authors upon
request.
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	Discovery of  C2Ĉ2 rotation anomaly in topological crystalline insulator SrPb
	Results
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