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We report the discovery of surface states in the perovskite superconductor [Tl TITes (TlsTes) and its
nonsuperconducting tin-doped derivative [T1;](Tly4Sny¢)Te; as observed by angle-resolved photoemis-
sion spectroscopy. Density functional theory calculations predict that the surface states are protected
by a Z, topology of the bulk band structure. Specific heat and magnetization measurements show that
TlsTes has a superconducting volume fraction in excess of 95%. Thus TlsTes is an ideal material in which
to study the interplay of bulk band topology and superconductivity.

DOI: 10.1103/PhysRevLett.112.017002

Charge carriers in Dirac-like bands have a linear energy-
momentum relationship described by the Dirac equation;
they offer the unique opportunity to investigate the intersec-
tion of special relativity and quantum mechanics. However,
materials exhibiting Dirac-like states are relatively rare, the
most notable examples being graphene [1], Z, topological
insulators [2], and topological crystalline insulators [3].
Materials which combine nontrivial band topologies with
superconductivity have the ability to test the predictions
of new states of matter and open the field for new technol-
ogies such as quantum computing [4-7], but producing
such materials has been a challenge [8—10].

In this Letter, we report the discovery of Dirac-like sur-
face states in [Tl4)(Tl,_,Sn,)Te;, as observed by angle-
resolved photoemission spectroscopy (ARPES). Density
functional theory (DFT) predicts these surface states to
be Z, topologically protected due to a spin-orbit-driven
band parity inversion at the Z time reversal invariant
momentum point of the first Brillouin zone. Specific
heat and magnetization measurements show that TlsTe;
exhibits fully gapped, bulk superconductivity below 7, =
2.40(1) K with a 96% volume fraction.

The [Tl4]MTe; (M = TI, Sn, Pb, Bi, Sb, La, Nd, and Mo
[11-14]) compounds have a tetragonal perovskite structure
(ABO3), shown in Fig. 1(a) [15]. The cavities of a three-
dimensional network of corner-sharing MTeg octahedra
are occupied by interconnected Tl, tetrahedra. There are
several ways in which the [Tl;]MTej; structure can produce
topologically protected surface states. First, the mirror
planes which protect surface states in rock salt topological
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crystalline insulators such as SnTe are also present in the
basic perovskite structure of this family; the appropriate
band inversions at points protected by mirror symmetry
similarly may yield a topological crystalline insulator state
in body-centered tetragonal symmetry. Second, the body-
centered tetragonal crystal class of [Tly|MTe; structure
has four sets of time-reversal invariant points: one I', four
N, two X, and one Z. If spin-orbit coupling produces an
odd number of band parity inversions, e.g., a single inver-
sion at either the I" or Z point, but not both, strong Z, topo-
logically protected surface states would result [18].

To check these possibilities, first principles (DFT)
calculations were performed with full-potential linear
augmented wave formalism as implemented in WIEN2K
[19]. Exchange-correlation energies are calculated with
Perdew-Burke-Erzenhof functional [20]. An 8 x 8 x 8
unshifted k-point grid is used in the Brillouin zone of
the primitive body-centered tetragonal cell. Results
reported were double checked by repeating calculations
in projector augmented wave formalism, as implemented
in VASP, and no disagreements were found [21]. The
I4/mcm cell used for the calculations was determined
by Rietveld refinements to neutron powder diffraction data
collected on TlsTe; at 7 =295, 100, and 15 K on the
NPDF instrument at the Los Alamos Neutron Science
Center, which show no evidence of a structural transition
down to 7 =15 K. These data are consistent with the
structural data obtained from synchrotron x-ray diffraction
at higher temperatures. Our DFT calculations for TlsTes,
shown in Figs. 1(c) and 1(d), show spin-orbit coupling
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FIG. 1 (color online). (a) TlsTe; consists of Tl, tetrahedra occu-
pying the A site of a conventional perovskite ABO;, the corner-
sharing lattice of (T1/M)Teqs octahedra alternatingly rotated by
20.1° about the ¢ axis (aa’c~ in Glazer notation) [15-17].
(b) The Brillouin zone of the body-centered tetragonal unit cell,
and its two-dimensional projection, is shown. The band structure
of TlsTes, calculated from first principles DFT both without (c)
and with (d) spin-orbit interactions. Shading denotes bands arising
from valence (blue) and conduction (pale red) band states. The spin-
orbit interaction produces a single band parity inversion at the Z
point, indicating that TlsTe; would be a topological semimetal if
doped to the gap. Band parities are indicated by + and — signs.

induces a single band inversion between valence and con-
duction band states at the Z point approximately 0.5 eV
above the calculated Fermi level. This inversion is between
opposite-parity states, the conduction band involving states
from the [Tl;] units on the A site and the valence band
involving mainly states from apical Te atoms and B-site
Tl ions in the corner-sharing perovskite network. If electron
doped up to the gap at Z, this system would be a topological
semimetal due to high-lying valence band states at the I"
point. The resulting situation is thus similar to that found
in pure antimony, which is a semimetal with topologically
protected surface states that becomes a topological insula-
tor when doped with Bi [22]. To confirm the nontrivial bulk
band topology, we have calculated the Z, invariant to be —1

by taking the product of the parity of all the bands at the I
and Z points that connect to the occupied valence bands,
including two bands above the Fermi level at the I" point.
Therefore, DFT predicts TlsTe; to have surface states pro-
tected by a nontrivial Z, topology.

To confirm this prediction experimentally, we have syn-
thesized crystals of TlsTe; and related electron-doped com-
pounds, and have studied their electronic structure using
ARPES. Polycrystalline TlsTe; samples were prepared
by heating elemental Tl (Strem Chemicals, 99.9%) and
Te (Alfa Aesar, 99.999 4+ %) in a vacuum-sealed silica
ampoule to 550°C, holding for 24 h, followed by slow
cooling (5°C/h). Elemental thallium was stored and
handled in an inert atmosphere to prevent oxidization.
Single crystals were prepared using a modified
Bridgman method in an optical floating-zone furnace
(Crystal Systems) using 2.5% excess Te as a flux.
[Tl4](T1,_,Sn,)Te; samples were prepared by heating
elemental T1, Te, and Sn (NOAH Technologies, 99.9%)
in a vacuum-sealed silica ampoule to 540°C, holding for
24 h, followed by slow cooling (2°C/h). Single crystals
of [Tl4)(Tly4Snge)Tes suitable for ARPES measurements
were obtained from the ingot after slow cooling.
Compositions of the single crystals were assumed to be
homogenous with the bulk ingot, the composition of which
was determined by comparison to Rietveld refinement of
high-resolution synchrotron x-ray diffraction data.

ARPES measurements were performed at the
Synchrotron Radiation Center in Wisconsin at the U3 beam
line with a VG Scienta R4000 electron analyzer at a base
temperature of 30 K and a pressure of 8 x 10~!! torr as
well as a lab-based ARPES system with a VG Scienta
R4000 analyzer and VUV5000 helium plasma discharge
lamp (hv = 21.2 and 40.8 eV) and monochromator at a
temperature of 20 K and a base pressure of
6 x 107! torr. Samples were cleaved in situ along the ¢
axis in ultrahigh vacuum in order to expose atomically
clean surfaces.

In Fig. 2, we show ARPES data for TlsTe; and
[Tl](Tly4Sng6) Tes, measured at 7 = 20 and 30 K using
a helium discharge lamp and monochromatic synchrotron
radiation. The most prominent feature in each case is an
intense, linearly dispersing (Dirac-like) band centered at
a momentum of (k, = 0, k, = 0) of the two-dimensional
surface Brillouin zone (2DBZ). The projection from bulk
to surface Brillouin zone is illustrated in Fig. 1(b). We
observe this feature at the center of numerous 2DBZs,
and only a single such feature in each zone. We identify
this feature as a surface state based on several distinct
pieces of evidence. First, the values of its extracted
Fermi velocity and Fermi wave vector are insensitive to
incident photon energy in both compounds, indicating that
these states are nondispersive in k,, characteristic of a sur-
face state [Figs. 2(d) and 2(g)]. In contrast, we additionally
observe broad diffuse bands showing substantial changes
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FIG. 2 (color online).
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Plots of ARPES intensity as a function of binding energy and crystal momentum in the (0,0) — (z,7) direction of

TlsTe; measured using photon energies of (a), (¢) 21.2 eV and (b) 40.8 eV show a linearly dispersing surface state (SS, highlighted with
green dashed lines) coexisting with additional bulk states (BS). Visualization of the surface state is improved by taking the second
derivative with respect to momentum [right panels in (a) and (b)]. (d) Extracted dispersion of the surface state from fits to momentum
distribution curves for TlsTe;. These show no dependence on the incident photon energy (i.e., no k, dependence). Similar features are
observed in [Tly](Tly4Sng ) Tes: (e) photon energy-dependent measurements reveal a single linear surface state which does not change
with varying photon energy [see (g)], while bulk states disperse with &, to give filled intensity inside the Dirac cone. (f) The surface state
evolves into a surface resonance at higher binding energies, where additional bulk electronic states are visible. (h) Isoenergy plots of
intensity versus momentum in the k,-k, plane illustrate the presence of a single Dirac cone centered at the origin of the 2DBZ in
[Tl4)(Tly4Sng¢)Tes. The Dirac cone exhibits fourfold warping away from the Dirac point, consistent with the tetragonal crystal sym-

metry of these materials.

with photon energy, as expected for bulk valence bands
which disperse strongly along k.. These observed bulk
states are consistent with both the three-dimensional struc-
ture of these compounds as well as our first-principles cal-
culations. Furthermore, the Dirac-like feature is present and
always centered at (0,0) of the 2DBZ, rather than the center
of the three-dimensional bulk Brillouin zone as would be
expected for a bulk-derived state.

The surface state shows no detectable Rashba-type spin
splitting despite the strong spin-orbit coupling of these
materials, a fact which strongly suggests that the surface
state is spin polarized. The existence of a single such
non-spin-degenerate Dirac cone centered at the (0,0)
time-reversal invariant point of the surface Brillouin
zone is a hallmark of a surface state protected by a Z,
topology. As such, our measurements provide direct
experimental evidence for the existence of topologically
protected surface states in both TlsTe; and
[T14)(Tly4Sng¢)Tes. First principles DFT calculations
support this conclusion, establishing [Tl4|(Tl,_,Sn,)Tes3
as an entirely new materials system hosting topologically
nontrivial phases.

The topological surface states display a number of attrac-
tive features. First, as in the bismuth chalcogenide topologi-
cal insulators, there is only a single topological state per
surface Brillouin zone in TlsTe; and [Tl4](Tly4Sng¢)Tes
[23]. For both compounds, only the bottom section of

the Dirac cone is visible, and the extrapolated Dirac point
sits 0.21(1) and 0.20(2) eV above the Fermi level for TlsTe;
and [T1;](Tly4Snge)Tes, respectively. The Dirac cones
exhibit a fourfold warping away from the Dirac point con-
sistent with the materials’ tetragonal symmetry [Fig. 2(h)],
akin to the sixfold warping in known trigonal topological
insulators [24]. Second, alloying Sn for TI proves to be an
effective method to modify the surface state dispersion: the
extracted Fermi velocity of 3.0(2) eVA for TlsTes
increases to 4.6(2) eV A in [Tl,](Tly4Snge)Tes, and the
wave vector correspondingly decreases from 0.07(1) to
0.04(1) A='. Finally, the surfaces of these compounds
appear to be more robust against the effects of adsorbates
than in bismuth chalcogenides [25], with no significant
time- or pressure-dependent changes of this doping level
observed during ARPES measurements, which may prove
to be an attractive feature for utilizing these surface states in
future applications.

In addition to harboring Dirac-like surface states, TlsTes is
a bulk superconductor [26,27]. Physical property measure-
ments were performed on a Quantum Design, Inc. Physical
Property Measurement System. Low-temperature heat capac-
ity data from 7" = 0.15 to 4 K were collected with the aid of a
dilution refrigerator. Specific heat data collected on a poly-
crystalline flake under zero magnetic field reveal a clear A
anomaly, shown in Fig. 3(a). An equal-entropy construction
indicates bulk superconductivity with 7. = 2.40(1) K. The
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FIG. 3 (color online).  (a) Specific heat data collected under zero
magnetic field (purple triangles) show a clear 4 anomaly at
T.=240(1) K, with a H =5 kOe field sufficient to quench
superconductivity. (b) Low-temperature electronic specific heat
shows fully gapped behavior. (c) Isothermal magnetization data
collected on an oriented single crystal at 7 = 1.8 K with the field
applied parallel to the [001] direction (red diamonds) and [110]
direction (blue circles) reveal anisotropy of H}. A demagnetiza-
tion factor of N = 1/3 has been applied to account for the ap-
proximately cubic shape of the 100 mg single crystal sample
(inset). (d) The field-temperature phase diagram shows H ., as
determined by specific heat (purple triangles) and orientation-
dependent isothermal dc magnetization (blue circles and red dia-
monds), along with a two-fluid model fit to the data.

ratio AC,;/(yT,.) = 1.63 is close to the weak coupling
Bardeen-Cooper-Schrieffer (BCS) value of 1.43 [28].
Low-temperature specific heat measurements collected under
H =0 Oe and 5 kOe show the latter field is sufficient to
quench superconductivity. The data collected under a H =
5 kOe field below T = 1.5 K, temperatures at which any
complex phonon structure should be negligible, were fit to
C, = yT + B3T3, where y =9.34(4) mJmol f.u."' K2
and fB; = 6.82(5) mJmol f.u.”' K=* [29], which corre-
sponds to a Debye temperature of ®p = 132(1) K [29].
Subtracting this low-temperature lattice specific heat
fit gives the electronic specific heat, which is well
described by the BCS model of the electronic specific heat
of a single-gap s-wave superconductor C,;/(yT.) =
A exp[(—BT,)/T] with A =11.4(1.1) and B = 1.61(2),
which holds for 7./T = 2 [Fig. 3(b)] [28,29]. According
to BCS theory, B = AkgT., and thus a value of
B =1.61(2) predicts a superconducting gap of
A = 0.333(6) meV. This value, based on the electronic spe-
cific heat data, agrees with the superconducting
gap of A =0.365(2) meV predicted using the critical
temperature of 7.=2.40(1) K in the BCS relation

2A/(kgT.) = 3.53. These specific heat measurements indi-
cate a TlsTe; is a fully gapped bulk superconductor, a pre-
requisite for a topological superconductor [6].

Isothermal dc magnetization measurements reveal a
superconducting volume fraction in excess of 95% at T =
1.8 K under small applied magnetic field applied along
either the [001] and [110] crystal directions [Fig. 3(c)].
The directional upper critical fields are the same within
error [Fig. 3(d)], while the lower critical fields are found
to differ by a factor of greater than three [Fig. 3(c)].
This difference in anisotropy between upper and lower
critical fields is unexpected based on the Ginzburg-
Landau equations, and is not due to a demagnetization
effect. While we cannot rule out other explanations, in light
of the ARPES results it seems likely that this discrepancy
arises from the presence of Dirac-like surface states that
change the effective screening of the applied mag-
netic field.

Our results show that the bulk superconductor TlsTe;
has Dirac-like surface states. Further, our ARPES results
show that these surface states survive in the tin-doped
derivative, [Tl4)(Tly4Sng¢)Te;. Because Sn favors a
2+ oxidation state, it is isovalent with the TI?* it is replac-
ing and thus the electronic structure is not greatly affected.
Upon doping with tin, the primary experimental effects
observed are an increase in the dispersion of the surface
state, with only a small change in the position of the
Fermi level relative to the extrapolated position of the
Dirac point. DFT calculations on [Tl;]SnTe; (not shown)
explain these observations. In contrast to TlsTe;, in
[Tl,]SnTes; a ~0.7 eV band gap is predicted at the Z point;
i.e., the separation between the valence and conduction
bands increases with increasing x in [Tl4](Tl;_,Sn,)Tes,
and prevents spin orbit coupling from inducing a band par-
ity inversion. Consequently, for some value of x in the
[Tl](T1;_,Sn,)Tes series, there is a topological phase tran-
sition, similar to what is found for the Bi;_,Sb, solid sol-
ution [22]. As long as x is less than the threshold value, the
spin-orbit driven band inversion is maintained, but there the
dispersion of the surface state increases with increasing x,
as experimentally observed. The position of the Fermi level
relative to the Dirac point then changes little because, even
though electrons are being added to the system, the number
of states per unit energy is decreasing due to the increased
dispersion.

The presence of Dirac-like surface states implies a non-
trivial band topology, and TlsTe; is an intrinsic, stoichio-
metric, bulk superconductor that is straightforward to
synthesize and computationally model. Further, the discov-
ery of topological surface states in the [Tl4|MTe; family
has broader implications in the field of topological insulator
research: this family has an entirely different crystal struc-
ture than the known Z, topological insulators, which all
have trigonal symmetry in the active units. The wide range
of cations reported to substitute for the M site (and anions
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for tellurium) present a versatile range of experimentally
accessible doping levels and resultant properties to exam-
ine. For example, preliminary calculations (not shown)
indicate that the topological nature of [Tly]MTe; is very
sensitive to structural parameters, suggesting that temper-
ature-, pressure-, and/or strain-induced topological transi-
tions may also exist in this material family. In short, our
discovery of topological surface states in the [Tl4|MTe;
family is the first observation of Dirac-like surface states
in the largest known material structure type, perovskites,
and TlsTe; has both Z, topological surface states and high
volume fraction bulk superconductivity.
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