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We report the characterization of the misﬁt compound (Pb1−xSnxSe2)1.16(TiSe2)2 for 0 ≤ x ≤ 0.6, in which a [100]
rocksalt-structure bilayer of Pb1−xSnxSe, which is a topological crystalline insulator in bulk form, alternates with a
double layer of the normally non-superconducting transition metal dichalcogenide TiSe2. The x dependence of Tc
displays a weak dome-like shape with a maximum Tc of 4.5 K at x = 0.2; there is only a subtle change in Tc at the
composition where the trivial to topological transition occurs in bulk Pb1−xSnxSe. We present the characterization of the
superconductor at x = 0.4, for which the bulk Pb1−xSnxSe phase is in the topological crystalline insulator regime. For this
material, the Sommerfeld parameter γ = 11.06 mJ mol−1 K−2, the Debye temperature ΘD = 161 K, the normalized
speciﬁc heat jump value ΔC=γTc = 1.38 and the electron–phonon constant value λep = 0.72, suggesting that (Pb0.6Sn0.4Se)1.16(TiSe2)2 is a BCS-type weak coupling superconductor. This material may be of interest for probing the
interaction of superconductivity with the surface states of a topological crystalline insulator.

1.

Introduction

A broad family of layered ternary chalcogenides, the socalled misﬁt compounds, has recently been reported. They
are generally described as [(MX)1þx ]m(TX2)n, where M ¼ Sn,
Pb, Sb, Bi, or Ln (lanthanide); T ¼ Ti, V, Cr, Nb, Mo, Ta, or
W; X ¼ S, Se, or Te; 0:08 < x < 0:28; and m and n are
integers indicative of the number of MX rocksalt double
layers stacked in an alternating fashion with TX2 dichalcogenide layers (n and m ¼ 1; 2; 3; 4).1–8) The MX and TX2
layers have diﬀerent symmetry and periodicity, matching
in size in one crystallographic in-plane direction but not
matching (i.e., misﬁtting) in the second in-plane direction,
yielding the oddly non-stoichiometric formulas. The misﬁt
is accommodated at the interface between close packed
chalcogen layers in the TX2 part and the polarizable MX
layers. The individual rocksalt and dichalcogenide layers in
the misﬁt compounds are somewhat distorted from those of
the constituent simple MX and TX2 materials,8) meaning that
the electronic structures of the constituent layers are likely
similar but not identical to those of the individual bulk MX
and TX2 compounds. Our angle resolved photoemission
spectroscopy (ARPES) data, described below, shows for
example that charge is transferred from the MX layers to the
TX2 layers in the current case.
The wide variations in M, T, X, m, and n allowed in the
family lead to many diﬀerent physical properties.5,9–16) The
current case involves a misﬁt phase based on the stacking of
[100] PbSe double layers and [001] TiSe2 layers. PbSe is
a trivial semiconductor (i.e., the sequence of the electronic
bands near the Fermi energy is as expected in a simple
electronic picture) and has a direct band gap of 0.27 eV at
room temperature.17,18) Recently it has been shown, however,
that the bulk Pb1x SnxSe rocksalt compound undergoes an
inversion of the electronic band energy sequence at x ¼ 0:23
and becomes a topological crystalline insulator, with, correspondingly, protected topological surface states.18) When

PbSe is stacked in a misﬁt compound with NbSe2, the
intrinsic Tc of NbSe2 (7 K) is degraded and superconductivity
results for (PbSe)1.14(NbSe2)n for n ¼ 2 and 3 at 3.4 and
4.8 K respectively, with no reported superconductivity for
n ¼ 1 down to 2 K.19) When stacked with non-superconducting 1T-TiSe2,20–23) on the other hand, the resulting misﬁt
compound (PbSe)1.16(TiSe2)2 is reported to be a superconductor with Tc ¼ 2:3 K.24) Motivated by these observations, here we report the superconductivity that results when
Sn partially substitutes for Pb in the (Pb1x SnxSe)1.16(TiSe2)2
misﬁt compound solid solution, in order to determine
whether the superconductivity is still present at the
composition in the MX layers where bulk Pb1x SnxSe is a
topological crystalline insulator. It is superconductor, and
we observe only a subtle change in Tc vs x at the composition where the trivial to topological crossover is found in
Pb1x SnxSe.
2.

Experimental

(Pb1x SnxSe2)1.16(TiSe2)2 single crystals and polycrystals
were grown in three steps. First, mixtures of high-purity
ﬁne powders of Pb (99.9%), Sn (99.5%), Ti (99.9%), and Se
(99.999%) in the appropriate stoichiometric ratios were
mixed and heated in sealed evacuated silica tubes at a rate
of 1 °C=min to 700 °C and held there for 48 h. Subsequently,
the as-prepared powders were reground and heated at a rate
of 3 °C=min to 900 °C and held there for 16 h. Finally, larger
and smaller crystals from the as-prepared powders were
grown in the third step by the chemical vapor transport
(CVT) method, using SeCl4 as a transport agent. 50 mg of the
as-prepared powders of (Pb1x SnxSe2)1.16(TiSe2)2 were mixed
with 35 mg SeCl4, sealed in evacuated silica tubes and heated
for one week in a two-zone furnace, where the temperature of
source and growth zones were ﬁxed at 750 and 680 °C,
respectively. After one week, polycrystalline samples and
some shiny, plate-like grey single crystals of (Pb1x SnxSe2)1.16(TiSe2)2 were found at the cold end. Property meas-
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urements were performed on the crystals and polycrystals
(collections of small single crystals) from the cold end. This
synthetic method diﬀers from the one reported previously24)
but is suitable for uniformly preparing the samples in the
solid solution series studied here.
The identity and phase purity of the materials studied were
determined by powder X-ray diﬀraction (PXRD) on polycrystals and crystal plates using a Bruker D8 ECO
diﬀractometer with Cu Kα radiation and a Lynxeye detector.
To determine the phase purity, LeBail ﬁts were performed on
the powder diﬀraction data through the use of the FULLPROF
diﬀraction suite using Thompson–Cox–Hastings pseudoVoigt peak shapes.25) Single crystals selected from partially
crushed crystalline samples were studied on a Bruker D8
ECO single crystal diﬀractometer with Cu Kα radiation to
fully verify that the materials matched the misﬁt structure
previously reported for the Pb-containing end member. The
compositions of the materials were determined by employing
Energy dispersive X-ray ﬂuorescence spectroscopy (EDX)
on the crystals using a Quanta 200 FEG ESEM electron
microscope operated at 20 kV; PbSe, SnSe, and TiSe2
crystals were employed as standards. Measurements of the
temperature dependence of the electrical resistivity and
speciﬁc heat were performed in a Quantum Design physical
property measurement system (PPMS). Zero-ﬁeld cooled
(ZFC) and ﬁeld cooled (FC) magnetic susceptibilities were
measured in a ﬁeld of 10 Oe using a Quantum Design
superconducting quantum interference device (SQUID)
magnetometer.
The electronic band spectra were obtained from ARPES
measurements along highsymmetry direction Gamma-M at
beamline 10 of the Advanced Light Source, Berkeley, using a
Scienta R4000 analyzer at photon energies of 78 eV (1T
crystals) and 47 eV (misﬁt compounds). Sample cleaving and
data collection were performed in an ultrahigh vacuum of
5  109 Pa at T ¼ 15 K.
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Fig. 1. (Color online) Comparison of the starting material Pb=Ti and Sn=
Ti ratios with the EDX analysis of the single crystals grown of the misﬁt
phase (Pb1x SnxSe)1.16(TiSe2)2 (0  x  0:6).

1 cm

Fig. 2. (Color online) XRD pattern showing the (00L) reﬂections for a
selected single crystal of (Pb0.6Sn0.4Se)1.16(TiSe2)2. Inset, an example of a
crystal plate of (Pb0.6Sn0.4Se)1.16(TiSe2)2.
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Results and Discussion

Figure 1 shows the comparison of the Pb=Ti and Sn=Ti
ratios obtained from the EDX measurements compared to the
starting material compositions. The Pb=Ti and Sn=Ti ratios
obtained from the EDX results were found to be within
experimental error of the ratios present in the starting
materials, indicating that the compositions of the (Pb1x SnxSe)1.16(TiSe2)2 crystals and polycrystals grown between
x ¼ 0 and 0.6 for the synthetic method described are within
error of the nominal compositions. Single phase crystals
of the (Pb1x SnxSe)1.16(TiSe2)2 misﬁt phase could only be
obtained by our method up to x ¼ 0:6. For higher x, the
((Pb,Sn)Se)1.16(TiSe2)2 misﬁt crystals were multiple-phase.
Pure crystals of (SnSe)1.16(TiSe2)2 were also obtained, but
they were not superconducting above 1.8 K, and are not the
subject of this study.
A representative room temperature X-ray diﬀraction
pattern (PXRD), obtained from a crystal plate of (Pb0.6Sn0.4Se)1.16(TiSe2)2 (example shown in the inset), looking at
diﬀraction from the (00l) planes, is shown in Fig. 2. The
pattern is very similar to that reported previously for the
known TiSe2 double layer misﬁt (PbSe)1.16(TiSe2)224) and
other misﬁt phases.8) The structure of (PbSe)1.16(TiSe2)2 has
previously been described24) and is not re-determined here.
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Fig. 3. (Color online) Schematic of the crystal structure of (Pb1x SnxSe)1.16(TiSe2)2 (x ¼ 0:4), (a) along the b-direction; and (b) along the
a-direction. The ﬁgures highlight the rocksalt double layers and the two 1Tlike TiSe2 layers whose interlayering generates the crystal structure of the
misﬁt phase, while also showing that the in-plane matching of the layers in
these directions is incommensurate.

Figures 3(a) and 3(b) show schematics of the misﬁt crystal
structure of the (Pb1x SnxSe)1.16(TiSe2)2, (using the example
of x ¼ 0:4) viewed in diﬀerent directions. The ﬁgures
highlight the basic structure as an alternating stacking of
(Pb1x Snx)Se rocksalt-type bi-layers with two 1T-like TiSe2
layers, and also the incommensurate nature of their in-plane
matching.
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Fig. 5. (Color online) Low temperature speciﬁc heat characterization of
(Pb0.6Sn0.4Se)1.16(TiSe2)2. Temperature dependence of the speciﬁc heat Cp of
a single crystal of (Pb0.6Sn0.4Se)1.16(TiSe2)2 measured under magnetic ﬁelds
of 0 and 5 T, presented in the form of Cp =T vs T 2 . The values of γ and β (see
text) were obtained by ﬁtting the heat capacity data obtained in the range
2–5 K in the magnetic ﬁeld of 5 T. The inset shows the electronic speciﬁc
heat and the equal area construction employed to determine C=Tc .
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Fig. 4. (Color online) Transport characterization of the normal states
and superconducting transitions. (a) The temperature dependence of the
resistivity ratio (=300K ) for polycrystalline (Pb1x SnxSe2)1.16(TiSe2)2 (0:0 
x  0:6), including the low temperature region (2–5.5 K); (b) d=dT for
(Pb1x SnxSe2)1.16(TiSe2)2 (0:0  x  0:6) in the low temperature region
(2–5.5 K), showing the information used to determine the superconducting
transition temperatures.

Figure 4 shows the systematic change in the transport
properties of (Pb1x SnxSe)1.16(TiSe2)2 on increasing x.
Figure 4(a) shows the temperature dependence of the
resistivity ratio (=300K ) for polycrystalline (Pb1x SnxSe2)1.16(TiSe2)2 (0:0  x  0:6). The inset to the ﬁgure
enlarges the resistivity behavior in the low temperature
region (2–5.5 K); showing the superconducting transition.
Figure 4(b) shows the d=dT for (Pb1x SnxSe)1.16(TiSe2)2
(0:0  x  0:6) in the low temperature region (2–5.5 K),
further showing the superconducting transition. At low
temperatures, a clear, sharp (Tc < 0:5 K) drop of ðTÞ is
observed, signifying the onset of superconductivity. The Tc
changes just slightly with the increase of doped Sn content x,
displaying a very weak dome-shaped peak at intermediate
compositions. We note that the Tc observed here for x ¼ 0 is
higher than the one previously reported for that material.24)
The reason for the improved Tc is not currently known but
diﬀerences in the synthetic method may be behind the
diﬀerence: there may be defects in the rocksalt layers that
impact the amount of charge donated to the TiSe2 layers.
The characterization of the superconducting properties
of single crystal (Pb0.6Sn0.4Se)1.16(TiSe2)2 by speciﬁc heat
is shown in Fig. 5. Figure 5(a) shows the temperature
dependence of the speciﬁc heat (Cp =T versus T 2 ) under
zero-ﬁeld and under a 5 T ﬁeld for (Pb0.6Sn0.4Se)1.16(TiSe2)2.

The normal state speciﬁc heat at low temperatures (but above
Tc ) obeys the relation of Cp ¼ T þ T 3 , where γ and β
characterize the electronic and phonon contributions, respectively, the latter of which is a measure of the Debye
temperature (D ). By ﬁtting the data in the temperature range
of 2–5 K, we obtain the electronic speciﬁc heat coeﬃcient
 ¼ 11:06 mJ·mol−1·K−2 for (Pb0.6Sn0.4Se)1.16(TiSe2)2. Per
TiSe2 layer, this number (11:06=2  5:5 mJ·mol−1·K−2) is
larger than that found for other superconductors based
on TiSe2 (i.e., 4.3 mJ·mol−1·K−2 for Cu0.08TiSe226) and
2 mJ·mol−1·K−2 for Ti0.8Ta0.2Se227)).
The superconducting transition temperature observed in
the speciﬁc heat measurements for (Pb0.6Sn0.4Se)1.16(TiSe2)2
is in excellent agreement with the Tc determined in the
ðTÞ measurements. From the inset in Fig. 5, using the
equal area construction method, we obtain C=Tc ¼ 11:28
mJ·mol−1·K−2 for (Pb0.6Sn0.4Se)1.16(TiSe2)2. The normalized
speciﬁc heat jump value C=Tc is thus found to be 1.38 for
(Pb0.6Sn0.4Se)1.16(TiSe2)2, which conﬁrms the bulk superconductivity. This value is slightly smaller than that of the
Bardeen–Cooper–Schrieﬀer (BCS) weak-coupling limit value (1.43), but is in a range typically observed in complex
materials. Using the Debye temperature (D ), the critical
temperature Tc , and assuming that the electron–phonon
coupling constant (ep ) can be calculated from the inverted
McMillan formula:28)


D

1:04 þ  ln
1:45Tc


ep ¼
;

D

ð1  0:62 Þ ln
 1:04
1:45Tc
the value of ep obtained is 0.72 for (Pb0.6Sn0.4Se2)1.16(TiSe2)2. This suggests weak coupling superconductivity.
The density of states at the Fermi level [NðEF Þ] can be
calculated from the following equation:
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Fig. 6. Electronic band structures of (a) TiSe2, (b) Ti0.8Ta0.2Se2, and (c) (Pb0.6Sn0.4Se)1.16(TiSe2)2 as determined by ARPES, at 15 K. All spectra are sampling
the electronic states around kc ¼ =c.

by using the value of Sommerfeld parameter (γ) and the
electron–phonon coupling (ep ). This yields NðEF Þ ¼ 2:73
states=eV f.u. for (Pb0.6Sn0.4Se2)1.16(TiSe2)2.
ARPES data comparing the electronic structures of the
host TiSe2 material and two doped superconducting materials
based on TiSe2 is presented in Fig. 6. The TiSe2 data is
equivalent with those presented in previous reports29,30) and
shows the band folding that creates an echo of the valence
band at Γ to the M point that is due to the CDW in the host
material. The Ti0.8Ta0.2Se2 data show the same basic
electronic structure, but now with the CDW strongly
suppressed (the echo of the valence band at Γ is much
weaker at the M point), and a signiﬁcant degree of ﬁlling of
the conduction band at the M points. The electronic band
structure of (Pb0.6Sn0.4Se)1.16(TiSe2)2 [Fig. 6(c)] shows all
the features characteristic of bulk TiSe2 and Ti0.8Ta0.2Se2
[Figs. 6(a) and 6(b)]: two (three at other kc are not shown
here) hole-like bands in the center of the Brillouin zone and
electron pockets centered at six M points of the Brillouin
zone are seen. No bands that can be ascribed to the
(Pb1x Snx)Se layers are observed at the measured Fermi
surface of the misﬁt phase: no fourfold symmetry in the
low-energy band structure is present. The cleavage of
(Pb0.6Sn0.4Se)1.16(TiSe2)2 most likely results in single-layer
TiSe2 termination of the cleaved crystal because the
double TiSe2 layers are separated by a weakly bonded
van der Waals gap. Thus The complete absence of (Pb,Sn)Se
states is probably due to short probing depth at the photon
energies employed the (PbSn)Se layers are too deep to be
probed and are not exposed in the cleave. Comparing the
electron pocket in the misﬁt phase with that of Ta-doped
TiSe2 [Figs. 6(b) and 6(c)] shows that the conduction band is
occupied to a lesser degree in the misﬁt. The CDW-generated
replica of the hole pocket is well developed at the M-point of
the Brillouin zone in TiSe2 and is only weakly present, in
both the Ta doped and misﬁt phases, where it exists to near
room temperature in the latter. The implication of the ARPES
data is that the CDW amplitude in the TiSe2 layers is
substantially suppressed, although not completely disrupted,
in both doped superconducting phases.
Finally, the electronic phase diagram as a function of
temperature and doping level for the (Pb1x SnxSe)1.16(TiSe2)2
misﬁt phase series is summarized in Fig. 7. It can be seen that
in the (Pb1x SnxSe)1.16(TiSe2)2 system, the x dependence of
Tc displays a dome-like shape that is broad in composition.

(Pb0.6Sn0.4Se)1.16(TiSe2)2
Pb/Sn

Metal
Trivial
Pb1-xSnxSe

TiSe2

Ti
Se

Topological
Pb1-xSnxSe

Pb0.6Sn0.4Se
TiSe2
TiSe2
Pb0.6Sn0.4Se
TiSe2

SC

Mixed Phase

Fig. 7. (Color online) The Tc vs Sn content x of the superconductor in the
(Pb1x SnxSe)1.16(TiSe2)2 misﬁt system. The composition of the trivial to
topological transition in bulk rocksalt Pb1x SnxSe is shown by a dashed line.

However, Tc changes only slightly with the increase content
of doped Sn x, with a maximum Tc of 4.5 K at x ¼ 0:2. If
there is any change on crossing the trivial to topological
composition regime in bulk Pb1x SnxSe at x ¼ 0:25 it is only
a subtle change in the slope of Tc vs x near the top of the
dome. For x ¼ 0:4, well into the topological regime of bulk
Pb1x SnxSe, the misﬁt material remains superconducting.
Whether the band structure of (Pb,Sn)Se layers in the misﬁt is
of the trivial or topological type remains to be seen in future
study. For compositions between x ¼ 0:6 and 1.0 we could
not obtain single phase materials by our synthetic method,
and thus no data is shown in Fig. 7 for higher x; single
phase misﬁt material was obtained at x ¼ 1 [i.e., (SnSe)1.16(TiSe2)2], but we did not observe any superconducting
transition down to 2 K.
4.

Conclusion

The misﬁt phase (Pb1x SnxSe)1.16(TiSe2)2 (0  x  0:6)
series, which combines layers of the rocksalt structure
topological crystalline insulator Pb1x SnxSe with the layers
of the transition metal dichalcogenide TiSe2, is reported, and
the trends in superconductivity in the series characterized.
The superconducting transition temperature shows a weak
dome shape with varying x, with a maximum Tc  4:5 K
close to the composition of the trivial to inverted transition in
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the band structure of bulk rocksalt Pb1x SnxSe. For the misﬁt
superconductor (Pb0.6Sn0.4Se)1.16(TiSe2)2, whose Pb:Sn ratio
is well within the topological composition regime of the
bulk rocksalt material, the Sommerfeld parameter  ¼ 11:06
mJ·mol−1·K−2, the Debye temperature D ¼ 161 K, the
normalized speciﬁc heat jump value C=Tc ¼ 1:38 and
the electron–phonon constant value ep ¼ 0:72, suggesting
that (Pb0.6Sn0.4Se)1.16(TiSe2)2 is a BCS-type weak coupling
superconductor. No superconducting transition is observed
for the (SnSe)1.16(TiSe2)2 misﬁt above 1.8 K. Why the SnSebased misﬁt material is not superconducting at temperatures
comparable to those exhibited by the Pb+Sn containing
misﬁt phases is not currently known. Further work that
investigates the electronic state of the Pb1x SnxSe layers in
the misﬁt phase, to see whether they indeed host topological
states, would be of interest. If they do, then interaction of
those topological states with the superconductivity would be
of future interest.
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