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The discovery of topological crystalline insulators (TCIs) with a metallic 2layer on the
surface of a band-gap crystal and the prospects of their application in spintronics and
quantum computation stimulate studies of the mechanisms of the transition to the TCI
state. The semiconductor Pb, ,Sn,Te solid solutions in the composition range correspond-
ing to the inverted band structure were among the first discovered TCIs. One can suggest
that due a strong electron-phonon interaction characteristic of these materials, the forma-
tion of a TCI layer is accompanied by some change in the properties determined by the
lattice subsystem of the crystal. We measured the dependences of the lattice thermal
conductivity A; of Pb,_,8Sn,Te on x in the vicinity of the TCI transition at different
temperatures (170-300 K). In the A;(x) isotherms, we observed two peals near x = 0.61
and x = 0.63, which evidences that the TCI transition consists of at least two stages. We
suggest that one peak corresponds to the band inversion point and the other is associated
with a structural self-organization taking place in the crystal, and either stimulates or
accompanies the TCI transition. Thus, the transition to the TCI state in Pb,_Sn,Te is
accompanied by changes in the lattice subsystem of the crystal.

Keywords: Pb,_,Sn,Te, topological crystalline insulator, band inversion, lattice ther-
mal conductivity.

I'patkosa Temmonposigmicre TBepaux posumnis Pb,  Sn, Te mo6amsy romomoriunoro
dasosoro nepexony. O.I.Pozavosa, I'O.Hixoraenro, O.H.Hawerina, I BJIucavyx

Bigkpurrs romosoriunmx kpucraniunmx isomsropis (TKI) 3 merameBum wmapom Ha mo-
BepxXHI 3a00pPOHEHO-30HHOTO KPUCTAJNA Ta IIEPCIEeKTHUBU IX 3aCTOCYyBaHHA y CHIiHTpoHIiNi Ta
KBAHTOBUX OQUUCIEHHAX CTUMYJIIOIOTH JOcHimKeHHA MexaHismiB mepexomy go TKI-cramy.
Opaumu 3 mepmux Bigxputux TKI 6ynu mamisnposiguuxosi Teepai posuumu Pb, ,Sn,Te B
obmacti ckmnaxy, Iio BigmoBimae inBepTOBaHO-30HHIH cTpPyKTypi. MoskHa mpumycTuTH, IO
Yepes CHJIbHY eJIeKTPOH-DOHOHHY B3AEMOZil0, XapaKTepHy AJIA IIUX MaTepianiB, yTBopeHHS
mapy TKI cynpoBomxyeThbca LegKOI0 3MIHONI BJIACTHBOCTEH, IO BU3HAYAIOTHCSA I'PDATKOBOIO
migcucremoro Kpucrana. Bumipsaro samesxmocti Temnomposizmocti rpatku A; Pb, ,Sn,Te Bix
x B oxoni mepexoxy TKI sa pismux remmeparyp (170-800 K). Ha isorepmax A, (x) cmocrepi-
raemMo maBa miku mobamsy x = 0,61 ta x = 0,63, mo cBigumuTh mpo Te, mo mepexim TKI
CKJaJaeThesa NMPUHANMHLI 8 ABoX eTamiB. Mu mpumnyckaemo, I0 OAUH IIiK BiAgmoBigae Tourri
imBepcii cmyru, a iHmwui moB’g3aHUB 31 CTPYKTYPHOIO caMoopraHisallieio, 1o BizOyBaeTbes
B Kpucrani, i abo ctumymaioe, abo cyupoBomkye mepexixm TKI. Taxmum uumHOM, mepexin mo
crary TKI B Pb,_,Sn,Te cynpoBomxyeTbcs 3MiHAME T'PATKOBOI IifcHcTeMU KPUCTATA.

1. Introduction infrared sensors, photoresistors, thermo-
The Pb,_,Sn,Te semiconductor solid solu- electric devices, etc. [1-8]. Also, these al-

tions belong to the materials widely used in loys are interesting model materials for
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solid state physics because of a high sensi-
tivity of their energy band structure to
changes in external parameters, including
composition. As x increases, the band gap
E, becomes narrower, and at a certain critical
composition x,, depending on temperature, a
gapless state occurs and the conduction and
valence bands invert at the Lg point of the
Brillouin zone [4, 5]. In [6], the presence of a
thermodynamic phase transition at x, was reg-
istered by measuring the dependence of heat
capacity on x in the vicinity of x,.

The interest in studying the band inver-
sion in Pb,_,Sn,Te has increased sharply
after it was found by the angle-resolved
photoemission spectroscopy (ARPES)
method [7-9] that near x,, not only does the
band inversion occur, but also these materi-
als become topological crystalline insulators
(TCIs), which are characterized by the si-
multaneous existence of a metallic Dirac-
like surface states topologically protected
by mirror symmetry and semiconducting
bulk states [10]. TCIs, as well as other types
of topological insulators, are currently con-
sidered as promising materials for spintron-
ics, quantum computation and thermoelec-
tries [10, 11].

A question arises whether the band in-
version and a topological quantum transi-
tion occur at the same composition (x) of
the Pb,_,Sn,Te solid solutions. In the avail-
able works on the TCI transition in Pb,_
wn,Te, the exact compositions at which
transitions occur were not determined. That
is why, to answer the question above, it is
necessary to carry out detailed studies of
the dependences of various properties on
the composition in the vicinity of the criti-
cal point x,. Because of the close interde-
pendence between the electronic and lattice
subsystems of the crystal and the strong
electron-phonon interaction characteristic of
the Pb,_,Sn,Te solid solutions, the transi-
tion to the inverted state must be accompa-
nied by changes in the lattice subsystem of
the crystal (including the crystal structure)
and manifested through not only the elec-
tronic but also the lattice properties. With
increasing temperature, the contribution of
the electron-phonon interaction increases.

The goal of this work is to investigate
the phenomena that accompany the phase
transition from a trivial phase to a topologi-
cal crystalline insulator by measuring the
dependences of the lattice thermal conduc-
tivity A; on composition x in the vicinity of
the critical point x, in the temperature
range of 170-300 K.
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2. Experimental

Polycrystalline samples of Pb,_,Sn,Te al-
loys in the concentration range x = 0.59-
0.68 were synthesized by fusing the start-
ing elements in evacuated quartz ampoules
at a temperature of 1240 K with a sub-
sequent homogenizing annealing at 990 K
for 200 h. The chemical composition and
homogeneity of the samples were charac-
terized by electron-probe microanalysis
using a scanning electron microscope
(SE3M) JSM6390LV with Energy-Dispersive
X-ray (EDS) spectrometer X-max N 50. The
results of microanalysis showed that the
samples were homogeneous and their chemi-
cal composition corresponded to the in-
tended one with an error not worse than
Ax = £0.002. Thermal conductivity A was
measured in the temperature range of 170-
300 K by a dynamic calorimeter method in
the monotonic heating regime on an IT-A-
400 device using hot-pressed (at 650 K
under pressure 0.4 GPa) cylindrical speci-
mens with a diameter of 15 mm and a
length of 5.5 mm made from cast ingots
and subjected to annealing at 720 K for
250 h. A; was separated from A by subtract-
ing the electronic component A,, which, in
turn, was calculated using the Wiedemann-
Franz law. The law was applicable because
the measurements were carried out at tem-
peratures above the Debye temperature. The
electrical conductivity ¢ was measured using
the van der Pauw method. The measurement
error of A and ¢ did not exceed 5 %.

3. Results and discussion

In Fig. 1, a,b, the AMx) and A(x) iso-
therms plotted on the basis of the tempera-
ture dependences A(T) are shown. As is
seen, at all temperatures, there is a diffuse
peak in the A(x) isotherms in the vicinity of
x = 0.62. However, after subtracting the
electronic component A, from the total ther-
mal conductivity A using the Wiedemann-
Franz law, we obtain the composition de-
pendence Ar(x) with two clear peaks with
the maxima near x = 0.61 and x = 0.63 at
all studied temperatures. At T < 250 K, the
peaks partially overlap.

The presence of two peaks indicates that
the transition to the TCI state occurs in at
least two stages, each of which corresponds
to a certain phase transition. The first peak
can be attributed to the band inversion at
the Lg point of the Brillouin zone [4, 5], if
we assume that topologically protected by
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Fig. 1. The dependences of the total A (a) and lattice A; (b) thermal conductivities on composition
of the Pb,_,Sn,Te solid solutions in the vicinity of inversion point at the different temperatures:
1 —170K,2 —200K,3—220K,4— 250K, 5§ — 270 K, 6 — 300 K.

mirror symmetry metallic electronic states
appear on the semiconductor surface due to
the band inversion. In other words, one can
assume that the band inversion stimulates a
structural rearrangement, at least a local
one (long-range or short-range ordering,
formation of complexes), and leads to the
emergence of the conditions necessary for
the formation of a surface layer with TCI
properties. However, one should not exclude
an alternative mechanism of the TCI transi-
tion. It is possible that a necessary condi-
tion for the occurrence of the TCI transition
is a preliminary structural reorganization,
stimulated by a strong electron-phonon in-
teraction, which leads to the band inversion
and the formation of a topological layer
with its unique properties. The probability
of such structural rearrangement can be
higher for certain optimal compositions.
Taking into account a strong electron-
phonon interaction in the Pb,_,Sn,Te alloys,
as well as the presence of the two peaks in
the A (x) dependences, we can conclude that
both processes — rearrangements in the
electronic and lattice subsystems of the
crystal — should occur upon reaching ap-
proximately the same composition. How-
ever, for the realization of one of these
processes, some excess of tin in the crystal
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lattice is required. To reveal the nature of
possible structural rearrangement during
the TCI transition, detailed structural stud-
ies of alloys with compositions near the
critical one at various fixed temperatures
are needed.

The assumption about a possible change
in the local symmetry of atoms and electron
structure in the concentration interval near
the critical composition is consistent with
the conclusions of the authors of [12] based
on Mossbauer spectroscopy studies about
the Pb,_Sn,Te phonon spectrum softening
leading to the reduction in the symmetry of
the Sn atom environment in a gapless state.
However, the conclusions made in [12] were
not confirmed in [18] where the authors also
used the Mossbauer spectroscopy method. At
the same time, the minimum of microhard-
ness observed in [6] in the Pb,_,Sn,Tesystem
in the vicinity of the critical composition
x,, indicated a reduction in the level of
strain in the crystal lattice and led to the
suggestion about self-organization processes
occurring in the system when it approaches
the critical composition. A similar decrease
in microhardness was also observed in the
Bi;_,Sb, solid solutions during the transi-
tion to a gapless state, accompanied by the
band inversion [14]. Although both the
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crystal and band structures of the Pb,_
«won,Te and Bi;_,Sb, solid solutions are dif-
ferent, both systems are characterized by a
strong electron-phonon interaction.

Let us note that the results of theoretical
calculations reported by some authors sup-
port the idea about a possible structural re-
arrangement near the topological transition.
In a few theoretical studies of the Pb,_
N, Te band-gap evolution under changing
x, it was mentioned that when calculating
the critical composition x,, one should take
into consideration the disorder in the crys-
talline structure inherent to substitutional
alloys. The authors of [15] carried out ab
initio electronic structure calculations
within the generalized gradient approxima-
tion taking into account the local disorder
and showed that the theoretically calculated
dependence of band gap on composition is in
good agreement with experimental results.
In [16], the authors took into account the
local disorder in the Pb,_,Sn,Te solid solu-
tions and concluded that a sharp transition
between a trivial and nontrivial topology of
the alloy band structure at low tempera-
tures exists in the virtual crystal approxi-
mation only, while for more realistic models
of crystals the transitions are diffuse. How-
ever, there is no experimental confirmation
of this prediction so far. Assuming some de-
gree of disorder in substitutional alloys, the
authors [17] applied the kernel polynomial
method using a tight-binding approach that
captures long-range correlations, to determine
the critical concentration x, of Pb,_Sn,Te,
and found that their estimate is in good
agreement with the most experimental data.
It follows from the theoretical considera-
tions [15—-17] that the disorder in the lattice
subsystem of the crystal influences the elec-
tronic spectrum of the crystal, and the for-
mation of a TCI layer may require certain
structural changes in the crystal, which will
be manifested in the lattice properties. In
other words, we can assume that the band
inversion and/or the transition to the TCI
state are accompanied by structural changes
in the crystal lattice.

Let us also note that in almost all avail-
able works, the TCI transition in
Pb,_,Sn,Te was studied at low tempera-
tures, when the critical concentration x, is
in the range x = 0.25-0.35. At the same
time, the value of x, strongly depends on
temperature, because the temperature coef-
ficients of change in the band gap of PbTe
and SnTe have opposite signs and close ab-
solute values. With increasing temperature,
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the inversion point shifts to higher concen-
trations x, and near room temperature ap-
proaches x ~ 0.6 [4, 5]. As temperature in-
creases, the contribution of the phonon sub-
system to total energy of the crystal
increases and, accordingly, the contribution
of the electron-phonon interaction and the
probability of a structural rearrangement in
the lattice near the inversion point increase.
It is possible that at higher temperatures it
is easier to observe the complex nature of
the transition to a TCI state due to changes
in the lattice subsystem of the crystal.

The presence of the lattice instability,
which leads to a sharp change in A; in a
certain concentration range, should be
taken into account in the practical use of
these and other materials, as well as when
predicting and interpreting the properties
of the topological layer.

4. Conclusions

It is shown that the TCI phase transition
occurring in the Pb,_,Sn,Te solid solutions
is accompanied by anomalies in the proper-
ties related not only to electronic but also
to the lattice subsystem of the crystal.

In the isotherms (170-800 K) of the lat-
tice thermal conductivity A;(x), in the vicin-
ity of x corresponding to the transition from
a trivial semiconductor to a topological crys-
talline insulator, we observed two closely
spaced peaks near x = 0.61 and x = 0.63. We
suggest that one peak corresponds to the
band inversion at the Lg point of the Bril-
louin zone. We attribute the other peak to
the processes of structural rearrangement
(e.g., short ordering) leading to the realiza-
tion of the TCI transition.

Thus, the method used in this work for
studying the TCI phase transition not only
makes it possible to accurately determine
the critical composition corresponding to
the TCI transition at a fixed temperature in
a simple way, but also demonstrates the

complex nature of such a transition.

The results obtained in this work can be
useful for more accurate interpretation of
experimental data on TCI transitions. In
particular one should take into account the
changes in the lattice subsystem of crystal
that accompany a TCI transition.
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