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Topological semimetals have been attracting great interest for their superb potentials. While many theoretical
and experimental investigations have been performed for topological semimetals, their materials platform is
still in demand. Here, we report a highly tunable materials system for topological semimetal, indium (In)-doped
Pb,_,Sn,Te. By exploring the crystals with varying Pb/Sn ratios and In doping levels, a phase formation with low
carrier concentration, high mobility, and large anomalous Hall effect is found for a finite area of the composition
between topological crystalline insulator and normal insulator at ambient pressure. Furthermore, the in-plane
anomalous Hall effect as a hallmark of Berry-curvature generation is also observed at low temperatures, where
optical second-harmonic generation reveals the breaking of inversion symmetry. These results show that there
is a finite range of topological semimetal phase in the PbTe-SnTe binary alloy, providing a promising materials
platform to investigate the versatile nature of topological semimetals.
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The concept of topology as exemplified by the Thouless-
Kohmoto-Nightingale-den Nijs formula [1] has developed
into one of the most important notions in modern condensed
matter physics. The last decade has witnessed an explosion
of theoretical and experimental developments on topologi-
cal phases of matter [2-5], including topological semimetals
such as Dirac/Weyl semimetals (DSMs/WSMs) or nodal line
semimetals (NLSMs). First-principles band calculations have
achieved great success in predicting the stable DSMs such
as CdsAs,, NazBi [6,7] and WSMs such as TaAs [8,9]. The
speed of new topological materials discovery has recently
been greatly accelerated by the advent of topological quantum
chemistry [10] and developments of calculation codes based
on symmetry analysis [11-14]. Nevertheless, an ideal, experi-
mentally tunable material platform of topological semimetal
is still missing for the exploration of versatile magneto-/
opto-/thermo-electronic properties and functions. This mo-
tivated us to pay more attention to the general theoretical
prediction by Murakami and coworkers [15-19] (hereafter, we
refer to this as Murakami’s scheme) made more than a decade
ago shortly after the theoretical prediction of topological insu-
lator and its experimental realization in a form of a quantum
well [20,21]. In Murakami’s scheme, topological semimetals
such as WSMs or NLSMs are theoretically predicted to arise
naturally in inversion symmetry broken systems, as the inter-
mediate phase connecting the normal insulator (NI) and the
topological insulator or topological crystalline insulator (TCI)
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phases. In light of the two control axes in the universal phase
diagram of Murakami’s scheme, i.e., the strength of inversion
symmetry breaking versus the external control parameters
such as lattice constant, pressure or composition, the presently
investigated binary system, PbTe-SnTe with inherent ferro-
electric instability [22,23], provides a good arena in which a
topological semimetallic phase sandwiched by NI (PbTe) and
TCI (SnTe) [24,25] can be explored.

The PbTe-SnTe system has been investigated due to its
topological surface state and superconducting properties in-
duced by In doping [26]. A recent work [27] reports that
the PbTe-SnTe binary alloy system can be tracked to ex-
hibit the topological phase transition by applying external
pressure, with the topological semimetallic phase sandwiched
by two insulating phases, being reminiscent of Murakami’s
scheme. However, the requirement of applying pressure to
reach the topological semimetallic phase puts large practical
technical constraints to perform further studies such as spec-
troscopic and thermal-transport measurements. This urged us
to delicately design the PbTe-SnTe binary system, by finely
changing the indium doping level as well as Pb/Sn ratio, to
realize the possible topological semimetallic phase by control-
ling the chemical potential at ambient pressure. As described
below, an intermediate phase with enhanced mobility, large
Berry-curvature induced anomalous Hall effect, and [100]-
oriented electronic polarization, is identified. Moreover, a
large in-plane anomalous Hall effect is also observed in this
intermediate phase, manifesting the emergence of a topologi-
cal semimetallic phase.

The solid solution Pb;_,Sn, Te with rocksalt structure con-
sists of the two end compounds, PbTe and SnTe, which are
NI and TCI [28,29] respectively. Figure 1(b) sketches the
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FIG. 1. Electrical transport properties of In doped (PbysSngs);—,In, Te. (a) Temperature-dependent resistivity of samples with different In
doping concentrations. (b) Schematic phase diagram for the band evolution between normal insulator (NI; PbTe) and topological crystalline
insulator (TCI; SnTe). By In doping for reducing the carrier density, topological semimetallic (TSM) features are expected to show up. (c)
Hole-type carrier concentration p(2 K) plotted against In concentration. (d) Mobility w(2 K) plotted with respect to In concentration y for
nominal Pb/Sn ratio of 1 (x = 0.5). The analyzed Pb/Sn ratios are shown for each sample. Samples with actual Pb/Sn ratios within 1.00 & 0.06
are in the violet region. Only samples with Pb/Sn ratios off unity exhibits a large enhancement of i (indicated by the green area).

schematic band evolution of the PbTe-SnTe binary system
[29]. When inversion symmetry is preserved, the critical com-
position of x. characterizing the transition point of the band
inversion is predicted to be ~0.35 in form of Pb;_,Sn,Te
[30]. The goal is to incorporate inversion symmetry break-
ing by polar distortion inherent to the rocksalt-type tellurides
to produce the topological semimetal phase, according to
Murakami’s scheme.

The initial target materials are (Pb;_,Sn,)_,In,Te, with
nominal values x = 0.5 and y =0, 0.02, 0.04, 0.06, 0.08.
For x =0.5, y=0.06, a crystal rod with a length of
~60 mm was obtained (other compounds with different
compositions are ~20 mm in length). Those single crys-
tals of (Pb;_,Sn,);_,In,Te were grown by the conventional
Bridgman-Stockbarger technique by adopting a procedure re-
ported in the literature [27] (for details, see Ref. [31]). On the
basis of the promising results obtained, we furthermore made
three single crystal rods (~60 mm in length) with nominal

vales of (x,y) = (0.25,0.01), (0.43, 0.06), and (0.43, 0.04).
After cleavage, the rod was examined by powder x-ray diffrac-
tion (Cu K, at room temperature) and Laue reflection for
checking its single-crystallinity and crystal orientation. Rods
of mixed crystals, typically 60 mm in length, are expected
to show a composition spread or gradient along the growth
direction due to the well-known monotectoid tendency for
the Bridgman-method growth of mixed crystals. For a more
detailed characterization, the rod was cut into segments of
3 mm in length to check the stoichiometry by energy-
dispersive x-ray spectroscopy (EDX). The peaks of indium
(In) could be identified and separated from the adjacent tin
(Sn) peaks in the EDX spectra. One piece of sample was
also checked by inductively coupled plasma atomic-emission
spectroscopy, which gave an indium value almost identical to
the one measured by EDX. Electrical transport measurements
were performed in a Quantum Design physical property mea-
surement system (PPMS-9 T). A standard four-probe method
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by using silver paste for contacts (with typical contact size
of ~0.1 mm) was adopted. All the samples were cut into
thin plates and polished down to 0.03 mm in thickness, for
transport measurements. Optical second harmonic generation
(SHG) was measured with a pulsed laser source (120 fs,
1.55 eV) at normal incidence on the ab plane to examine the
inversion symmetry breaking. The polarization of the laser
was controlled by a half-wave plate, while that of the reflec-
tion SH signal was analyzed by a Glan-laser prism.

As shown in Fig. 1(a), the temperature dependence of
resistivity for six selected samples with an EDX-characterized
Pb/Sn ratio around unity (x ~ 0.5) shows a systematic change
from metalliclike (107 © cm at 2 K) to insulatinglike fea-
tures (10°  cm at 2 K) by increasing the In doping level.
Indium is a so-called valence-skipping element [32-34],
and this feature is often exploited when doping into these
chalcogenide systems. In the current case, In doping (y) into
Pb;_,Sn, Te reduces the bulk (hole-type) carrier number effec-
tively. Therefore, doped In in this range of y nominally takes
its 3+ state. The carrier concentrations estimated from Hall
measurements for these six samples (Pb/Sn ~ 1) are plotted
against the In concentration y in Fig. 1(c). The sample without
indium doping exhibits a hole-type carrier concentration as
high as 1.35 x 10%° cm~3. By contrast, the most insulating
sample shows a value as low as 4.78 x 10'> cm™3; i.e., almost
five orders of magnitude reduction of the carrier concentration
can be achieved by In doping, revealing a good tunability of
this system.

In the process of characterization, we found, while an-
ticipated beforehand, that the chemical compositions of the
elements of the as-grown crystals, especially the Pb/Sn ratio,
are not uniform along the growth direction and differs from
the nominal values, and that the transport and optical prop-
erties are found to be very sensitive to the variation of the
compositions. As shown in Fig. 1(d), the samples with Pb/Sn
ratio off unity (the green area) exhibit a large enhancement in
electrical mobility up to ~2900 cm? V~! s~!, and are in sharp
contrast with those with a Pb/Sn ratio around unity (shown in
purple) with mobilities below 500 cm? V~! s~!. Furthermore,
as it will turn out to be clear (see the description below), while
In does reduce the carrier density effectively, the appearance
of electric polarity critically depends not only on the carrier
density, but also on the Pb/Sn ratio.

For a more exact profile of the green area in Fig. 1(d),
long (~60 mm) crystal rods, with nominal values of (x, y) =
(0.5, 0.06), (0.25, 0.01), (0.43, 0.06), and (0.43, 0.04), were
investigated to amplify the composition-spread effect along
the growth direction. As shown in Figs. 2(a) and 2(b), a
typical sample with nominal values of x = 0.5 and y = 0.06
was cut into 11 pieces and each piece was characterized by
EDX. The overall In concentration is around 0.04 and changes
only moderately along the growth direction. However, the
Pb/Sn ratio varies with a trend of shifting to the Pb-rich side.
As reported in Refs. [35-37], it is known that the insulat-
ing samples by In doping favor a nonequilibrium conducting
state, in a finite range of Pb/Sn ratio (x ~ [0.22, 0.28]), un-
der light irradiation at room temperature. All the insulating
samples we investigated in this paper are out of this range.
We have checked one insulating sample with x ~ 0.3 and
found no discernible effect on resistivity versus temperature

curve even when light was irradiated at room temperature.
The corresponding carrier concentration and mobility (2 K)
of each piece of sample is shown in Figs. 2(c) and 2(d).
Surprisingly, a higher-mobility (>10* cm® V~! s~!) region
is located within a small area spanned by In concentration
and Pb/Sn ratio. To fully map out the hot-spot of the phase
diagram on a plane spanned over In and Pb concentrations,
the same analysis was applied to three additional crystal
rods with (x, y) = (0.25, 0.01), (0.43, 0.06), and (0.43, 0.04)
(see Ref. [31]). All the results are summarized in contour
maps as shown in Figs. 2(e) and 2(f). Apparently, the system
can be tuned to very high mobility and low carrier concen-
tration within a small area in spite of this heavily mixed
character of the solid solution (Pb,Sn,In)Te. Since interesting
physical properties characteristic of topological semimetal
phase are often achieved with low carrier concentration and
enhanced mobility [27], the shaded pink regime, i.e., the
composition range 0.38 < x < 0.42 and 0.029 < y < 0.041
in (Pb;_,Sn,);_,In,Te, defines an initial target area where to
look for possible topological semimetal phase.

Detailed investigation of charge transport and optical
properties were performed on these crystals. We exem-
plify three typical samples, S33 [(x, y) = (0.48, 0.047)], S35
(0.42,0.039), S40 (0.41,0.048) in some detail below (see
Ref. [31] for the details of the other samples). Figure 3
summarizes the temperature dependence of resistivity p, hole
carrier density p and mobility p of S33, S35, and S40. As
shown in Figs. 3(a)-3(c), samples S33 and S35 exhibit a
reentrant insulator-semimetal-insulatorlike transition. Sample
S40 shows a narrow-gap intrinsic semiconductorlike feature
and is insulating with resistivity values of the order of 10
2 cm at low temperatures. This also concurs with the re-
duction of the carrier concentration by almost four orders of
magnitude upon cooling. Only sample S35 exhibits a large
mobility enhancement below 100 K, reaching approximately
3000 cm? V~!' s7! at 2 K, even though the carrier concentra-
tion is reduced by two orders of magnitude as compared to
room temperature.

The above features signal that something unconventional
may be happening in sample S35 and suggests to consider
the possibility for emergence of topological semimetal phase
sandwiched by NI and TCI phases according to Murakami’s
scheme. Since inversion symmetry breaking serves as an
important tuning parameter in Murakami’s scheme, the ex-
istence of the polar distortion is explored first. The end
compound, SnTe, is known to be ferroelectric [38]. However,
the existence of a ferroelectric distortion in the PbTe-SnTe
alloy system remains elusive from the available literature so
far. A recent study employing the modified Sawyer-Tower
method reports a large spontaneous dielectric response at
low temperatures [27]. However, measurements based on the
modified Sawyer-Tower method requires a highly insulating
sample (e.g., with the resistivity exceeding 10* Q cm [27])
from a practical technical point of view, which is not suit-
able for the samples in our study. Here, we performed the
SHG measurement on the selected samples to examine the
inversion symmetry breaking. Among three samples (S33,
S35, and S40), only S35 exhibits the detectable SH sig-
nal, while the other two samples give only polarization- and
temperature-independent background signal. As shown in the
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FIG. 2. Charge-transport characterization of single crystals (Pb,_,Sn,),;_,In,Te prepared with various compositions of Pb/Sn and In.
(a)—(d) Position-dependent composition characterization of a long single crystalline rod with the nominal values of x = 0.5; y = 0.06.
Concentrations of (a) In y, (b) Sn x(1 —y), and Pb (1 — x)(1 — y) determined by EDX (see text), (c) hole-type carrier concentration p(2 K)
and (d) mobilities (2 K) characterized piece by piece along the growth direction of the single crystalline rod shown on top of panel (a).
The sample position is defined as the distance d measured from the top position of the as-grown crystal rod. The reddish area indicates the
intermediate range of the crystal pieces exhibiting enhanced mobility values. (e) Hole-type carrier concentration p(2 K) of all the samples
from different crystal rods (including some rods with a Pb/Sn ratio larger than 1) The contour map is spanned by concentrations of In y and
Pb (1 — x)(1 — y). (f) The corresponding mobilities (2 K) of all these samples are summarized in the contour map.

SHG polarimetry [inset of Fig. 4(e)], the polar axis is found
to be along [100], which is different from the previously
assumed [111] direction [27]. The observed inversion sym-
metry breaking via temperature-dependent polar distortion, is
reminiscent of Murakami’s scheme to produce the topological
semimetal state.

To further characterize the electronic states, detailed
charge transport measurements were performed. As shown in
Fig. 4(a)—4(c), S33 and S40 exhibit a normal H-linear out-
of-plane (H||c) Hall resistivity at low temperatures. However,
the intermediate phase (S35) features a large anomalous Hall
effect for the out-of-plane magnetic field, which displays the
obvious steplike shape at fields exceeding ~3 T, signaling
the effect of Berry curvature generated in the topological
semimetal phase. This anomalous Hall effect (AHE) appear-
ing in such a nonmagnetic material is a field-induced AHE,
and is different from that in ferromagnets. At zero magnetic
field, the sources of the Berry curvature distribute in such a
way that cancels out the total Hall signals, as required by time
reversal symmetry (TRS) in case of a nonmagnetic material.

Once the magnetic field is turned on and TRS is broken, the
sources of Berry curvature redistribute due to the Zeeman ef-
fect, allowing the AHE to appear at finite fields. We extracted
the Hall carrier concentration from the initial slope of the
Hall curve where the effect of Berry curvature contributed
term is small. This observation is further corroborated by
the in-plane Hall measurements. As shown in the inset of
Fig. 4(a), the current and magnetic field are applied along the a
and b directions, respectively, which means that the magnetic
field and current lie in the same ab plane where electrical
Hall contacts are placed (see Ref. [31] for technical details
of the in-plane Hall measurements). When the magnetic field
is applied in-plane, the conventional Lorentz force dies out,
so that the conventional trivial Drude Hall signals vanish in
the in-plane geometry. In other words, the sole contribution
to the Hall signals in the in-plane geometry purely comes
from the Berry curvature [39]. In the experiments, we detected
in-plane anomalous Hall signals with Hall angle as large
as ~ 0.04, manifesting the existence of the Berry curvature.
The observed in-plane anomalous Hall conductivity can be
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FIG. 3. Temperature dependence of charge transport properties on the three representative samples with slightly different compositions.
(a)—(c) Temperature dependence of resistivity p for the three typical samples, S33, S35, and S40 [see Figs. 2(a) and 2(b)] for their accurate
compositions. S33 and S35 exhibit semimetallic features at low temperatures. The inset of panel (c) shows a logarithmic-scale resistivity
versus temperature, signifying the insulating behavior in sample S40. (d)—(f) Temperature dependence of carrier concentration p (blue lines)
and mobility w (red lines). S35 exhibits a large enhancement of mobility below 100 K.

expressed as the integral of Berry curvature in the Brillouin
zone [27], i.e.,

AHE __ f dk

V= T | G ®st =ep@p

5 ey
where f,? is the Fermi-Dirac distribution, (€2;) is the averaged
Berry curvature over the occupied states in the Brillouin zone,
and p is the total carrier density. Only the intermediate phase
of S35 shows a pronounced in-plane (H ||b) anomalous Hall
effect generated by Berry curvature, while the in-plane Hall
signals of S33 and S40 are vanishingly small. This is because
in S33 and S40, the inversion symmetry is preserved and
hence there is no source to generate the Berry curvature, in
stark contrast to sample S35, which is identified as a topolog-
ical semimetal.

Finally, the in-plane Hall signals are measured as a function
of temperature to quantify the evolution of the Berry curva-
ture. The Berry curvature (R2.) oc o P/ p is negligible at
temperatures higher than 100 K, but greatly enhanced below,
as shown in Fig. 4(e), in accord with the temperature evolu-
tion of mobility of this crystal [Fig. 3(e)]. This observation
indicates the emergence of a topological semimetal phase at
low temperatures in S35, and more in general in the shaded
pink, i.e., high-mobility, composition regime in Fig. 2.

In conclusion, we have established a highly tunable PbTe-
SnTe (In-doped) binary system, where carrier density and bulk
polar properties are sensitively dependent on the In doping
level as well as the Pb/ Sn ratio. Over a finite composition
range at ambient pressure, this system manifests itself as a
topological semimetal phase with a magnetic-field-induced
Berry curvature inducing a large anomalous Hall effect, ac-
companied by inversion symmetry breaking as revealed by
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FIG. 4. In-plane anomalous Hall effect as a signature of Berry curvature of the topological semimetal candidate crystal. (a)-(c) Out-of-
plane (H||c) and in-plane (H ||b) Hall effects of sample S33, S35, and S40, respectively. The inset in panel (a) shows the applied current and
magnetic field configuration. Only sample S35 exhibits simultaneously an obvious out-of-plane and in-plane anomalous Hall signal at 2 K. (d)
Temperature dependence of the in-plane (H ||b) anomalous Hall effect for sample S35. (e) Temperature dependence of the ratio of the in-plane
Hall conductivity to carrier concentration, axi;}“""‘"e@ T)/p, for sample S35. This quantity is predicted to be proportional to the Berry curvature
(2;), see Eq. (1), showing a large enhancement below 100 K. The inset shows temperature dependent polar plots of the second harmonic
generation (SHG) signal with normal incident fundamental laser light (1.5 eV with pulse duration of 120 fs) on the ab plane of S35, indicating
the polarity generation along the (100) axes. The thick pink line is a guide to the eyes.

SHG measurements. The emergence of such a highly tunable
system provides an ideal material platform for further investi-
gating the versatile nature of topological semimetal phases in
forthcoming studies from a wide perspective.
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