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The quest for nonmagnetic Weyl semimetals with high tunability
of phase has remained a demanding challenge. As the symmetry-
breaking control parameter, the ferroelectric order can be steered
to turn on/off the Weyl semimetals phase, adjust the band struc-
tures around the Fermi level, and enlarge/shrink the momentum
separation of Weyl nodes which generate the Berry curvature as
the emergent magnetic field. Here, we report the realization of a
ferroelectric nonmagnetic Weyl semimetal based on indium-doped
Pb,_,Sn,Te alloy in which the underlying inversion symmetry as
well as mirror symmetry are broken with the strength of ferroelec-
tricity adjustable via tuning the indium doping level and Sn/Pb
ratio. The transverse thermoelectric effect (i.e., Nernst effect), both
for out-of-plane and in-plane magnetic field geometry, is exploited
as a Berry curvature—sensitive experimental probe to manifest the
generation of Berry curvature via the redistribution of Weyl nodes
under magnetic fields. The results demonstrate a clean, nonmag-
netic Weyl semimetal coupled with highly tunable ferroelectric
order, providing an ideal platform for manipulating the Weyl fer-
mions in nonmagnetic systems.
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Weyl nodes, which serve as the sources of Berry curvature,
can appear in a solid system when it lacks time reversal
symmetry (TRS) or space inversion symmetry (1, 2). For the
TRS broken case, a Weyl semimetal (WSM) phase can be real-
ized by a tunable parameter like magnetic order and end up
with a magnetic WSM (3-6). It is then possible to engineer the
magnetic order or domain structures to tune electronic and
optical properties inherent in magnetic WSMs. Another route
to WSM is to break the space inversion symmetry. In line with
this strategy, the TaAs family was first theoretically predicted as
the candidate material and has later been experimentally con-
firmed to be a nonmagnetic WSM (7-11). However, the TaAs
family as well as other predicted nonmagnetic WSMs can
hardly be tuned by experimentally accessible parameters to
control the Weyl nodes or get rid of the trivial bands around
the Fermi level for realization of a clean band structure com-
prising Weyl nodes only around the Fermi level. These
problems can, however, be overcome by exploiting the ferro-
electricity as the inversion symmetry-breaking control parame-
ter in light of the topological phase diagram (Fig. 14) as
proposed by Murakami and coworkers (12-15). The coexis-
tence of ferroelectricity and metallicity in a single material is
usually unfavored due to the strong screening effect on the
local electric dipoles. However, the concept of ferroelectric
metal originally proposed by Anderson and Blount (16) has
recently been substantiated by the discovery of many
ferroelectric-like conductors as exemplified by the ferroelectric
metal LiOsO;5 (17) and electron-doped ferroelectric perovskite
titanates (18, 19). The semimetal state, regardless of being
topological or nontopological, can even be a more suitable
arena to endow with ferroelectricity since the carrier density
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therein can be well tuned or minimized so as to be compatible
with the ferroelectric order.

Fig. 14 shows the schematic phase diagram based on
Murakami’s scheme specifically drawn for the case of the pre-
sent target system Pb; ,Sn,Te in which the horizontal x- and
vertical y-axes correspond to the gap-tuning parameters such as
Sn/Pb composition and the strength of inversion symmetry
breaking like the ferroelectric order parameter, respectively.
The phase diagram predicts that a WSM is unavoidably sand-
wiched between a normal insulator (NI) and a topological crys-
talline insulator (TCI) (20) when the inversion symmetry is
broken by the ferroelectricity. The binary alloy Pb; ,Sn,Te (21)
serves as a key model system for realizing such topological
phase transitions (22). By composition variation between the
two rock salt-type compounds (space group no. 225; Fm3m
when no ferroelectricity is induced) PbTe (NI) and SnTe (TCI)
(23), the mixed-crystal Pb; ,Sn,Te shows a phase transition
from NI to TCI at the critical composition x. ~ 0.35 accompa-
nied by a band inversion (24). As for the symmetry-breaking
lattice deformation, SnTe is known to be a ferroelectric (25)
with a polar axis along <111> axes, while the ferroelectric tran-
sition tends to be suppressed by the increase in hole-type car-
riers. On the other hand, PbTe is an incipient ferroelectric,
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A ferroelectric WSM arising from the PbTe-SnTe alloy as revealed by first-principles calculations. (A) Topological phase diagram based on Muraka-

mi’s scheme, in which topologically distinct phases in the Pb,_,Sn,Te alloy are controlled by two parameters, namely polarity and Sn/Pb ratio. (/nsets)
Crystal structures of Pb;_,Sn,Te with and without [001] polar distortion, respectively. (B and C) First BZ without and with [001] polar distortion, respec-
tively. Yellow shadowed areas are the projected (001) surface BZs. (D and E) A top view of one of the hexagonal faces, shaded by violet in B and C. Blue
dashed line shows the mirror plane M,,, and the emergent Weyl nodes are located symmetrically alongside M,, with opposite chirality. (F and G) Weyl
nodes on the projected (001) surface BZ (denoted as red squares) without and with [001] polar distortion, respectively. (H-J) Bulk (Left) and surface
(Right) band structures for the two end compounds (PbTe and SnTe) as well as the incipient WSM phase (Pbg ;Sno 3Te) with the hypothetical polarization
along [001]. Note here that the polar axis is set along [001] as one of the possible equivalent <100> axes. Hereafter, the dominant polar axis in the sam-

ple (536) investigated in this study is defined as the b-axis.

which shows a softened optical transverse phonon mode around
4 meV (26, 27). From these ferroelectric or incipient ferroelec-
tric behaviors in both ends of the compounds, it is likely that
the mixed-crystal Pb, ,Sn,Te is also subject to ferroelectric
instability (see the argument on the soft mode observed in the
mixed crystal in SI Appendix, Far infrared spectroscopy on
possible soft phonon mode and related analysis). The bulk carrier
concentration in Pb; _,Sn,Te, created possibly by atom deficien-
cies, can be well tuned by indium doping in the relatively
Pb-rich region (28) and eventually releases or revives the ferro-
electric order in a specified composition range. Contrary to the
case of the end SnTe, the polarity in the bulk crystal of
Pb; . Sn, Te (x ~ 0.4) is revealed to occur along the <001>, not
<111>, directions by the present study via the second-harmonic
generation (SHG) anisotropy (vide infra).

Results and Discussion

First-Principles Band Calculation. The first-principles band calcula-
tions indeed predict the WSM phase, consistent with Murakami’s
scheme for Pb; ,Sn,Te. The first Brillouin zones (BZs) without
and with polar distortions are indicated in Fig. 1 B and C, respec-
tively. The W and K points on the hexagonal faces of the BZ
(shown in Fig. 1 D and E) become inequivalent, divided into
Wi/W; and K;/K,, because of the loss of the C; rotation and M,,
mirror symmetries when the [001] polar distortion appears. As
shown in Fig. 1/, the band calculation shows that there appears an
incipient phase (a critical phase between NI and WSM) when x =
0.3. Upon further tuning the Sn/Pb ratio or the polarity, each
incipient touching point splits into one pair of Weyl nodes with
opposite chirality (Fig. 1E), which are symmetric with respect to
the vertical mirror plane (M,y). According to Murakami’s scheme
(15), either WSM or nodal-line semimetal appears as the interme-
diate regime after the gap closing in inversion symmetry-broken
crystals, depending on the details of the irreducible representatives
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of the two bands involved in the topology. In particular, upon any
phase transition between trivial insulator and topological insulator
(including TCI), the intermediate phase should always have to be
a WSM (13). In the presence of inversion symmetry, at the critical
Sn/Pb ratio, a band touching occurs at the center of the hexagonal
facet of the BZ, that is, the L point with k;, = 7. (1, 1, 1) (a being
the lattice parameter), separating the NI from the TCI phase.
Upon the development of the [001] polar distortion, all the bulk
electronic states experience a potential gradient A} along this
direction. This potential accordingly induces a spin—orbit field By,
« (AV x k), which at and near the L point is along the [—-110]
direction. Consequently, the initially spin-degenerate Fermi pock-
ets become spin polarized so that both the top valence band and
bottom conduction band gain the same spin character oriented
along the [—110] direction. Since this field and resulting spin
polarization are perpendicular to the (110) mirror plane, no nodal
line encompassing the L point can be formed. Instead, the initial
band touching point splits into two Weyl nodes, appearing along
the W; — L — W direction, parallel to [—110] direction (Fig. 1E).
When the bulk BZ without/with polar distortion projects onto the
(001) surface, as indicated by red squares shown in Fig. 1 Fand G,
the distribution of Weyl nodes on the surface BZ show C, rotation
symmetry and are symmetric with mirror M,,. Typical band disper-
sions (Fig. 1 H-J) of Pb,_,Sn,Te with the assumed [001] polar dis-
tortion show smooth band evolution from the NI phase to the TCI
phase while entering the WSM phase in between. The projected
surface states show the surface electronic structure for Pble and
Sn'Te are placed at the right part of Fig. 1 H-/, respectively, which
confirms the distinct topologies: the helical surface state with Dirac
cone characterized by mirror Chern numbers in the case of Sn'le.

In-Plane Nernst and Hall Effects. To confirm the scenario men-

tioned above (section of First-Principles Band Calculation) and
to detect the effect of Berry curvature in the WSM phase, we
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perform electrical and thermoelectric measurements for the
series of indium-doped Pb;_,Sn,Te samples [see Fig. 24 for a
schematic diagram of the investigated samples (21)]; the
detailed compositions are (Pbg4gSng4elnggsTe) for S33,
(Pbo.g()SnOAOIno.mTe) for S35, (Pb0,5gsn0.401n0.04Te) for 536, and
(Pbg545n0 30Ing gsTe) for S40. Sample S36, located in the orange
region with high mobility > 10° cm?/Vs shown in Fig. 24, is
selected as the representative WSM in the present study; sam-
ple S36 is shown to have the electric polarization along the
[010] (b) axis as indicated via SHG measurements shown in
Fig. 2B (experimental setup) and Fig. 2C (polar figure of SHG
intensity). As shown in Fig. 2D, we place the current flow and
thermal gradient along the a-axis, transverse Hall voltage con-
tacts are prepared across the b-axis, and the magnetic field is
applied along the c-axis or b-axis, whose geometry is referred to
as the out-of-plane or in-plane Hall/Nernst configuration,
respectively. As schematically shown in Fig. 2E, at zero mag-
netic field, Weyl nodes distribute in such a way that the total
net Berry curvature is canceled out as required by TRS. How-
ever, under applied magnetic fields, Weyl nodes redistribute in
the momentum space because of the Zeeman effect, allowing
the effect of Berry curvature to be observed as field-induced
anomalous Hall/Nernst signals as described below. The first
clue to Berry curvature generation is given by the observation

angle as large as 0.04 in the in-plane field (H||b) geometry as
shown in Fig. 2F. In general, the total Hall conductivity can be
expressed as oy, = c;‘y + cg; cs;fy is the anomalous component
coming from the Berry curvature, and oY is the conventional
term from the Drude term. In the in-plane field configuration,
importantly, no Lorentz force appears so that the conventional
Drude term "g vanishes completely, allowing one to genuinely
detect c;‘y, which originates from the Berry curvature. Here, if
there were a mirror plane perpendicular to the b-axis, symme-
try consideration requires that no in-plane Hall/Nernst signal
should be observed, in other words, 6., = 0 always holds (29).
However, as SHG measurements suggest that the polar domain
is dominantly along the b-axis for S36 as shown in Fig. 2C, the
mirror plane perpendicular to the b-axis is broken by the polar-
ity. Therefore, the finite in-plane Hall signals, that is, c;‘y, are
allowed to emerge for S36. For the conventional out-of-plane
geometry, on the other hand, the Drude term cg also shows
up, and the Hall conductivity to be detected is o, = ny +G§;,
with o = pep’B/(1+p°B?), in which p is the carrier concentra-
tion, e the elemental charge, and p the carrier mobility. The
fitted result shows the cj;‘y component indicated by the pink
shadowed area in Fig. 2F, whose magnitude is comparable with
that of o detected in the in-plane geometry as expected.
While cfy can in principle be extracted via such an elabo-

of a sizable field-induced anomalous Hall effect G;fy with a Hall  rate subtraction procedure in the out-of-plane field
A ooe ‘ :
(Pby,Sny)yIn,Te S40 o °
S36 9 S5S
S35
> o003}
c
- U~ 102 cm2/Vs
u>10% cm?/Vs
O'O%.O 012 04 016 018 1.0
PbTe sn () snTe.
Sample
B P D H//c F
w 13271
Color filters Lens P =
S
Monochromator | Analyzer L.
Y. Join/a H//b To
G
Harmonic =3 ~
separator o 05 H// e

o
~

o
N

SH intensity (arb. units)
o =]
N o

I
~

woH (T)

Fig. 2. Field-directional anisotropy of s,,, a,,/T in the WSM phase. (A) The schematic carrier mobility contour map from the previous study (21) and the
locations of the targeted samples in this paper. (B) An illustration of SHG measurement setup. The fundamental light is incident on the (001) plane. (C)
Light polarization and temperature-dependent SHG signals plotted as a polar figure for sample S36. For example, (b, b) stands for the fundamental and
second-harmonic light polarizations in order. In this definition of the axes, the polarity (P) mainly directs along the b-axis. (D) Configuration of the electri-
cal/thermoelectric measurements. The in-plane configuration is denoted as H||b, and the out-of-plane configuration is denoted as H||c. (E) A schematic
hexagonal face in (001) view in which the Weyl nodes are redistributed when the magnetic field along the b-axis (polar axis) is applied. (F) The out-of-
plane (H||c)/in-plane (H||b) Hall conductivity versus magnetic field at 2 K. The black arrow indicates the resonant peak, representing the high mobility
around ~1.32 T7' (1.32 x 104cm2/Vs). The single-band (Drude) model fits well to the 2-K out-of-plane data in low fields, while it exhibits deviation in
higher fields as indicated by the area shaded in pink. The excess conductivity denotes the anomalous term arising from the emergent Berry curvature
under the magnetic field. (G) a,, /T measured in out-of-plane (H||c) and in-plane (H||b) geometry for sample $36 at 10 K. The observed signals for the two
configurations show comparable values, both of which come from the Berry curvature.
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geometry, the large background of c)?y’ hinders the accurate
experimental detection of the anomalous term originating
from the Berry curvature. In order to directly detect the
effect of the Berry curvature for the out-of-plane geometry,
we consider the Nernst effect as the more sensitive thermo-
electric probe; Nernst effect measures the ratio (Nernst coef-
ficient S,,) of the transverse (//y) voltage drop V}, under longi-
tudinal thermal current or temperature gradient (//x) V,T
under external magnetic fields as shown in Fig. 2B. With the
use of the Seebeck coefficient S, as well as S,,, the trans-
verse thermoelectric tensor ay, related to the Nernst effect
can be written as oy = [0Sy +0nSu] = %—I—%axx in
which o = [0Sy + 6eSw] and p; is the electric conductivity
Py
R
Again decomposing oy, into the anomalous and normal com-
ponent, o, = o +ay ~ o, in which the contribution from

the Drude term oc is known to be greatly suppressed given

tensor satisfying the relation, for example, o,, =

a
the Mott relation axy( 2‘2 =

(30-33). Hence, by focusing on a,,, the effect of the Berry curva-
ture can be commonly extracted both for the out-of-plane and
in-plane configurations. Indeed, as shown in Fig. 2G, the magni-
tude of oy, is comparable for both the out-of-plane and in-plane
geometries, unlike the case for Oy

N
) with a small 0—: term

Berry Curvature Derived from In-Plane Nernst and Hall Effects. To
gain further insight on the Berry curvature, we analyze the
details of the in-plane field effects. As already mentioned, the
in-plane field geometry can extract the genuine contribution of
the Berry curvature from both o, and a, results. Fig. 3.4 and
B show the field dependence of the in-plane Hall conductivity

(c‘xy“_pla“e) and the in-plane transverse thermoelectric conductiv-

m plane

vanishes at temperatures above 100 K. For ¢ , the expres-

sion reads (22)

e’ . dk
= Gy

in which f,? is the Fermi-Dirac distribution, Q, the averaged
Berry curvature over the BZ, and p the whole carrier density.
As shown in Eq. 1, the averaged Berry curvature is €, ~
i P/ which is plotted in blue in Fig. 3D; for the plot of
temperature dependence, the thermal broadening of f{ i

ignored here. For oc;“y holds the Mott relation

o, . .
afy(T, u) = n3|];\ ao* , in which kg is the Boltzmann constant, e

the elemental charge, and p the mobility. Then we obtain

oy (T, —f

Gin—plane _

Q,(l)f =eQ, p, (1]

ay (T w) Ww(E ~Ef),

[2]

in which w(e) —LlefY + kgTIn(1 + exp(—e/kgT))] is the
weighting factor, which picks up both occupied and unoccupied

states but only around Fermi level. Via analyses similar to Eq. 1
(30-32), we find

1
T Q)P [3]
in which m* is the effective mass. From Eq. 3, the averaged
Berry curvature (Q,) o %/pl/ 3, which is also plotted in red in

Fig. 3D. As shown in Fig. 3D, the (Q),) values extracted from

the in-plane signals, oiy "™ and aly P, show nearly identical
temperature dependence. The signals start to increase below

around 100 K when the magnitude of inversion symmetry

in—plane .
i 1 mperatur h K for . . . .
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selected temperatures. (/nset) Experimental configuration for the Hall measurement. (B) In-plane a,,/T versus magnetic field at selected temperatures. Sig-
nals almost vanish at temperatures above 100 K. (/nset) Experimental configuration for the a,,/T measurement. (C) Temperature dependence of optical
second-harmonic signal in the SHG experiment, showing that the electric polarity grows as the temperature decreases. (D) Two rescaled quantities,

i€ /p and alf P /Tp'? proportional to the averaged Berry curvature (

Q,), show large enhancement at temperatures below ~100 K in which the
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Incidentally, at room temperature, S36 is supposed to be a TCI
(34) (SI Appendix, Fig. S8) with ferroelectric order still in its
infancy. From Egs. 1 and 3, the ratio o /Ty, in the in-plane
configuration is equal to (m*k3/eh?)«p~2/3. As shown in Fig.
3E, the experimental values of the ratio (xfy / Tc;gv calculated
from the two in-plane field quantities are comparable to the
theoretical ratio if we assume the effective mass as m* = 0.1
m,. This assumed small value of m* appears reasonable for the
WSM feature. (See SI Appendix, Far infrared spectroscopy on
possible soft phonon mode and related analysis for a rough esti-
mation of m* from the optical conductivity spectrum.) The con-
sistency between experiment and theory shows the correctness
of the picture based on the Berry curvature.

Turn On/Off Effects Based on the Ferroelectric Order. To reveal the
response of Weyl nodes with respect to the polar distortion and
applied magnetic fields, we performed full-field rotation Nernst
measurements on more samples (S33, S35, S36, and S40). Samples
$33 and S40 are typical samples located in the Sn-rich side, with lit-
tle SHG signal and low mobility as indicated by the blue shadow
region in Fig. 24. By contrast, samples S35 and S36 are located
close to the Pb-rich side and show large SHG signals with moder-
ately high mobility (for details of material characterizations, see
ref. 21). Here, we focus on the comparison of S36 (WSM) and S33
(non-WSM); samples S35 (WSM) and S40 (non-WSM), respec-
tively, show similar Nernst features correlated with the SHG activ-
ity to S36 and S33 (for details, refer to ST Appendix, Fig. S3). Fig. 4
A-C, Insets show schematic illustrations of measurement configu-
rations and definition of angles. As shown in Eq. 3, in the strict
sense, the effect of the Berry curvature should be evaluated by
oy, /T rather than the Nernst coefficient S,,. However, because of a
practical technical difficulty in obtaining o, via measurements dur-
ing the continuous sample rotation (see SI Appendix, Experimental
details on thermoelectric transport for details), the Nernst signals
divided by resistivity at zero magnetic field (py, i.e., p, at H = 0)
and temperature (7), that is, Sy/poT ~ay /T (see SI Appendix,
Experimental details on thermoelectric transport for details), are
used as the alternative to evaluate the effect of the Berry curvature.

~°
x
£
. <o.
= et £®
<0.02 2o <. =
\;‘ ) B \i' ’ =
wn = _85° n . =.90°
VM3 0 5 6 9o "My 35 0 3 6 o
ot (T) oM (T)
Fig. 4.

The comparison of S33 to S36 explicitly shows that the origin of
the Weyl nodes is the polar distortion and not the applied magnetic
fields. In other words, the Weyl nodes already exist at zero mag-
netic field. This is evidenced by the fact that only the ferroelectric
samples such as S36 and S35 show the sizable effect of the Berry
curvature. Furthermore, without polar distortion, from the view-
point of mirror symmetry, no in-plane signals can appear when H//
b. In reality, sizable in-plane signals even when H//b are observed
for sample S36, clearly evidencing that Weyl nodes already exist at
zero magnetic field because of the polar distortion. Having
revealed that the ferroelectric order is the origin of the Weyl nodes,
we then briefly discuss the details of the angular dependence of the
Berry curvature generation under applied magnetic fields as shown
in Fig. 4 E-G. Here, the key ingredient is the two mirror planes
perpendicular to the g-axis and b-axis. In order to generate finite
(xg(or the Berry curvature), both mirror planes must be broken.
As already mentioned, polarization is predominantly along the b-
axis according to the SHG measurement shown in Fig. 4H for this
sample, breaking one of the relevant mirror planes. The other mir-
ror plane perpendicular to the a-axis is also broken whenever H is
directed away from the a-axis, generating a finite amount of Berry
curvature as exactly shown in Fig. 4 E-G. Here, we note that the
finite small Berry curvature even when H//a is due to the fact that
in reality, S36 also contains a small fraction of polar domains with
polarization along the a-axis.

Conclusions

In conclusion, we find a nonmagnetic WSM in the indium-doped
Pb; ,Sn,/Te system coupled with the intrinsic ferroelectric order,
which is tunable by adjusting the indium doping concentration
and Sn/Pb ratio. The ferroelectric WSM phase shows a clean
band structure around Fermi level, providing an ideal platform
for investigating properties of Weyl fermions. A newly established
transport probe, namely the field angle-dependent Nernst effect,
precludes the contribution from the conventional Drude term
both for the out-of-plane and in-plane geometries and can be
used to selectively detect the effect of the Berry curvature which
is generated by the redistribution of Weyl nodes under applied
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magnetic fields. This provides a step toward merging the concepts
of ferroelectricity and band topology. The highly tunable ferro-
electric order will bring a plethora of Weyl fermion physics, such
as turning on/off the Weyl phase, varying the separation length of
Weyl nodes in momentum space, and adjusting the topological
band structures around Fermi level.

Materials and Methods

Crystal Growth and Characterizations. Single crystals of (Pbi_ Sn);_, In, Te
with various x and y values were grown by the conventional vertical
Bridgman-Stockbarger technique. We used high-purity elements (Pb, Sn, In, Te;
5N) with a prescribed stoichiometric ratio and sealed them into carbon-
precoated fused silica ampoules. The ingredients were premelted and rocked in
a box furnace and then transferred to the Bridgman furnace. The temperatures
for the upper and lower furnaces were 980 °C and 650 °C, respectively. The
ampoules were slowly pulled down at a speed of 1 mm/h to obtain the crystal
rod with some gradient of the composition along the growth direction (21). The
crystal rods were cut into thin (~1 mm) plates. Powder X-ray diffraction (Rigaku),
Laue (Rigaku) measurements, and energy dispersive X-ray were subsequently
performed for each plate to confirm the crystal structure, crystallographic direc-
tions, and actual element composition as described in detail elsewhere (21).

Transport Measurements. Electrical transport measurements were carried out
in a Quantum Design Physical Property Measurement System (PPMS) equipped
with a sample rotator. A standard four-probe method was employed by using
silver paste and ultrasound indium welding for making electrical contacts. All
the samples were cut into thin rectangle shapes and then polished for trans-
port measurements.

Thermoelectric measurements of out-of-plane field configurations are per-
formed on a home-built setup, namely a one-heater and two-thermometer
scheme as shown in S/ Appendix, Fig. S1A. Here, we use thermocouples to mon-
itor the temperature gradient. The heater is connected by Keithley alternating
current (AC)/direct current (DC) source 6221, and the longitudinal (Seebeck)
and transverse (Nernst) signals are simultaneously monitored by two Keithley
2182a nanometers. All the thermal measurements are carried out with PPMS in
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a vacuum environment. For the angular-dependent thermoelectric measure-
ments, we slightly modified the PPMS rotator (for details, see S/ Appendix, Fig.
S1A) to manually build up a good heat sink and then we constructed the same
thermoelectric setup as mentioned above. The definition of the sign of the
Nernst effect is chosen so as to be consistent with the custom described in refs.
35and 36.

Optical SHG Measurements. Optical SHG measurements were performed by
using a pulsed laser source (120 fs, 1.55 eV). We adopted a configuration of
normal incidence on the ab plane to detect in-plane polar distortion by ruling
out the parasitic surface-normal contribution. The polarization of the laser
was rotated by a half-wave plate, and reflected SHG signal was analyzed by a
Glan-laser prism. The temperature-dependent experiment was carried out in a
high-vacuum cryostat down to 10 K.

First-Principles Calculation. To study the electronic structure of Pbi_, Sny Te,
we first performed density functional theory (DFT) calculations for the end com-
pounds SnTe and PbTe, individually, using the Perdew-Burke-Ernzerhof
exchange-correlation functional (37) and ultrasoft pseudopotentials, imple-
mented in the Vienna Ab initio Simulation Package (VASP) program (38). To
incorporate the effect of [001] polar distortion, all the Te atoms were rigidly
shifted (by 0.1% in the case of SnTe and 3% in the case of PbTe) along this direc-
tion while keeping the lattice parameters fixed to their experimentally reported
values, a = 6.31 A for cubic SnTe and a = 6.46 A for cubic PbTe (39). The corre-
sponding BZ was sampled by a 20 x 20 x 20 k-mesh. From the DFT Hamiltonian,
we constructed a 12-band tight-binding (TB) model using maximally localized
Wannier functions (40), considering Pb/Sn-5/6p and Te-5p as the projection cen-
ters. We then used a linear interpolation of these two TB Hamiltonians to model
the electronic structure of the solid solution Pb;_ Sny Te.
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