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Hidden anomalies in topological t-PtBi2−x probed by second harmonic generation
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The noncentrosymmetric Weyl semimetal PtBi2−x (t-PtBi2−x) exhibits various interesting technologically
important physical properties. We report the experimental investigation of PtBi1.6 via second harmonic gen-
eration (SHG), single-crystal x-ray diffraction, magnetic susceptibility, and electrical resistivity measurements.
While bulk structural, magnetic, and electrical properties show no phase transitions below room temperature,
the temperature dependence of the SHG intensity reveals two anomalies: one at T ∗ ∼ 60 K and another at
Tx ∼ 200 K. Quantitative analysis indicates that the SHG signal results from both the buckled Bi1 surface
termination with the 3m symmetry and flat Bi2 surface termination with the m symmetry. However, the anomalies
are mainly driven by Bi1 on the surface: (1) T ∗ marks the onset of surface states which is also manifested in
the c-axis resistivity drop and (2) Tx corresponds to the lowest thermal contraction of the structure and enhanced
magnetic susceptibility. This study demonstrates that SHG is a powerful technique for probing surface properties
even for noncentrosymmetric materials.

DOI: 10.1103/PhysRevB.108.224104

I. INTRODUCTION

The most striking characteristic of topological materials is
that they possess surface or edge states protected by the non-
trivial topology of the bulk. For example, in Weyl semimetals,
the surface is expected to form Fermi arcs with each arc con-
necting two Weyl nodes with opposite chirality [1–3]. Weyl
electrons residing in Fermi arcs are considered a special type
of two-dimensional (2D) electron gas with spin normal to the
momentum in the reciprocal space [1,4]. In such semimet-
als, it is necessary to break either time-reversal or inversion
symmetry [5,6]. Trigonal PtBi2 (t-PtBi2) has a noncentrosym-
metric symmetry (P31m) with triply degenerate nontrivial
bands near the Fermi level [7,8]. These nearly compensated
electron and hole bands [7,8] make it an excellent Weyl
semimetal. While angle-resolved photoemission spectroscopy
(ARPES) has detected surface states with spin polarization,
the experiments were performed at fixed temperatures of 40 K
[9] and 15 K [10]. Additional surface electronic properties
were investigated by scanning tunneling microscopy (STM)
at 30 mK and 5 K, revealing two different terminations (Bi1
and Bi2) [11,12] consistent with that seen by ARPES [10].
With investigations at a few scattered temperatures (30 mK,
5 K, 15 K, 40 K, etc.), it is difficult to correlate surface prop-
erties with those seen in bulk. For example, is the extreme
magnetoresistance (MR) at low temperatures [7,8,13] related
to surface/edge states? How are surface properties such as
superconductivity [11,14] related to bulk? Does the surface
have reconstruction compared to its bulk?
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In this article, we report the investigation of second har-
monic generation (SHG) of t-PtBi2−x (x ∼ 0.4) over a wide
temperature range (5 K to 350 K). SHG provides information
about symmetries related to a material’s structural, electronic,
and magnetic properties. Specifically, SHG at normal inci-
dence is sensitive to in-plane surface symmetries. We find that
the SHG signal consists of two contributions which can be
understood from a consideration of 3m (from the buckled Bi1
termination and bulk) and m (from the flat Bi2 termination)
symmetries. The SHG intensity also has unusual temperature
dependence, including an enhancement below Tx ∼ 200 K and
a decrease below T ∗ ∼ 60 K. Through careful comparison
with other measurements on bulk crystal structure, electri-
cal resistivity, and magnetic susceptibility, we consider these
SHG anomalies reflect surface property changes.

II. EXPERIMENTAL DETAILS

PtBi2−x single crystals were grown using the self-flux
method [8]. Energy dispersive x-ray spectroscopy shows
a Bi deficiency with x ∼ 0.4 [8]. Magnetic susceptibility
measurements were carried out using a magnetic property
measurement system (MPMS, Quantum Design) with a mag-
netic field of 1 T and temperature between 2 and 350 K.
Resistivity measurements were carried out using a physical
property measurement system (PPMS DynaCool, Quantum
Design) with the standard four-probe technique. The crystal
structure was determined via single-crystal x-ray diffraction
(XRD) refinement at temperatures between 100 (2) K and
298 (2) K in intervals of 10 K. Single-crystal x-ray diffraction
was performed using a Bruker D8 QUEST diffractometer
equipped with a PHOTON-II area detector and an incoatec
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FIG. 1. (a) Second harmonic generation optical setup with a 50×
objective, an analyzer (Glan-Taylor polarizer), and a BP (bandpass
filter). The sample is placed in the Montana Instruments Cryostation.
(b) PtBi2−x sample on a chip carrier. A polarized microscope image is
shown. (c) Laser power dependence of the SHG intensity. (d) Crystal
structure of PtBi2−x with the indicated Pt, Bi1, and Bi2 layers.

microfocus source (Mo Kα radiation with the wavelength λ =
0.71 073 Å). The sample was a lustrous plate of approximate
dimensions 0.02×0.08×0.14 mm3 cleaved from a twinned
aggregation. Upon reaching each temperature, the crystal was
allowed to equilibrate for ∼5 minutes before data collection.
At each temperature, three scans covering 12◦ were collected
at three different angle settings (0◦, 120◦, 240◦). A scan width
of 0.6◦ was used, generating 20 frames at each angle setting.
At each temperature, 135–150 reflections were collected from
each scan, which were well separated in the reciprocal space.
Unit cell parameters were then determined using the Bruker
APEX3 autoindexing routine.

Figure 1(a) shows the setup for second harmonic genera-
tion measurements. The sample was attached to a chip carrier
using silver paint, as shown in Fig. 1(b). Prior to the place-
ment in an optical cryostat held at high vacuum (Montana
Instruments Cryostation) the sample was cleaved to create
a fresh surface. Polarized microscope images show a clean
surface even after measurements [Fig. 1(b)]. A Ti:sapphire
(Mira 900-HP) femtosecond pulsed laser was used with the
wavelength set at 820 nm. SHG was performed at normal
incidence, i.e., along the z direction [Fig. 1(a)]. A rotatable
half-wave plate controlled the polarization of the beam with
the polarization angle θ with respect to the x axis of the
laboratory frame. A fixed dichroic mirror was used to direct
the beam toward the sample and as a short-pass filter for the
reflected SHG light. A fixed Glan-Taylor (GT) polarizer was
used as an analyzer to resolve the polarization of the reflected
light along the x and y directions (Ix and Iy). A prism and
bandpass optical filter (FGB39, Thorlabs) were used before a
photomultiplier tube (Hamamatsu, H9306-02) to remove the
fundamental 820 nm light. The beam spot on the sample was
∼5 µm. SHG polarimetry was performed by rotating the input
polarization while measuring the output signal intensity along
either the x (Ix) or y polarization (Iy). Each polarization data
point is an average of 300 measurements.

As demonstrated in Fig. 1(c), SHG intensity shows the
typical quadratic behavior with laser power, validating the
experimental setup [15,16]. Measurements were performed at
a constant power of 7.8 mW, chosen to avoid surface damage.
To be thorough, we measured the fundamental wavelength
(ω) background independently for each data set and then
subtracted it from the total to isolate the SHG signal (2ω). For
cross-checking, SHG was performed on three crystal samples
from two batches. For sample 1, measurements were repeated
in 6 locations, while 4 locations were used for samples 2 and
3, respectively.

III. RESULTS AND DISCUSSION

Figure 1(d) shows the P31m crystal structure of t-PtBi2−x

as determined by single-crystal XRD at room tempera-
ture. The lattice parameters are a = b = 6.5 968 Å and
c = 6.2 143 Å. The crystal symmetry and lattice parameters
are consistent with that given in Refs. [7,17] for the stoichio-
metric case. Due to its noncentrosymmetry, the Bi1 layer is
not equivalent to the Bi2 layer. The Bi2 atoms form a flat
layer, whereas the Bi1 atoms are buckled. Both the Bi1 and
Bi2 terminations can exist at the sample surface as confirmed
by STM [11,12]. For our samples, STM also observed two
terminations [18].

For SHG measurements, we start with θ = 0◦ and light
along the z direction so that the electrical field is along
the y direction, at which the sample rotation angle φ = 0◦.
Figure 2(a) shows the polar plots of SHG intensities (Ix and
Iy) at a temperature T = 295 K and φ ∼ 0◦. While Ix (blue
squares) reveals nearly perfect closed-loop 4-fold symmetry,
Iy (red circles) shows a nonvanishing contribution in all di-
rections in addition to the “four-lobe” pattern. For the bulk
P31m crystal structure, the 3m point group is expected and
the nonzero SHG coefficients (di j) are d15 = d24, −d22 =
d16 = d21, d31 = d32, and d33. Because the measurement is
done in the normal incidence (light along the z direction),
only the d22 term contributes to the measured SHG signal.
This yields Ix ∝ d2

22 sin2(2θ ) and Iy ∝ d2
22 cos2(2θ ), produc-

ing no nonvanishing contributions. To figure out the origin
of the nonvanishing component, we rotate the sample with
an angle φ (light direction remains unchanged) and detect
Ix and Iy at different φ values. The angle φ is with respect
to one of the crystal’s axes of high symmetry, i.e., where
Ix is minimum and Iy is maximum in Fig. 2(a). Figure 2(b)
shows the polar plots of Ix and Iy at the sample rotation angle
φ ∼ 30◦. From the sample rotation measurements, we observe
nonvanishing contributions in both Ix and Iy. The amplitude
of such nonvanishing contribution varies with φ. This implies
that there is an additional contribution beside that from the 3m
point group. While the Bi1 termination has the 3m symmetry
[Fig. 2(c)], the Bi2 termination may contribute to SHG with
the m symmetry [Fig. 2(d)].

The #SHAARP package [19] was used to assist fitting of
the experimental data based on the combined 3m+m point
groups. Since the fundamental beam is linearly polarized in
the ab plane, E1 = E0 cos(θ ), E2 = E0 sin(θ ), and E3 = 0.
The theoretical expression, at φ = 0, for Ix and Iy can thus
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FIG. 2. (a) Polar plots of Ix (open squares) and Iy (open circles) obtained for φ ∼ 0◦. (b) Polar plots of Ix and Iy with φ ∼ 30◦ sample
rotation. (c) Bi1 (3m) structure. (d) Bi2 (m) structure. (e) Sample rotation angle dependence of the SHG intensities of Ix (max), Ix (min),
Iy(max), and Iy(min) which are obtained by averaging their corresponding maxima (A, B, C, and D) or minima (A′, B′, C′, and D′). The dashed
lines are guides for the eye.

be simplified to

Ix = Ix(m) + Ix(3m) ∝ [d11 cos2(θ ) + d12 sin2(θ )]2

+ d2
22 sin2(2θ ), (1)

Iy = Iy(m) + Iy(3m)

∝ d2
26 sin2(2θ ) + d2

22 cos2(2θ ). (2)

Here, d11, d12, and d26 are from the m symmetry.
The solid lines in Figs. 2(a) and 2(b) represent the fit
of experimental data to Eqs. (1) and (2), respectively.
Figure 2(e) shows the sample rotation angle φ dependence
of the extreme intensity of Ix(max), Ix(min), Iy(max), and
Iy(min) at T = 295 K. Here, Ix(max) = 1

4 (IA
x + IB

x + IC
x +

ID
x ), Ix(min) = 1

4 (IA′
x + IB′

x + IC′
x + ID′

x ), Iy(max) = 1
4 (IA

y +
IB
y + IC

y + ID
y ), and Iy(min) = 1

4 (IA′
y + IB′

y + IC′
y + ID′

y ). Here,
superscripts A, B, C, and D denote the positions that SHG has
the maximum intensity and A′, B′, C′, and D′ correspond to
the minimum SHG intensity, which are indicated in Figs. 2(a)
and 2(b). Following the dashed lines to guide the eye, one may
see that Ix(min) and Iy(min) vary periodically with a period of
60◦, while Ix(max) and Iy(max) remain more or less constants.
The latter is due to the fact that the major contribution is from
the 3m symmetry, which is ideally a constant.

Upon changing the temperature, both Ix and Iy retain the
same overall shape as those shown in Figs. 2(a) and 2(b).
Figure 3(a) shows the temperature dependence of

√
Ix (blue

squares) and
√

Iy (red circles). With decreasing temperature,
both

√
Ix and

√
Iy initially increase with a larger slope be-

low Tx ≈ 200 K then decrease below T ∗ ≈ 60 K. To further
check this trend, we performed SHG measurements on dif-
ferent spots but collected the total unpolarized SHG signal.
As shown in Fig. 3(b), the overall temperature dependence of

unpolarized SHG is similar to the polarized case [Fig. 3(a)].
Upon cooling from 350 K, the SHG response initially in-
creases with a small slope (see the red dashed line that is a
guide for the eye). Below Tx, the SHG intensity increases at a
steeper rate until T ∗ then starts dropping below T ∗.

FIG. 3. (a) Temperature dependence of polarized
√

Ix and
√

Iy

during two separate runs and spots (A, B). (b) Temperature depen-
dence of unpolarized SHG intensity. The dashed line is the guide for
the eye. (c) Temperature dependence of the extracted di j parameters
for two different spots (B,C) obtained for φ ≈ 20.5◦ and φ ≈ 21.8◦,
respectively.
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FIG. 4. (a), (b) Temperature dependence of the lattice parameters
a (a) and c (b). Dotted lines are guides for the eye. (c) Temperature
dependence of the magnetic susceptibilities χab and χc; the horizon-
tal dashed lines are for the minima. (d) χab/χc versus temperature. (e)
C-axis resistivity normalized as ρc/ρc(350 K) obtained from samples
with different thickness (170 µm, 29 µm, 23 µm). (f) dρc/dT versus
temperature for sample with 29 µm thickness.

To identify the origin of the anomalous SHG at T ∗ and
Tx, we fit Ix and Iy at all measured temperatures. Figure 3(c)
shows the temperature dependence of d11, d12, d22, and d26

at φ ≈ 21.8◦. Note that (1) d22 reveals a similar trend as the
unpolarized SHG, (2) d11 and d12 increase with decreasing
temperature below ∼250 K, and (3) d26 has little change in
the entire temperature range. Based on this, the nonmonotonic
temperature dependence of the SHG signal likely results from
d22, i.e., the 3m symmetry.

From the above analysis, we understand that the SHG
signal is the combination of both the Bi1 (3m) and Bi2 (m)
surface terminations and the bulk (3m). Given that the bulk
also possesses a noncentrosymmetric symmetry belong to the
3m point group, an important question is whether the mea-
sured SHG is dominated by the surface or bulk contributions.

To answer this question, we carried out single-crystal XRD
measurements between liquid nitrogen (the lowest tempera-
ture we can reach) and room temperature. Figures 4(a) and
4(b) show the temperature dependence of the lattice param-
eters a and c, respectively. Both a and c initially decrease
with decreasing temperature due to thermal contraction. This
trend seems reversed below Tx ≈ 200 K; i.e., both a and c
slightly increase with the further decrease of temperature.
The crossover temperature Tx coincides with that seen in the
SHG response. In normal circumstances, the negative thermal
expansion below Tx would result in a reduced SHG response
similar to that at higher temperatures. This implies that the
bulk structure distortion at Tx [Figs. 4(a) and 4(b)] cannot be
responsible for the enhanced SHG intensity below Tx. We thus
consider the SHG anomalies to be due to the surface effect,
i.e., driven by the Bi1 termination.

On the other hand, in view of the temperature dependence
of the magnetic susceptibility for both the ab plane and c axis

shown in Fig. 4(c), we find that both χab and χc are nega-
tive, reaching a minimum (marked by two horizontal dashed
lines) around Tx ≈ 200 K. Although they remain negative, the
increase of χab and χc below Tx should be attributed to the
Curie-like temperature dependence of magnetic dipole inter-
actions from free electrons [8]. This can qualitatively explain
the increase in SHG intensity below Tx. However, this scenario
would not explain the decrease of the SHG intensity below
T ∗, as the Curie susceptibility continuously increases with
decreasing temperature. Figure 4(d) displays the temperature
dependence of the ratio χab/χc, which shows the deviation of
χab/χc below T ∗ from its high-temperature behavior. Accord-
ing to Eqs. (1) and (2), there should be no contribution from
the c direction for normal incident. Therefore, it is unclear
how magnetic anisotropy can influence the SHG response
without further investigation.

Electrically, bulk PtBi2 exhibits metallic behavior along the
ab plane with the low residual resistivity [7,8,17]. However,
when the sample thickness is reduced to 20 nm, nonmetallic
behavior is observed, which is attributed to the disappearance
of the buckled Bi1 termination because of the formation of P3̄
structure [17]. If this were the case, it would be more impact-
ful to the electrical conduction along the c axis. Figure 4(e)
shows the temperature dependence of the c-axis resistivity ρc

obtained from samples with different thicknesses. For easy
comparison, the resistivity is normalized with respect to that
at 350 K, i.e., ρc/ρc(350 K). First, all samples show metallic
behavior between 2 and 350 K. Upon decreasing the sam-
ple thickness, ρc(T ) changes from a convex shape to nearly
linear behavior. The observed trend suggests that the system
becomes more metallic as the sample gets thinner. According
to Ref. [13], PtBi2 with the P3̄ symmetry is also metallic. In
our case, there is no sign of a resistivity anomaly at either Tx

or T ∗.
With the lack of evidence for correlation between the SHG

response and the bulk structural, magnetic, and electrical
properties, we turn our attention to surface properties. As
mentioned earlier, exciting phenomena are found from the
buckled Bi1 surface, such as nontrivial band crossing [10]
and a superconducting gap opening [11,14]. The measured
surface superconducting gap value (∼20 meV) is appar-
ently too large for the low transition temperature of Tc ≈
300 mK to 3 K reported in Refs. [14,20]. On the other hand,
this gap suggests surface superconductivity up to 100 K
which is much closer to the characteristic temperature of
T ∗ ∼ 60 K [11].

For a centrosymmetric superconductor, the SHG intensity
is expected to increase below Tc due to symmetry-breaking
nonlinear supercurrents [21]. For a noncentrosymmetric su-
perconductor, e.g., PbTaSe2, giant second harmonic transport
is observed below Tc leading to the reduced electric field E2ω

below Tc [22]. Reduced SHG intensity is thus expected in
PtBi2 if the surface Bi1 layer is superconducting [11,14]. Our
data are consistent with this picture.

According to first-principles calculations, there are three
topologically nontrivial gaps in monolayer PtBi2, and each
of these gaps hosts a robust one-dimensional electronic state
on the sample boundary [12]. Such edge states have been
observed via STM in both the Bi1 and Bi2 surfaces up to
liquid nitrogen temperature. Our interest is how the exis-
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tence of these edge states impacts the SHG response. Given
the higher electrical conduction due to the edge states, one
would expect reduced SHG intensity [23]. For PtBi2−x, there
is a sharper decrease of ρc/ρc(350 K) below T ∗ than that at
higher temperatures as shown in Fig. 4(f). This implies better
electrical conduction below ∼T ∗, which is also consistent
with the sharp raise of the magnetic susceptibility [Fig. 4(c)]
due to dominant free electron contribution. Whether T ∗
marks the onset of the surface superconductivity or edge
state formation requires additional investigation, while the
characteristic temperature (T ∗) is comparable to estimated
gaps [23].

Through the above discussion, we believe that the surface
structures and corresponding properties of PtBi2−x deserve
further investigation. With the incident electromagnetic wave
(820 nm wavelength), how surface states due to the top mono-
layer respond to the optical excitation requires theoretical
exploration. Given the subtle changes in the bulk structural,
electrical, and magnetic properties, anomalies seen in the
SHG response can only be due to a surface contribution which
has a relationship with the bulk but is magnified depending on
the nature of the surface. Our SHG study demonstrates the
power of the technique for probing surface properties even in
a noncentrosymmetric bulk system.

IV. SUMMARY

Trigonal PtBi2−x single crystals have been investigated
by measuring the temperature dependence of SHG, XRD,
magnetic susceptibility, and c-axis electrical resistivity. SHG
intensity shows complex polarization dependence, which can
be described by the combined 3m and m symmetries of the

Bi1 and Bi2 surface terminations and bulk. While there is
no sign of any symmetry change between 4.2 K and 350 K,
the SHG intensity varies nonmonotonically with temperature.
Two SHG intensity anomalies were found: one at T ∗ ≈ 60 K
and another at Tx ≈ 200 K. However, the temperature de-
pendence measurements of the crystal structure including its
lattice parameters, magnetic susceptibility anisotropy, and c-
axis electrical resistivity with different thicknesses does not
provide any notable fingerprint at either T ∗ or Tx, to sug-
gest sizable bulk contributions to SHG anomalies. We thus
attribute the observed SHG anomalies at T ∗ and Tx to surface
effects as reflected in the d22 parameter. The possible exis-
tence of surface edge states and/or superconductivity due to
the surface Bi1 layer may reduce the SHG intensity below
T ∗, which is consistent with the sharp decrease of ρc. While
Tx corresponds to the minimum thermal contraction of the
structure and magnetic susceptibility, the SHG enhancement
below Tx reflects stronger surface response than the bulk. To
confirm the role of the surface(s), further investigation is nec-
essary, including surface structure determination of both the
Bi1 and Bi2 terminations and the related surface edge states
and/or superconducting transitions. From a future application
point of view, understanding the effect of light on this catalytic
compound with topological properties is extremely important
as hot electrons (holes) may be generated at the surface with
a long relaxation time [12,24,25].
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