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Pressure-induced superconductivity in the Zintl topological insulator SrIn2As2
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The Zintl compound AIn2X2 (A = Ca, Sr, and X = P, As), as a theoretically predicted nonmagnetic topo-
logical insulator, requires experiments to understand its electronic structure and topological characteristics. In
this paper, we systematically investigate the crystal structures and electronic properties of the Zintl compound
SrIn2As2 under both ambient and high-pressure conditions. By means of angle-resolved photoemission spec-
troscopy, we observe the overall band structures and “tails” of the topological surface states on the (001) surface
that qualitatively agree well with ab initio calculations, thus suggesting SrIn2As2 as a topological insulator.
Interestingly, application of pressure effectively tunes the crystal structure and electronic properties of SrIn2As2.
Superconductivity is observed in SrIn2As2 for pressure where the temperature dependence of the resistivity
changes from a semiconductinglike behavior to that of a metal. The observation of nontrivial topological states
and pressure-induced superconductivity in SrIn2As2 provides crucial insights into the relationship between
topology and superconductivity, and also stimulates further studies of superconductivity in topological materials.
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I. INTRODUCTION

Topological insulators (TIs) are a novel class of materials
that possess both gapped bulk and exotic metallic surface
states. The robust topological surface state (TSS) in TIs
has been confirmed by angle-resolved photoemission spec-
troscopy (ARPES) [1,2] and scanning tunneling microscopy
(STM) [3–5], and has also been characterized by magneto-
transport such as Shubnikov–de Haas (SdH) oscillation [6,7],
etc. Due to the dissipationless flow of electric current at
the surface, TIs have been projected as promising candi-
dates for developing next-generation, low power consuming,
high-speed electronic, optoelectronic, and spintronic devices.
The interplay between symmetry and topology in crystalline
solids leads to other emerging topological quantum materials
(TQMs), including topological crystalline insulators [8–11],
higher-order topological insulators [12,13], Dirac [14,15],
Weyl [2,16–18], nodal line [19,20], and multifold semimetals
[21,22].
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Since they were first discovered by Zintl in the early
1900s [23], Zintl compounds have been extensively studied
for their fascinating physical properties, including supercon-
ductivity, colossal magnetoresistance, magnetic order, mixed
valence, thermoelectricity, and so on [24–30]. Several Zintl
compounds have recently garnered attention due to their
interesting topological properties. For instance, EuIn2As2 ex-
hibits A-type antiferromagnetic (AFM) ordering at TN ∼ 16 K
[31], and is predicted to be a promising candidate for axion
topological insulators [32]. ARPES results indicated a hole-
type Fermi pocket around the Brillouin zone and the AFM
transition accompanied by the axion insulator phase [33,34].
The magnetotransport characterization revealed an anomalous
Hall effect (AHE) originating from a nonvanishing Berry
curvature and a large topological Hall effect (THE), which
is attributed to the scalar spin chirality of the noncoplanar
spin structure caused by the external field [35]. Another Zintl
compound, SrIn2As2, which is isostructural with EuIn2As2,
has been predicted to be a dual topological insulator with
nontrivial Z2 = 1 and mirror Chern number CM = −1 via
first-principles calculations together with symmetry analysis
[36]. Furthermore, the AIn2X2 (A = Ca, Sr, and X = P, As)
family exhibits a narrow band gap which can be easily tuned
by high pressure or chemical doping [37–40]. Theoretical
calculations indicated that the pressure-induced band gap de-
creases to zero at 6.6 GPa and then reopens, and SrIn2As2
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FIG. 1. (a) The crystal structure of SrIn2As2 with a space group P63/mmc. (b) The room-temperature x-ray diffraction peaks from the ab
plane of SrIn2As2 single crystal. Inset: the elemental content of SrIn2As2. (c) Resistivity of the SrIn2As2 single crystal from 1.8 to 300 K.
Inset: Hall resistivity [ρyx (H )] as a function of magnetic field at 1.8 K with magnetic field applied along the c-axis direction: (d) Carrier density
n and mobility μ of SrIn2As2 as a function of temperature. Inset: temperature dependence of Hall coefficient RH for SrIn2As2.

exhibits a gapless nontrivial topological surface state, indi-
cating a strong topological insulator [41]. However, these
theoretical predictions have not been experimentally verified
yet, and further investigation of the evolution of the physical
properties of AIn2X2 under pressure is required.

In this work, we choose the Zintl compound SrIn2As2, one
member of the AIn2X2 family, to systematically investigate the
crystal structures and electronic properties under both ambient
and high-pressure conditions. The transport measurements
reveal metallic behavior for SrIn2As2 with hole-dominated
carriers. ARPES results reveal the “tails” of topological Dirac
surface states on the (001) surface, which is consistent with
previous theoretical calculation [36]. Interestingly, supercon-
ductivity was observed at around 30 GPa and persisted at
approximately 2.1 K until the maximum experimental pres-
sure. The pressure-induced structure phase transition in the
Zintl compound SrIn2As2 is also discussed.

II. EXPERIMENTAL DETAILS

The single crystals of SrIn2As2 were grown by the self-
flux method. High-purity starting materials of Sr, In, and As
were loaded in a quartz tube with the ratio of Sr : In : As =

1 : 12 : 2. The tube was sealed after it was evacuated to a
vacuum of 2 × 10−4 Pa. The raw materials were reacted and
homogenized at 1373 K for several hours, followed by cooling
down to 873 K at a rate of 2 K/h. Finally, a shiny crystal with
an apparent hexagonal edge was obtained after the indium flux
was removed by centrifuge. The crystalline phase of SrIn2As2

was checked by single-crystalline x-ray diffraction (XRD,
Cu Kα, λ = 1.54184 Å). The chemical composition value
of SrIn2As2 was given by energy-dispersive x-ray spectra
(EDX). Transmission electron microscopy (TEM) measure-
ments were carried out on a SrIn2As2 sample after being
high pressure treated at 61.5 GPa. Electrical transport prop-
erties including resistivity, magnetoresistance, and Hall effect
were performed on a physical property measurement system
(PPMS).

In order to investigate the band structures of SrIn2As2,
we performed systematic synchrotron-based ARPES mea-
surements at BL03U of the Shanghai Synchrotron Radiation
Facility. Data were recorded by a Scienta Omicron DA30L
analyzer. The measurement sample temperature and pres-
sure were 15 K and 7 × 10−11 mbar, respectively. The
overall energy and angle resolutions were ∼ 10 meV and
0.2◦, respectively. Fresh (001) surfaces were obtained for
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FIG. 2. ARPES measurements on SrIn2As2 crystals. (a) Stacking plot of constant-energy contours measured in 98 eV photons with linearly
horizontal polarization. (b) Fermi surface map across multiple Brillouin zones measured using 110 eV photons. The red lines represent the
projected Brillouin zone. (c) High-symmetry band dispersion along the �̄ − M̄ direction. (d) Close-up of the �̄ − M̄ dispersion near the Fermi
level. BS/SS is short for bulk/surface states. (e) Calculated �̄ − M̄ dispersion clearly shows the Dirac surface states, reproduced from Ref. [36].
DP is short for Dirac point. The dotted red line qualitatively marks the Fermi level from the ARPES measurements. (f) Photon energy dependent
measurements apparently confirm the surface state nature of the α bands. The photon energy used ranges from 40 to 110 eV.

measurements by in situ cleaving the crystals at low tempera-
tures. No signatures of the surface aging were observed during
measurements.

High-pressure electrical transport measurements were per-
formed in a nonmagnetic diamond anvil cell (DAC) [42–45].
A cubic BN/epoxy mixture layer was inserted between BeCu
gaskets and electrical leads. Four platinum sheet electrodes
were touched to the sample for resistance measurements with
the van der Pauw method. Pressure was determined by the
ruby luminescence method [46]. An in situ high-pressure Ra-
man spectroscopy investigation was performed using a Raman
spectrometer (Renishaw inVia, UK) with a laser excitation
wavelength of 532 nm and a low wave number filter. A sym-
metric DAC with anvil culet sizes of 200 µm was used, with
silicon oil as pressure transmitting medium (PTM). In situ
high-pressure XRD measurements were performed at beam-
line BL15U of the Shanghai Synchrotron Radiation Facility
(x-ray wavelength λ = 0.6199 Å). A symmetric DAC with
anvil culet sizes of 200 µm and Re gaskets were used. Silicon
oil was used as the PTM and pressure was determined by the
ruby luminescence method [46]. The two-dimensional diffrac-
tion images were analyzed using FIT2D software [47]. Rietveld
refinements of crystal structure under various pressures were
performed using GSAS and the graphical user interface EXPGUI

[48,49].

III. RESULTS AND DISCUSISION

Figure 1(a) shows the crystal structure of SrIn2As2, which
adopts a hexagonal structure with a space group P63/mmc.

The In and As atoms form two layers of a two-dimensional
zigzag honeycomb lattice with mirror symmetry, forming
[In2As2]2− polyanions through staggered stacking. Layers
of Sr2+ and [In2As2]2− are alternately stacked along the [0
0 1] direction. The single-crystal XRD pattern of SrIn2As2

displays sharp [0 0 l] diffraction peaks [Figure 1(b)]. The
extracted lattice parameter is c = 18.08 Å, which is consistent
with a previous report [37]. Chemical composition analysis
from EDX measurement on the single crystal reveals good
stoichiometry with an atomic percentage of Sr : In : As =
19.96 : 40.93 : 39.10, as shown in the inset of Fig. 1(b). These
characterizations indicate the high quality of our samples.

Next, we carried out transport measurements at ambient
pressure. Figure 1(c) shows the temperature dependence of
resistivity for SrIn2As2, which reveals metallic behavior with
residual resistivity ratio (RRR)= 2.11. The longitudinal resis-
tivity (ρxx) and Hall resistivity (ρyx) were measured with the
magnetic field applied along the c axis at various tempera-
tures ranging from 1.8 to 300 K, as shown in Fig. S1 in the
Supplemental Material [50]. The positive magnetoresistance
is observed in all the temperature range and reaches ∼0.47%
at 1.8 K and 9 T. At 1.8 K, ρyx displays a linear dependence
on the magnetic field with a positive slope, indicating that the
hole carriers play a dominant role in the transport. This is
also consistent with our ARPES measurements shown below.
However, ρyx shows almost temperature independent behavior
with a rather slight change over the measured temperature
range. Hall resistivity is fitted using a single-band model,
i.e., ρyx = RH B, where RH = 1/en is the Hall coefficient.
Figure 1(d) shows the temperature dependence of carrier
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FIG. 3. Transport properties of SrIn2As2 as a function of pressure. (a) Electrical resistivity of SrIn2As2 as a function of temperature
from 2.9 to 14.9 GPa in run III. (b) Electrical resistivity of SrIn2As2 as a function of temperature from 20.8 to 70.9 GPa in run III. Inset:
Temperature-dependent resistivity of SrIn2As2 in the vicinity of the superconducting transition. (c) Resistivity as a function of temperature at
a pressure of 59.8 GPa under different magnetic fields for SrIn2As2 in run III. (d) Temperature dependence of upper critical field for SrIn2As2

at 59.8 GPa. Tc is determined as the 90% drop of the normal state resistivity. The solid lines represent the Ginzburg-Landau (GL) fitting. The
μ0Hc2(0) is 1.35 T. Inset: Resistivity as a function of magnetic field at 1.8 K. The superconductivity state is suppressed for field sufficiently
away from 0.4 T.

density n and carrier mobility μ. The carrier density n reaches
3.58 × 1025 m−3 and carrier mobility μ is estimated to be
343.94 cm2 V−1 s−1 at 1.8 K, which is comparable with other
topological materials [51].

Figures 2(a) and 2(b) display the measured constant-energy
contours of SrIn2As2. The Fermi surface of SrIn2As2 is
mainly composed of a circle encircling the �̄ point. Inside
the circle, some blurry features are also discernible. When
going toward high binding energy regions, the circle keeps
expanding, and circles from other adjacent Brillouin zones
connect with each other to form a hexagon, consistent with
the crystal symmetry of the (001) surface. If cutting the Fermi
surface along the �̄ − M̄ direction, one can see the sharp
holelike band dispersion marked as α that contributes to the
circle Fermi surface, and multiple blurry bands residing be-
tween the two α bands [Figs. 2(c) and 2(d)]. These dispersions
exhibit qualitative agreement with previous theoretical cal-
culations proposing SrIn2As2 is a dual topological insulator

and hosts topological Dirac surface states on the (001) surface
[Fig. 2(e)] [36]. However, we have not observed the whole
Dirac surface state dispersion (including the Dirac point) as
the crystals appear to be heavily p doped compared to the
calculations [the red dotted line is the Fermi level from ex-
periments in Fig. 2(e)]. We tried in situ potassium doping but
the shift-up of the Fermi level is quite limited. We ascribe the
observed α bands to be the tail of the Dirac surface states.
Their surface state nature is further verified by the detailed
photon-energy dependence measurements as they show negli-
gible kz dispersions [Fig. 2(f)].

The Zintl compound SrIn2As2 with a narrow band gap
is extremely sensitive to external pressure. In addition, first-
principles calculations indicate that SrIn2As2 will undergo
insulator-metal phase transition and topological quantum
phase transition under pressure modulation. Indeed, the high-
pressure approach has been widely employed in recent studies
of topological materials and has led to many interesting
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FIG. 4. (a) XRD patterns of SrIn2As2 under different pressures up to 71.7 GPa. (b) Variation in unit cell volume of SrIn2As2 with pressure
at 300 K. Black circles: experiments. Solid lines are third-order Birch-Murnaghan fits to the data. The third-order Birch-Murnaghan equation

of state (EOS) is given by P = 3
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3 − 1]}. (c) Raman spectra of SrIn2As2 under pressure at room

temperature.

results [52–54]. Hence, we are motivated to investigate the
effect of high pressure on the electrical transport proper-
ties of SrIn2As2. Figure 3 shows temperature dependence of
the electrical resistivity ρ(T) of SrIn2As2 for pressure up to
70.9 GPa. At the low-pressure region, the ρ(T) first de-
creases with decreasing temperature and reaches a minimum
value. Then the ρ(T) gradually increases showing semicon-
ductinglike behavior at 2.8 GPa with a negative dρ/dT slope
[Fig. 3(a)]. The anomalous ρ(T) of SrIn2As2 implies that the
carriers are weakly localized at low temperature due to strong
quantum coherence [40]. Upon further increasing the pres-
sure, the resistivity at 300 K begins to decrease rapidly and
the semiconductinglike behavior is suppressed, accompanied
by a drop of ρ(T) at the lowest temperature (Tmin = 1.8 K), as
shown in the inset of Fig. 3(a). With pressure increasing, the
drop of ρ(T) becomes more pronounced and zero resistivity
is achieved at low temperature for P > 53.9 GPa, indicating
the emergence of a superconducting transition. Moreover, the
superconductivity with Tc ∼ 2.1 K is robust and persists until
the maximum pressure of 70.9 GPa [Fig. 3(b)].

To gain insights into the superconducting transition, we
applied an external magnetic field on SrIn2As2 at 48.9 and
59.8 GPa. It is clear that the magnetic field could suppress
superconducting transition [inset of Fig. 3(d)]. Tc gradually
shifts toward lower temperatures with the increase of the
magnetic field. A magnetic field μ0H = 0.5 T removes all
signs of superconductivity above 1.8 K as shown in Fig. 3(c).
These results further confirm pressure-induced bulk super-
conductivity in SrIn2As2. The derived upper critical field
μ0Hc2 as a function of temperature can be well fitted us-
ing the empirical Ginzburg-Landau formula μ0Hc2(T ) =
μ0Hc2(T )(1 − t2)/(1 + t2), where t = T/Tc is the reduced
temperature with zero-field superconducting Tc. The extrap-
olated upper critical field μ0Hc2(0) of SrIn2As2 from the 90%
ρn criterion can reach 1.35 T at 59.8 GPa, which yields a
Ginzburg-Landau coherence length ξGL(0) of 15.60 nm. It
is worth noting that the value of μ0Hc2(0) is well below the
Pauli-Clogston limit.

To further identify the origin of superconductivity in
SrIn2As2, in situ x-ray diffraction (XRD) measurements have
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been carried out to analyze the structure evolution under
various pressures. Figure 4(a) shows the high-pressure syn-
chrotron XRD patterns measured at room temperature up to
71.7 GPa. A representative refinement at 3.9 GPa is dis-
played in Fig. S3(a) [50]. At the lower-pressure region, all
the diffraction peaks can be indexed well to the hexagonal
structure with a space group P63/mmc. The small peaks
marked with an asterisk represent the signal of the rhenium
gasket. Further increase of the applied pressure gives rise
to the shift of the Bragg peaks to larger angles, due to the
lattice shrinkage, as shown in the pressure dependences of
the lattice parameters in Fig. S3(b) [50]. The experiment
pressure-volume (P-V) data can be well fitted using the third-
order Birch-Murnaghan equation of state (EOS) [55], whose
obtained bulk modulus K0 is 58.32 GPa with V0 = 277.91 Å3

and K ′
0 = 5.80. The structure of SrIn2As2 is robust and there

is no structural phase transition until 23.2 GPa. However,
when the pressure increases up to 30.8GPa, a broad peak
appears around 14.4 ° in the diffraction patterns, indicating the
application of high pressure introduced amorphous phases in
the SrIn2As2. A similar phenomenon was observed in some
other materials [52,54,56–61]. It should be mentioned that the
superconductivity is observed where pressure increases up to
30 GPa. In addition, we did not observe other peaks from
other elements (e.g., Sr, In, or As) [62–65]; the possibility
of high-pressure decomposition of SrIn2As2 is hence ruled
out. To derive more structural information, high-pressure in
situ Raman spectroscopy measurements were carried out. As
shown in Fig. 4(c), Raman active modes are clearly observed
at the lower-pressure regions. With increasing pressure, the
profile of the spectra remains similar to that at lower pressure,
whereas the observed modes exhibit blueshift, thus showing
the normal pressure behavior. An abrupt disappearance of
Raman peaks for pressure near 23.7 GPa indicates the struc-
tural phase transition to an amorphous phase. The evolution
of the Raman spectra is consistent with our synchrotron XRD
patterns.

Several independent high-pressure transport measurements
on SrIn2As2 single crystals provide consistent and repro-
ducible results, confirming intrinsic superconductivity under
high pressure. From resistivity, XRD, and Raman measure-
ments, we can construct a T-P phase diagram of SrIn2As2

(Fig. 5). In the lower-pressure region, the ρ(T) decreases
upon cooling in a metallic manner first and then attains a
minimum value. Subsequently, the ρ(T) upturns rapidly just
like a semiconductor characteristic. Such anomalous ρ(T) be-
havior due to weak localization effect provides a signal of
quantum correction to conductance in SrIn2As2 [40]. Upon
further increasing the pressure, the resistivity at room tem-
perature as well as 3 K begins to drop rapidly and the
semiconductorlike behavior is suppressed. Superconductivity
is observed after the temperature dependence of ρ(T) changes
from a semiconductinglike behavior to that of a metal. The
Tc of SrIn2As2 rises to 2.1 K and persists until the maximum
pressure of this work. Above 30 GPa, in situ high-pressure
XRD demonstrated that a pressure-induced amorphization
emerges. The high-pressure amorphous phase of SrIn2As2 is
retained after the pressure is released, which is confirmed
by TEM measurements (Figs. S3(c) and S3(d) [50]). It is
very interesting that an amorphous phase of SrIn2As2 could

FIG. 5. Phase diagram of SrIn2As2. The red and blue dotted line
plots depict the resistivity as a function of temperature at 3 and
300 K, respectively. The left vertical axis represents the resistivity at
3 and 300 K. Superconductivity with Tc ∼ 2.1 K is observed as the
pressure increases from around 21 GPa until the maximum pressure.
The green, purple, and orange triangles represent the Tc in different
experimental runs, respectively. The right vertical axis represents the
superconducting transition temperature. The background depicts the
dependence of dρ/dT on temperature at various pressure levels.

support superconductivity. This will be a stimulus for fur-
ther research from an experimental and theoretical point of
view.

IV. CONCLUSION

In summary, we have successfully grown high-quality sin-
gle crystals of the Zintl compound SrIn2As2. Combining
the transports and ARPES measurements, we indicate that
SrIn2As2 is a strong topological insulator. Moreover, we dis-
covered pressure-induced superconductivity in SrIn2As2, and
Tc still persists until a maximum experimental pressure. Our
results demonstrate that the nontrivial topological state and
the pressure-induced superconductivity were all observed in
SrIn2As2. Thus, the Zintl AIn2X2 (A = Ca, Sr, and X = P,
As) family provides an excellent platform for further under-
standing the relationship between the topological phase and
superconductivity.
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