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New ideas for low-mass dark matter direct detection suggest that narrow band gap materials, such as Dirac
semiconductors, are sensitive to the absorption of meV dark matter or the scattering of keV dark matter.
Here we propose spin-orbit semiconductors—materials whose band gap arises due to spin-orbit coupling—as
low-mass dark matter targets owing to their O(10 meV) band gaps. We present three material families that are
predicted to be spin-orbit semiconductors using density functional theory (DFT), assess their electronic and
topological features, and evaluate their use as low-mass dark matter targets. In particular, we find that the tin
pnictide compounds are especially suitable having a tunable range of meV-scale band gaps with anisotropic
Fermi velocities allowing directional detection. Finally, we address the pitfalls in the DFT methods that must be
considered in the ab initio prediction of narrow-gapped materials, including those close to the topological critical

point.
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I. INTRODUCTION

New models of dark matter (DM) offer the tantalizing
possibility that direct detection is within the realms of short
and modestly scaled experiments [1]. Recent models assign-
ing DM mass to the sub-GeV range have incentivized the
design of detection experiments that push the bounds of mass
sensitivity. The observation of the small energy depositions
associated with light masses requires creative materials solu-
tions, with recently proposed targets including scintillators,
Dirac materials, superconductors, polar materials, and super-
fluid helium [2-9].

Charge-based detectors rely on scattering or absorption
events to excite charge carriers across an energy gap that
is tailored to the expected energy deposition [10,11]. Semi-
conductors with meV-scale band gaps are therefore suitable
for the absorption of DM with meV mass and scattering of
DM with keV mass due to the meV-magnitude kinetic energy.
Although the energy gap imposes a threshold on the detectable
DM mass, a finite gap is necessary for decoupling a DM
signal from thermal noise [5]. Therefore, semiconductors with
ultranarrow band gaps are sought to maximize the reach of
direct-detection experiments. Narrow band gap semiconduc-
tors are also desired for infrared radiation detection, especially
for sensitivity to long wavelengths [12]. Furthermore, small
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band gaps are often linked to high performance of conven-
tional thermoelectric materials [13].

A special class of small band gap compounds, (gapped)
Dirac materials, have been identified as promising DM
detection targets providing high sensitivity for absorption
events [3]. For maximal DM scattering rate, the target ma-
terial should have a Fermi velocity kinematically matched
to the DM velocity, which is serendipitously of the or-
der of 10° ms~!, similar to the ranges reported in Dirac
materials [3].

Several candidates for low-mass DM detection based on
low band gap, Dirac-like dispersions have been explored
[14-16], with topological ZrTes emerging as a leading can-
didate [3]. ZrTes possesses Dirac nodes that are gapped out
to ~20 meV when spin-orbit coupling (SOC) is included
in calculations [17]. However, ZrTes is difficult to obtain in
large single-crystal form as it is a layered van der Waals
material, and in addition, its electronic properties have been
shown to strongly depend on structure, synthesis conditions,
and temperature [18,19]. Therefore, alternative low band gap
materials which can be synthesized reliably in single-crystal
form are needed for next-generation low-mass dark matter
experiments.

However, any computational searches for such low band
gap materials will be mired with the well-documented band
gap problem of standard density functional theory (DFT)
methods. Semilocal DFT exchange-correlation functionals
include a spurious self-interaction in the occupied states,
resulting in the over-delocalization of charge densities; in
addition, semilocal functionals do not feature a discontinuity
in the potential with change in particle number, resulting in
significant underestimation of band gaps [20-22]. In many
materials the electron delocalization is better treated with a
screened hybrid functional, which can improve the description
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due to a reduction in the self-interaction error, and open the
band gap [23]. Hybrid functionals have a greater computa-
tional cost than semilocal DFT, but are considerably cheaper
than the more chemically accurate GW methods, while pro-
viding comparable results [24,25].

In this work we propose an alternative method to circum-
vent this common failure of DFT in band gap prediction. Here
we propose to search instead for “spin-orbit semiconductors™;
these would-be metals are metallic without SOC and are
gapped out upon the inclusion of SOC. A familiar example
occurs in graphene which is a Dirac semimetal when SOC is
not included, opening up to a gap of tens of ueV with SOC.
In fact, the concept of a spin-orbit gap, that is, a band gap that
is opened only when SOC interactions are included, is closely
related to the topological quantum phase transition, whereby
a topological material, such as a Dirac semimetal, can become
a trivial insulator by manipulation of the symmetry of the
crystal potential. Such spin-orbit gaps can be predicted by
DFT calculations by simply comparing band structures with
SOC included and not included. Band gaps are of the order of
the strength of spin-orbit coupling, hence in the ~meV range
suitable for low-mass dark matter detector candidates.

In this work, we examine the use of a spin-orbit gap, as
predicted by DFT, for selecting candidate materials for dark
matter detection targets. We choose three materials predicted
to have a spin-orbit gap and evaluate their electronic struc-
ture, using generalized gradient approximation (GGA) and
hybrid functional levels of theory, and their closeness to the
topological point. Following the computational methodology,
the results and discussion are divided into three sections:
Sec. IIT A, Candidate materials, Sec. III B, Suitability as dark
matter targets, and Sec. III C, Theoretical predictions of spin-
orbit gapped materials.

II. COMPUTATIONAL METHODOLOGY

First-principles calculations based on density functional
theory (DFT) were performed using the Vienna Ab initio
Simulation Package (VASP) [26—29] with projector augmented
wave (PAW) pseudopotentials [30,31]. For each element, the
states included as valence were s and p for alkali metals, al-
kaline earth metals, metalloids and nonmetals, and s, p, and d
for transition and post-transition metals. Energy cutoff and k-
point convergence testing was carried out on each material and
parameters were chosen for a convergence of at least 1 meV
per formula unit. These parameters are given in Table 1 of the
Supplemental Material (SM) [32]. The convergence criterion
for the electronic self-consistent loop was set to 1077 eV.
Structural optimizations were done using the Perdew-Burke-
Ernzerhof (PBE) [33] exchange-correlation functional until
the residual forces on the ions were less than 0.001 eV A~!.

Electronic density of states and band structures were
calculated with both the PBE functional and the HSEO06
hybrid functional [34,35] on top of the PBE-optimized struc-
tures. Band structures were calculated both with and without
spin-orbit coupling interactions, which were included self-
consistently [36]. The software “sumo” was used to plot the
electronic structures [37].

Topological characterization was carried out using Sym-
Topo [38]. The topological invariant Z, and the surface states
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FIG. 1. Crystal structures of three materials gapped by spin-orbit
coupling, (a) CulnTe,, (b) SrSn,As,, and (c) LigBi,O;.

were calculated using WannierTools [39] with Wannier cen-
ters calculated using Wannier90 [40].

III. RESULTS AND DISCUSSION

A. Candidate materials

We used an existing data set of materials [41] which had
electronic transport properties calculated by DFT, using the
PBE functional, to select three candidate materials which
were metallic (zero gap) without including SOC, and opened
up a finite gap with SOC included: CulnTe;, SrSn;As,, and
LigBi,O7. We ensured that these compounds contained at least
one element with a sizable spin-orbit coupling magnitude and
had a calculated energy above hull less than 0.02 eV. We
also investigated materials which were isostructural to these
three candidates, with cation and anion substitutions chosen to
vary the spin-orbit interaction strength. In a spin-orbit gapped
material, substitutions of heavier elements would be expected
to widen the band gap due to the increase in SOC strength with
atomic mass [42]. We report the trends in electronic structure
with these substitutions and their effectiveness in tuning the
band gap and hence sensitivity to various DM masses.

1. Copper indium chalcogenides

Structural details. Copper indium ditelluride, CulnTe,, has
the chalcopyrite crystal structure (space group /42d, number
122), shown in Fig. 1(a), which can be described as the zinc
blende structure doubled in the ¢ direction due to the alter-
nating Cu™ and In®* sites. Each Cu and In is tetrahedrally
coordinated with Te, forming a checkerboard corner-sharing
network. Substituting Se or S onto the Te sites yields
CulnSe, and CulnS, which are also known to exist in the
chalcopyrite structure [43,44]. The calculated lattice param-
eters of the three copper indium chalcogenides are well
matched to reported experimental values (given in Table 2 of
the SM [32]). The chalcopyrite family has previously been
considered for light-harvesting devices including solar cells,
solar fuel cells, and photodetectors [45-50], and CulnTe; has
also been suggested as a promising thermoelectric [51].

Electronic structure. The electronic band structures and
density of states (DOS) of CulnTe, as calculated with the
PBE functional with SOC both included and not included
are shown in Figs. 2(a) and 2(b). The orbital-resolved DOS
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FIG. 2. (a), (b): Electronic band structures and orbital-resolved
density of states of CulnTe, calculated with PBE: (a) without spin-
orbit coupling included and (b) with spin-orbit coupling included.
(c), (d): Calculation with HSEO6 results in a large band gap opening
both (c) without spin-orbit coupling included and (d) with spin-orbit
coupling included. The orbitals Cu 3d (red), In 5s (green), and Te Sp
(blue) are projected onto the bands.

reveals the valence band to be mainly Cu 34 and Te 5p
character, while the conduction band contains a fraction of
In 5s states, as shown in the orbital projections in Fig. 2. With

(a) CulnTe,, no SOC (c)

CulnSe,, no SOC (e)

SOC not included, at T there are two doubly degenerate bands
at the Fermi level and two doubly degenerate bands very close
to the Fermi level, as shown in Fig. 3(a). The effect of SOC
is to lift these degeneracies and introduce further spin splitting
throughout the band structure. In addition, the band gap (E,)
with PBE, which is zero when SOC is not included, is opened
to 6 meV with SOC. This is more clearly seen in Figs. 3(a) and
3(b), which shows the band structure magnified around the
Fermi level at I" and projected onto the different spin channels.
For the band structures without SOC included, the spin-up and
spin-down channels are degenerate. When SOC is included,
the spin projection onto the x direction reveals the degeneracy
to be lifted by spin component. This Dresselhaus spin splitting
results from the lack of inversion symmetry in the structure
of CulnTe; and presence of spin-orbit coupling. In fact, the
Dresselhaus effect was originally proposed for zinc blende
structures from which the chalcopyrite structure of CulnTe,
is derived [52].

For the CulnSe; and CulnS, structures, E, is also zero
when SOC is not included, and E, is opened to 7 meV and
12 meV, respectively, when SOC is included, also shown in
Fig. 3. Different band structure paths are shown due to the
position of the valence band maximum (VBM) and conduc-
tion band minimum (CBM): for CulnTe, with SOC, the VBM
and CBM are slightly away from I' in the I' — M direction,
whereas CulnSe, and CulnS, have the VBM along I' — Sy
and the CBM at I with no SOC, and the VBM along I' — N
and the CBM at I" with SOC included. Contrary to what is ex-
pected for SOC-mediated band inversion where heavier ions
would result in greater E,, here we find that E, decreases with
increasing anion mass (S — Se — Te). In this case, the E,

CulnS,, no SOC
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FIG. 3. Magnified, spin-projected band structures of CulnTe,, CulnSe,, and CulnS; calculated with PBE. The top row is without spin-orbit
coupling included, where red and blue correspond to spin-up and spin-down channels. The bottom row is with spin-orbit coupling included,
where red and blue show the spin-projection onto the x direction. With spin-orbit coupling included, the valence band maximum of CulnTe,
sits along the I" to M direction, and for CulnSe, and CulnS; along the N to I" direction.
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differences are a result of higher energy p orbitals hybridizing
more strongly with metal d orbitals and forming a more dis-
perse valence band. Furthermore there is no evidence of band
inversion seen in the orbital projections on the bands given
in Fig. 1 of the SM [32]. However, the enhanced spin-splitting
effect is clearly seen in the spin-projected bands (Fig. 3) and in
comparison of the full band structures of the materials series
(Fig. 1 of the SM [32]).

The generalized gradient approximation on which the PBE
functional is based is well known to underestimate band gaps.
Therefore, the band structures were also calculated with the
hybrid functional HSE06, which has been shown to perform
better for E, in semiconductors [23]. E, of CulnTe; is opened
to 0.74 eV without SOC, and the effect of SOC is much
larger—reducing E, to 0.54 eV as shown in Figs. 2(c) and
2(d). The band gaps of CulnSe, and CulnS, without (and
with) SOC included are 0.62 eV (0.56 eV) and 1.08 eV
(1.08 eV), respectively. The differences in band gaps show
the diminishing effect of SOC through the series as lighter
elements have smaller relativistic effects [42]. This can also
be seen in the reduction in spin splitting across the band
structures calculated with HSE06, which are given in Fig. 2
of the SM [32].

2. Tin pnictides

Structural details. Next we turn to SrSn,As,, shown in
Fig. 1(b), which belongs to the tin pnictide family (space
group R3m, number 166). The crystal structure consists of lay-
ers of edge-sharing SrAse octahedra alternating with layers of
Sn. The tin pnictides recently gained interest when NaSn,As;
and Na;_,Sn,P, were found to be superconductors with T¢
~1.3 K and 2.0 K, respectively [53,54]. Unlike the exotic
superconductivity present in the stoichiometrically similar Fe-
pnictide compounds (e.g., BaFe,As,) with the Fmmm space
group, NaSn,As, has been classified as a phonon-mediated
conventional superconductor [55].

The tin pnictides are also isostructural to the topological
insulator Bi,Te,Se, consisting of layers of SeBig octahedra
alternating with layers of Te [56,57]. SrSn;As; itself has been
theoretically predicted to be an enforced 3D-Dirac semimetal
lying naturally close to the topological critical point [58].
Experimental evidence of a topological insulating state in
SrSnyAs, from angle-resolved photoemission spectroscopy
has been reported by Rong et al., although interpretation
of these results was not clear-cut and the band gap of the
structure was not measured [59]. They also note from their
DFT calculations that the topological state was sensitive to
the choice of exchange-correlation functional.

To investigate the role of SOC and ion sizes, we fully sub-
stituted isovalent ions on both the Sr and As sites. For the Sr
site, we considered other alkali earth metals with MgSn,As,,
CaSn,As,, and BaSn,As,. For the As site we substituted
in P, resulting in SrSn;P,. The optimized calculated lattice
parameters are compared to experimental values in Table 3
of the SM [32]. There are limited measurements of the lat-
tice parameters reported for these compounds, and in some
cases we have estimated the lattice parameter by extrapolating
from the available experimental lattice parameters of mixed
cation compounds according to Vegard’s law. Taking this into

TABLE I. Band gaps (E,) of tin pnictides calculated by PBE and
HSEO06, with and without spin-orbit coupling. Bold font indicates a
direct band gap.

E, PBE (eV) E, HSE06 (eV)
Material Without SOC  With SOC  Without SOC  With SOC
MgSn, As, 0 0
CaSn,As, 0 0 0 0
SrSn,As, 0 0.057 0.029 0.070
BaSn,As, 0 0.054 0.049 0.112
SrSn,P, 0.028 0.016 0.181 0.198

consideration, the calculated lattice parameters compare fa-
vorably with reported structures [60]. Both lattice parameters
a and c increase with increasing cation mass (Mg — Ca —
Sr — Ba) and anion mass (P — As).

Electronic structure. The calculated PBE+SOC orbital-
projected band structures are shown in Fig. 4. All four of the
As compounds exhibit band inversion at the I" high-symmetry
point with avoided band crossings appearing at several places
across all five band structures. This indicates a strong degree
of spin-orbit interaction, as many of these avoided crossings
are not observed, or occur to a lesser degree, in the band
structures calculated without SOC (see Fig. 3 of the SM [32]).
Calculated band gaps are shown in Table I, with MgSn,As;
and CaSn,As, being metallic, SrSnyAs, and BaSn;As; hav-
ing a small and indirect band gap, and SrSn,P, having a small
and direct band gap with PBE. The trend in £, with ion mass
P < Asis reversed when SOC is or is not included suggesting
that E, is strongly dependent on SOC in this structure.

The compounds CaSn;As,, SrSnpAs,, BaSnyAs,, and
SrSn,P, were further investigated by calculations with
HSEO06. The band gaps are given in Table I and the
HSEO06+SOC band structures in Fig. 4 of the SM [32]. Aside
from CaSn,As,, which remains a semimetal, we find that
with HSEO6 the band gap opens up, and when including
SOC the band gap opens further. This latter effect is great-
est in BaSn,As,, which contains the heaviest elements, then
SrSn, As;, and finally SrSn,P5, the lightest compound consid-
ered. Despite this, the band gaps calculated by HSE06+SOC
remain at the meV order of magnitude.

Finally, we address the qualitative difference between the
band structures at the Fermi level between MgSn, As; and the
other tin pnictide compounds considered. The orbital-resolved
DOS of SrSn,As; and MgSn,As,, shown in Fig. 5 of the SM
[32], reveals states near the top of the valence band and near
the bottom of the conduction band to have a mixture of mainly
As 4p, Sn 5s, and Sn 5p character. This indicates hybridiza-
tion between Sn and As orbitals within the SnAs bilayers,
as is also reported in other tin arsenide layered compounds
[61,62]. However, in the Mg case, there are also Mg s states at
the Fermi level, which cause a spectral weight redistribution
resulting in a much greater DOS at the Fermi level, and a shift
upward of the nodal crossing.

Topological characterization. As the tin pnictides studied
here are charge balanced, the Dirac point is symmetry allowed
but dependent on the energy levels and band dispersions [58].
Hence, the critical point varies with the constituent elements

013069-4



PREDICTION OF TUNABLE SPIN-ORBIT GAPPED ...

PHYSICAL REVIEW RESEARCH 3, 013069 (2021)

Energy (eV)

Il R R A e e
4/“’\//‘ \ﬂ? ok 36 Bl i ?
T HlHL T Sls,F 4!’ I'_:/'Ii\\HQIP(L r SDSI;F/Zﬁrr;rTR Hy [Ho L /\A/\sué\/%r FéT;\/\HZHDL%S\/\SOCF///F I'_I:F,\HQIHOL A,ll\ SolS, F _r

\/
M

=

FIG. 4. Orbital-projected band structures of MgSn, As,, CaSn,As,, SrSn,As,, BaSn,As,, and SrSn,P, calculated by PBE with spin-orbit
coupling included showing the Sn s (green), Sn p (blue), and P/As p (red) orbitals. The bottom panel shows magnifications of the band
inversion near the Fermi level in each case. For all plots, the Fermi level is set to 0 eV.

and the calculation parameters. With the PBE4+SOC level
of theory, the band inversion resulting in indirect band gaps
of SrSnyAs;, and BaSn;As, suggests they are topologically
nontrivial, whereas the direct band gap without band inversion
of SrSn,P, suggests it to be a trivial insulator. We screen the
topological properties of the five candidate pnictides using the
SymTopo package which calculates the compatibility condi-
tions of the band representations along high-symmetry lines
in the Brillouin zone (BZ) [38]. Violation of these conditions
indicates a symmetry-protected crossing which is then labeled
with the crossing’s position in the BZ. Finally, for gapped
cases, symmetry-based indicators are used to distinguish
topological insulators and topological crystalline insulators.
We summarize our results of topological classification in
Table II both with and without SOC. We find all of the Sn-As
compounds to be high-symmetry-line semimetals (HSLSMs)
without SOC, with the crossing occurring along the F-S-I'
high-symmetry line. Including SOC causes the HSLSM to gap
out and result in a topological insulator (TI). However, for
SrSn,P,, both cases with and without SOC result in a trivial
phase.

We further investigate the topological properties of a
representative Sn-As compound, SrSn;As;, by calculating
the topological invariants and surface states with Wannier-
Tools. We confirm the nontrivial topology by calculating the

TABLE II. Topological characterization of tin pnictides calcu-
lated from elementary band representation analysis using SymTopo
both with and without spin-orbit coupling.

Without SOC With SOC
Material Classification Position Classification
MgSn, As, HSLSM F-S-T TI
CaSn,As, HSLSM F-S-T TI
SrSn,As, HSLSM F-S-T TI
BaSn,As, HSLSM F-S-T TI
SrSn, P, Trivial Trivial

topological invariant Z,. For SrSn;As, with PBE4SOC,
(vo;vivavs) is (1;000) indicating a strong topological insulator.
Furthermore, the calculated surface band structure shown in
Fig. 5 reveals a surface Dirac cone in the bulk band gap at I".
We also observe some bending of the surface bands, which is
unsurprising due to the small band gap.

We further analyze a detail of the SrSn;As; band structure
at a SOC-mediated gap opening close to Er and near I" in
Fig. 6 to elucidate the origins of the critical point. Orbital
decomposition of the bands reveals that one is composed of
mostly Sn p, states and the other of As p, states. Without SOC
[Fig. 6(a)], the bands cross resulting in a Dirac point, whereas
when SOC is included [Fig. 6(b)], the bands hybridize, ex-
change character and a gap opens. Wannier functions of the
corresponding Sn p, and As p, orbitals, shown in Fig. 6(c),
reveal that the orbitals align perpendicular to the layers of
the structure. A top down view reveals a honeycomb structure
within the Sn-As bilayer, Fig. 6(d), which provides the sym-
metry protection for the Dirac crossing, as in the Kane-Mele
model [63]. Buckling of the bilayer allows overlap between
the p, bonds despite the long Sn-As bond length compared
to graphene. As the cation size decreases from Ba to Mg, the
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FIG. 5. Topological surface states (red) in the band structure of
SrSn,As, from a 10 layer slab cleaved between Sn layers. The color
scale indicates the weight of projection onto the outermost layers of
the slab with green indicating bulk contributions. Right panel is a
magnification of the box in the left panel.
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FIG. 6. (a), (b): Zoomed-in section of the SrSn,As, band struc-
ture where k is a point in the I" to S, direction. The lines are weighted
to the orbital character of Sn and As p, states and the Fermi level
is set to 0 eV. (a) Without spin-orbit coupling included there is a
band crossing, and (b) with spin-orbit coupling included there is
band inversion and a band gap opening. (c), (d): Structural details
of the Sn-As bilayer in SrSn,As,, with projected Wannier functions
of the Sn (dark pink atoms) p, and As (dark blue atoms) p, orbitals.
(c) Side-on view with bilayer height A and (d) top-down view show-
ing the honeycomb structure.

buckling of the Sn-As bilayer increases, with a corresponding
increase in bilayer height [A indicated in Fig. 6(c)]. We find
that the bilayer height has a linear relationship with the group
velocity at the band crossing shown in Fig. 6(a), ranging from
3.7eV A in BaSn,As; to 5.1 eV A in MgSn,As, (Table 4 of
the SM [32]).

All three compounds SrSnyAs,, BaSn,As,, and SrSn;P,
are trivial insulators when calculated by HSE06+SOC, as the
hybrid functional unwinds the bands past the critical point
and the band gap opens up. The dependency of topological
order on choice of functional indicates that these compounds
lie naturally close to the critical point. This suggests the
possibility of tuning the topological order by other degrees
of freedom such as strain. For example, as we vary the com-
position Ca — Sr — Ba the HSE06 band gap increases and
this coincides with increasing Sn-As bond length. Therefore,
the band structure, and hence band gap, can be manipulated
toward the critical point by reducing the interlayer distance
with a compressive strain.

3. LigBi, O,

Structural details. The structure of LigBi,O7 in the Materi-
als Project database [64] is in the space group P2;/c (number
14) and consists of BiOg octahedra that are both corner and
edge sharing [shown in Fig. 1(c)]. Li resides in channels
between these octahedra. However, this compound has not
been reported by experiment. Upon closer inspection of the

composition, we note that the stoichiometry corresponds to
Bi being in the +4 oxidation state, although Bit* is unsta-
ble against disproportionation into Bi™ and Bi*> ions [65].
Accordingly, a charge-ordered LigBit*Bi*>0; structure is ex-
pected, which would manifest in a difference in bonding on
two Bi sites [66]. The P2;/c structure does not capture this,
having equivalent bond lengths on every Bi site, with average
Bi-O bond length 2.25 A, and equal polyhedral volumes of
14.90 A3. We therefore predict that the compound will not
exist in the structure given in the database. However, we here
examine the given structure and will address the possibility
of a lower-symmetry, charge-ordered structure in a following
work.

Electronic structure. The data set from which the mate-
rials were selected predicted that a band gap opened when
spin-orbit coupling was included with the PBE functional.
However, our PBE calculations which were performed with
the converged set of parameters given in Table 1 of the SM
[32] predict the material to be metallic both with and without
SOC. When the hybrid functional HSE06 is used, however,
a spin-orbit gap does open up. Figure 7(a) shows the elec-
tronic band structure and orbital-resolved density of states
calculated with HSE06 when SOC is not included, showing
band crossing just below the Fermi level. Including SOC,
Fig. 7(b) shows a degree of spin splitting and separation of
the valence and conduction bands resulting in an indirect band
gap of 78 meV. The density of states has a majority O 2p
and Bi 6s character in the region around the Fermi level,
indicating that the electronic properties are determined by the
hybridization between these two orbitals with the SOC-driven
gap resulting from the heavy Bi ion. We conclude that this
hypothetical structure indeed fulfils the criteria of a spin-orbit
gapped semiconductor, but will not be stable in nature.

B. Suitability as dark matter targets

The indium chalcogenide compounds CulnTe,, CulnSe;,
and CulnS; have SOC-induced small band gaps under the
generalized gradient approximation, and serve as an example
of a topologically trivial mechanism of SOC-mediated gap
opening related to Dresselhaus spin splitting. However, the
larger band gap predicted by hybrid functionals is in bet-
ter agreement with the experimentally measured values, as
expected for regular semiconductors [46,48,50]. SOC needs
to be included with the hybrid functional in order to reveal
features of the experimentally measured band structure such
as splitting of the valence band. Incidentally, this worsens
the prediction of E, in comparison to experiment (CulnTe,
has an optical band gap of 0.9 eV; HSE(06 predicts 0.74 eV
without SOC and 0.54 eV with SOC) [50], illustrating the
challenges in accurate prediction of band structures which we
expand upon in Sec. III C. The band gaps of the compounds
have been comprehensively determined by experiment and,
being of the order of an eV, are too large for our desired
absorption of DM with meV masses or scattering of DM with
keV masses. Although we rule out this particular family on
the basis of experimental results, the analysis of its electronic
structures highlights the scenario of a spin-orbit mediated gap
in a topologically trivial material which could capture small-
gapped materials in a wider search utilizing this metric.
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FIG. 7. Band structures and orbital-resolved density of states of LigBi,O; calculated with HSEQ6: (a) without including spin-orbit coupling,

and (b) including spin-orbit coupling interactions.

The tin pnictides have an electronic structure that is
strongly influenced by SOC due to the topological nature of
the compounds. At the PBE level of theory, the structures
exhibited band inversion such that even when the hybrid func-
tional was used, the band gaps opened up as expected but
remained at the meV scale. With this change in functional,
SrSnyAs, and BaSn;As; pass through the topological critical
point, resulting in direct band gaps of 70 and 112 meV, re-
spectively. SrSn,P; is a trivial insulator in both cases, and the
change in functional causes a larger gap opening to 198 meV.
These three materials can offer improved sensitivity to light
dark matter interactions over traditional semiconducting com-
pounds with eV scale band gaps. The 70-200 meV range
predicted by HSEO06 provides multiple options for precisely
targeted and tunable light DM masses. Additionally, as the
composition is varied by changing the cation, the Sn-As bi-
layer height is modulated which has the effect of also tuning
the group velocity. For CaSn,As;, SrSnyAs,, and BaSn;As,,
this band crossing is close to the Fermi level, such that the
Fermi velocity (vp) is varied from 4.3 to 3.7 eV A. To
maximize the DM-scattering rate, vp should be the same as
the velocity of DM, which is ~1073¢ [3]. The tin pnictides
are close to an ideal match: CaSnyAs,, vy = 3.5 x 107%¢;
SrSmyAsy, vp = 3.1 x 10~%¢; BaSn,As,, vp = 3.0 x 1074¢.
These values are comparable to ZrTes (v, = 2.9 x 10 3¢,
vry = 5.0 x 107%¢, vp, = 2.1 x 1073¢) which provides an
excellent DM reach [3]. Like ZrTes, the tin pnictides also have
anisotropic velocities, which will enable directional detection
for capturing daily or annual modulation of a DM signal,
distinguishing it uniquely from background signals. For ex-
ample, the group velocities vary by two orders of magnitude:
Vgxy = 3.1 x 107*c and v, , = 2.0 x 10~%¢ for SrSnyAs,.

The band gap and Fermi velocity of the target material
determine the lower bound of the mass sensitivity and its cross
section with DM, respectively. Anisotropic Fermi velocities
can provide directional targets whereby the incoming DM
wind gives a directional dependence—the “smoking gun” of
DM detection. Therefore, being able to tune these two critical
parameters within one family of materials offers substantial
benefits for the design of detection experiments. Further-
more, there is the possibility to expand this range farther
than considered here by varying the composition through

different combinations of cation and pnictogen. Crucially,
solid solutions have already been experimentally realized, and
mixtures on either cation or anion sites could provide fine tun-
ing of the band gap [60]. In fact, for certain DM interactions a
direct band gap is preferred over an indirect band gap, as the
higher probability of a direct excitation improves the target
sensitivity.

The LigBi,O7; compound also has an meV scale band gap
predicted by HSE064-SOC; however the structure examined
here is likely to be unstable and any symmetry lowering is
likely to affect the band gap. More specifically, charge dispro-
portionation is likely to lead to a lowering of the symmetry of
the structure, leading to a reduction in orbital overlap and in-
crease of the band gap. This compound has not been reported
previously, and there are no experimental measurements
available.

C. Theoretical predictions of spin-orbit gapped materials

The analysis presented here highlights some of the draw-
backs of a DFT-based search for low band gap materials.
Of the three materials families which had a spin-orbit gap
predicted by PBE, two did not maintain meV-scale band gaps
under closer investigation. Some of these shortcomings have
been discussed previously in relation to predicted topological
materials [67-70]; however there is no one method that will
give reliable predictions in all cases.

The most important consideration for detector applications
is the structural stability, and hence experimental realization
of the predicted target. If a compound has not previously
been synthesized, then its thermodynamic stability can be
estimated by phonon analysis or energy above the convex
hull, if necessary identifying competing phases using structure
prediction tools. In the case of LigBi, O, even though a stable
energy above hull was predicted [64] (within calculation er-
ror), the insufficient treatment of charge localization by PBE
failed to capture a structural distortion stemming from charge
disproportionation. While the prediction of experimentally
unfeasible structures is not unique to the field of topological
materials, the symmetry requirements of nontrivial topology
mean that any symmetry-breaking structural changes can in-
validate a topological analysis. More generally, the close
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structure-property relationship of spin-orbit band gaps implies
that even small changes in geometry will have a large effect.

A second drawback of DFT-led searches for low band
gap materials is the underestimation of trivial band gaps by
standard DFT approximations, exemplified here by the in-
dium chalcogenide compounds. This has the opposite effect
of overestimation of gaps with band inversion, which can
lead to false-positive topological materials and incorrect band
dispersions [71-73]. This has remained a caveat for high-
throughput computational searches of topological insulators
[74,75]. Going beyond DFT, the GW approximation is the
most accurate method for predicting electronic properties
without parametrization, improving upon both the bulk and
surface electronic structure of topological insulators and
giving results consistent with experimental photoemission,
optical, and EELS spectra [76,77]. However, quasiparti-
cle self-consistent GW (QSGW) is known to systematically
overestimate band gaps [78], which can lead to false nega-
tive topological classifications of small band gap materials.
Furthermore, given the many variations of GW available, elec-
tronic properties are sensitive to computational choices such
as the number of self-consistent steps, whether SOC is in-
cluded directly or as a perturbation, and the ad hoc correction
of the hybrid QSGW scheme. These can cause gap variations
greater than 1 eV [24]. For materials close to the topological
critical point, these choices can result in qualitatively different
topological classifications [78-80].

Importantly, depending on the system size and properties
of interest, calculations with GW approximations can be pro-
hibitively expensive. The hybrid density functionals, which
eliminate much of the self-interaction error of DFT by in-
cluding a fraction of exact Hartree-Fock exchange, have been
extremely successful as a mid-cost level of theory that can
give GW-quality results for topological materials [67,70,81].
However, the screened hybrid functionals, such as the HSE06
functional used here, rely on fixed parameters for screening
length and percentage of exact exchange, and predicted band
gaps are dependent on these parameters. A single hybrid
functional with a fixed amount of exact exchange cannot
accurately describe small and large band gap materials si-
multaneously, and the settings that have been benchmarked
for general use will tend to overestimate the band gaps
of narrow-gapped materials [24]. In topological insulators,
this could lead to underestimations of inverted band gaps
and false-negative topological classifications. Therefore, if
parametrization via experimental results is not possible, hy-
brid functionals are not necessarily more accurate than PBE
[82]. In the case of the topological semimetal GaGeTe, HSE
overestimated the band gap and predicted a trivial gap, while
PBE gave a closer match to the measured band gap and
supported the topological classification from experiment, al-
though the nature of the indirect gap was not captured by
either HSE or PBE [83]. The family of tin pnictides shown
here is one example of a topological classification that is
dependent on the choice of PBE or hybrid exchange corre-
lation functional, and there are other examples in literature
[67,84]. Aside from the treatment of charge localization, even

small differences in geometry from different functionals can
affect the topological classification [85]. In these edge cases,
careful consideration of the electronic structure can be taken
on a case-by-case basis; however, experimental verification is
always necessary.

IV. CONCLUSIONS

Three materials, CulnTe;, SrSnyAs;, and LigBi,O7, pre-
dicted by DFT to have band gaps induced by spin-orbit
coupling interactions, were investigated for their electronic
and topological properties. These materials and a range of
isostructural compounds were evaluated for their suitability
as low-mass dark matter detection targets.

The band gaps of CulnTe,, CulnSe,, and CulnS, predicted
by HSE06+SOC were found to be in good agreement with
experiment, but are too large to be sensitive to light dark
matter. Likewise with LigBi,O7, using HSE06+SOC led to
an increased prediction of the band gap compared to PBE,
but structural distortions associated with charge dispropor-
tionation must be further investigated, and synthesis routes
explored.

The family of tin pnictides, however, has several properties
making them promising as targets for light DM detection.
First, direct band gaps ranging from 70-200 meV are pre-
dicted across the three compounds SrSnyAs;, BaSn;As;, and
SrSn,P, and can be tuned by alloying, making them sensi-
tive to sub-GeV DM candidates. Second, the tunable Fermi
velocity suggests that these compounds can be kinematically
matched with DM to optimize the cross section between DM
and electrons in the target, additionally providing a route for
directional direction. Finally, some of the family have already
been synthesized in crystal form and found to lie close to
a topological critical point. However, further experimental
studies are needed to fully characterize the structure-property
phase space in addition to further variations on composition
for tuning of the band gap both within and beyond the range
presented here.
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