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Tuning the electronic structure of materials, and thus their electronic, transport, and optical properties, is of
fundamental importance for materials design and optimization. Although alloying is a well-established method
for engineering the band gap of semiconductors, strain engineering has emerged as a promising approach to
selective tuning of band-edge states. Using a combined density functional theory and GW approach, we show
that the highly directional intralayer and interlayer couplings, together with the unusual stereoelectronic effects of
the Sn 5s lone pair in α-SnO, may be exploited to tune, in addition to the band gap, the valence and conduction
band-edge states selectively using in-plane and/or out-of-plane strains. Whereas the uniaxial strain along the
lattice c direction primarily affects the position of the conduction band edge, the valence band edge is very
sensitive to the biaxial ab strain. We also establish a strain electronic phase diagram of α-SnO, including the
insulator–metal phase transition boundary. It is predicted that a compressive biaxial strain of about 3% or an
isotropic pressure of 5 GPa can trigger an insulator–metal transition. The quasiparticle band gap can be widely
tuned from 0 to more than 2.0 eV with moderate strains.
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I. INTRODUCTION

Modulating the electronic structure, especially the band-
edge states and band gap, of semiconductors to suit targeted
applications is a long-term but often challenging problem.
Various methods have been proposed—for example, exploit-
ing the strain/lattice mismatch effect [1–3], applying pressure
[4,5], doping (or alloying) with isoelectronic elements, or
codoping with donor and acceptor pairs [6–8]. Strain engi-
neering, which can be applied in real time (active control)
or statically (passive control), has emerged as a promising
way to tune the electronic properties of materials. Past ef-
forts have mainly focused on tuning the band gap via lattice
strain, and it has been shown that moderate strains can induce
indirect–direct or direct–indirect band-gap transitions [9–13],
or semiconductor–metal transitions [12,14,15].

There are situations when a semiconductor may have the
desired conduction band alignment for certain applications,
but the valence band edge may be misaligned, or vice versa.
In this case, the performance of a material may benefit greatly
from our ability to control selectively the conduction and/or
valence band edges. One possibility is to exploit the stereo-
electronic properties of certain layered materials to achieve
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selective tuning of band-edge states, and tin monoxide (also
known as α-SnO) is such an example. α-SnO has attracted
much research attention recently due to its unusual proper-
ties, such as superconductivity under pressure [16–18] and
multiferroicity in monolayer SnO [19], and its potential ap-
plications in photovoltaics and electronic devices [20–22].
α-SnO assumes a tetragonal PbO layered structure, which can
be viewed as a distorted CsCl structure with an elongated
c-axis, as shown in Fig. 1. The much-discussed Sn 5s lone pair
helps to stabilize the distorted structure with the asymmetric
lone-pair electron density projecting out of the layer toward
the void region. Interestingly, the Sn 5s lone pair states in α-
SnO are not as inert as previously thought, exhibiting a strong
hybridization with the O 2p states [23,24]. The intralayer
hybridization between the O 2p and the Sn lone pair is the
defining character of the valence band-edge states of α-SnO.
The low-energy conduction states, on the other hand, are
derived primarily from the Sn px and py orbitals, which are
sensitive to the interlayer Sn–Sn coupling.

In this work, we carry out a systematical study on the strain
effects on the electronic structure of α-SnO using density
functional theory (DFT) [25,26] and GW [27,28] quasipar-
ticle methods. Whereas DFT calculations using the Perdew,
Burke, and Ernzerhof (PBE) functional [29] give a band
gap of 0.06 eV for the equilibrium structure of α-SnO, our
highly converged GW calculations predict a band gap of
0.75 eV, which compares very well with the experimental
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FIG. 1. Crystal structure of α-SnO (space group: P4/nmm). The
large purple spheres are Sn and the small red ones are O atoms. Three
important bond lengths (distances) labeled d1 (Sn—O bond length),
d2 (intralayer Sn–Sn distance), and d3 (interlayer Sn–Sn distance) are
also shown.

gap of 0.70 eV [22]. GW calculations for the quasiparticle
band structure of α-SnO under various uniaxial and/or biaxial
strains are then carried out. We demonstrate that the unusual
stereoelectronic effects of α-SnO may be exploited to tune, in
addition to the band gap, the valence and conduction band-
edge states select ively using in-plane and/or out-of-plane
strains. We also establish a strain electronic phase diagram and
predict a strain-induced semiconductor–metal phase transition
boundary of α-SnO. We mention that GW calculations of
α-SnO under pressure have been reported [17]. Our work
is distinguished from that of Chen and Jeng [17] in that,
while they focused on the pressure-dependent band gap and
pressure-induced superconductivity in SnO, our work elabo-
rates on the distinct roles played by the inter- and intralayer
couplings in the selective tuning of the band-edge states. Our
work also benefits from the recently developed acceleration
GW method [30]. Using this method, we are able to include
all conduction bands in our GW calculations at a fraction
(∼10%) of computational cost compared with the conven-
tional band-by-band summation approach.

II. COMPUTATIONAL DETAILS

Optimizations of the crystal structures (with or without
strains) and DFT electronic structure calculations are carried
out using the Vienna Ab initio Simulation Package [31,32].
The energy cutoff for the plane-wave basis set is chosen to be
550 eV. A uniform 8 × 8 × 6 k-grid is used for the Brillouin
zone integration. Since α-SnO possesses a layered structure, it
is important that the van der Waals (vdW) interaction between
layers is accurately captured. In this work, we use the vdW-
optB86b functional [33] for all structural optimizations. The
structures are optimized until forces on all atoms are less than
0.01 eV/Å. The DFT band structures are calculated using the
PBE functional [29].

Using the relaxed structures, we then proceed to calcu-
late DFT band structures using the PBE functional [29].
Quasiparticle calculations within the one-shot GW (or G0W 0)
approximation are carried out using a local version of the

TABLE I. Comparison between the optimized lattice constants
of α-SnO using different functional (PBE and vdW-optB86b) and
the experimental values.

a (Å) c (Å) c/a

PBE 3.869 5.036 1.30
vdW-optB86b 3.839 4.804 1.25
Experiment [43] 3.801 4.835 1.27

BERKELEYGW package [34], in which the recently devel-
oped acceleration method [30] is implemented. The DFT part
of the GW calculations is carried out using a local version
of the PARATEC package [35]. We use the Troullier–Martins
norm-conserving pseudopotentials [36] and a high plane-
wave cutoff energy of 100 Ry in the DFT part of the GW
calculations. The high cutoff energy is needed to describe
accurately the fairly localized oxygen valence states us-
ing norm-conserving pseudopotentials. The Hybertsen–Louie
generalized plasmon-pole model [28] is used to extend the
static dielectric function to finite frequencies. A �-centered
k-point grid of 8×8×6 is used in our GW calculations. This
k-grid is denser than a 8×8×8 grid for a two-atom cell;
such a k-grid has been shown to be sufficient to achieve
highly converged GW band gaps of bulk solids with a small
unit cell [37–39]. We mention that GW calculations for two-
dimensional (2D) materials require a much denser k-grid
[40–42] due to the analytical behavior of the dielectric func-
tion and the electron self-energy in a 2D geometry. Other
details of the GW calculations will be discussed later.

III. RESULTS AND DISCUSSION

A. DFT electronic structure and chemical features
of the band-edge states

α-SnO adopts a tetragonal litharge layered structure (space
group P4/nmm), as shown in Fig. 1. The Sn and O atoms
form square pyramids, with Sn atoms at the apexes and O
atoms forming the bases, resulting in a sandwiched Sn–O–Sn
structure. The hybridization between the active Sn 5s lone
pair and the O 2p states defines the valence band-edges states
of α-SnO, and the two-dimensional zigzagging Sn—O bond-
ing network offers various degrees of freedom to tune the
intralayer s-p hybridization as well as the interlayer Sn–Sn
interaction. To facilitate later discussion of the strain effects
on the structural and electronic properties, we also show in
Fig. 1 three bond lengths (distances)—labeled d1 (Sn—O
bond length), d2 (intralayer Sn–Sn distance), and d3 (inter-
layer Sn–Sn distance)—that are important for determining the
chemical hybridization, and thus the band-edge positions.

In order to investigate the strain effects on the interlayer
Sn–Sn coupling and the hybridization between the stereo-
chemically active Sn 5s lone pair and the O 2p states, and
therefore the low-energy electronic structure of SnO, it is im-
portant to establish a theoretical baseline for the equilibrium
structure. Table I compares the optimized lattice constants
using different functionals and the experimental values [43].
While the PBE functional significantly overestimates both the
in-plane and out-of-plane lattice constants, the vdW-optB86b
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FIG. 2. DFT-PBE band structure and schematic energy-level diagram of α-SnO. (a) DFT band structures showing the decomposition of
the band wave functions into contributions from different atomic orbitals. (b) Schematic energy-level diagrams for better understanding the
overall band structure and the strain effects on the band-edge states.

functional [33] predicts lattice constants to within 1% accu-
racy compared with the experiment, indicating the importance
of including the vdW interaction in theoretical calculations of
layered materials. Our results are also consistent with previ-
ous theoretical work [44]. Therefore, we will use structures
optimized with the vdW-optB86b functional (with or without
strains) for electronic structure calculations.

Figure 2(a) shows the DFT band structure projected onto
contributions from different atomic characters. The stereo-
chemically active lone-pair (Sn 5s) states strongly hybridize
with the oxygen p states and contribute significantly to the
top valence states. As a result, whereas the low-energy valence
bands are mostly derived from the Sn 5s states, the top valence
band also acquires significant Sn 5s character through the
hybridization with O pz orbitals. As expected, low-energy
conduction bands are predominantly of the Sn 5p character,
and the conduction band minimum (CBM) states (at the M
point) are mostly derived from Sn 5px + 5py. The strong
dispersion of the lowest conduction bands around the M point
comes primarily from the interlayer Sn–Sn coupling. There-
fore, the CBM and valence band maximum (VBM) states
have distinct atomic characters and orbital orientations. This
suggests that they may respond differently to lattice strains
along different directions: Whereas the VBM states should
be sensitive to in-plane strains, the CBM state may be more
susceptible to strains along the lattice c direction, providing
a practical means to tune the CBM and VBM states sepa-
rately through lattice strains. The overall band structure can
be schematically understood using the energy diagram shown
in Fig. 2(b), which also helps understand the strain effects
on the electronic structure of α-SnO, as discussed later. The
strong hybridization between the Sn 5s and O 2p states gives

rise to the bonding and antibonding states, which defines the
main characters of the top and bottom of the valence bands.
This understanding is consistent with the projected band struc-
ture shown in Fig. 2(a). The antibonding states then further
hybridize with the Sn 5p states, which ultimately determine
the band-edge electronic structure. This energy diagram is
also consistent with the revised lone-pair model proposed by
Walsh et al. [23,24].

It should be mentioned that the dispersion of the top va-
lence band appears to be very flat near the � point. Upon
a more careful inspection, the VBM actually shifts slightly
away from the � point to k ≈ [0.075, 0.075, 0.0]2π/a. The
VBM is only about 8 meV higher than the band energy at
the � point, resulting in a warped Mexican-hat–like band
dispersion in the xy plane. This Mexican-hat band dispersion
is more pronounced for the monolayer structure [19]. Within
DFT-PBE, the calculated direct band gap at the � point is
2.13 eV, and that at the M point is 1.99 eV; the � → M
indirect gap calculated within PBE is 0.063 eV, whereas the
minimum indirect gap is about 0.055 eV. Not surprisingly,
the PBE results for the band gaps are significantly smaller
than the experimental values [22] of about 0.7 eV (minimum
indirect gap) and 2.7 eV (direct gap). Higher level many-body
perturbation calculations within the GW approximation can
bring the results much closer to the experiment. In addition,
after including the quasiparticle self-energy correction, the
VBM state also shifts to the � point, as discussed next.

B. Quasiparticle band structure of α-SnO

The DFT results presented in the previous section pro-
vide an important understanding of the overall electronic
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FIG. 3. Band structure of α-SnO calculated using (a) the DFT-
PBE method and (b) the GW approximation. The VBM is set to zero.

structure of α-SnO. However, neither the band dispersion
nor the fundamental band gap predicted within the DFT
approach is accurate. On the other hand, first-principles cal-
culations based on many-body perturbation theory within the
GW approximation [27,28] are very successful in predicting
the quasiparticle properties of solids. Therefore, before we
investigate the strain effects on the electronic structure of
α-SnO, we would like to discuss briefly its quasiparticle band
structure calculated within the GW approximation.

Figure 3 compares the DFT-PBE and GW band structures
of α-SnO. As we mentioned earlier, DFT-PBE calculations
predict a Mexican-hat–like dispersion for the top valence
band, and the VBM slightly shifts away from the � point.
After including the GW self-energy corrections, the VBM is
predicted to be at the � point. In other words, there is no
Mexican-hat–like dispersion for the top valence band within
the GW approximation. The valence bandwidth is also in-
creased from 9.03 eV (PBE) to 9.57 eV (GW ). Our highly
converged GW calculations give an indirect band gap of
0.75 eV (�-M), which is very close to the experimental band
gap of about 0.70 eV [22], especially considering that experi-
mental results include the temperature effects. The calculated
direct quasiparticle band gaps are 2.78 eV (at the M point) and
2.84 eV (at �); these results again agree well with the exper-
imental results, ranging from 2.70 eV [22] to 2.85 eV [20].
A summary of the calculated band gaps and their comparison
with the experiment is presented in Table II.

Before concluding this section, we briefly discuss the con-
vergence issue of quasiparticle calculations within the GW
approximation. GW calculations are known to be particularly
difficult to converge for oxide materials [30,34,45–47] due
to the contrasting wave function characters of the valence
and conduction bands. Whereas the valence bands are de-
rived from fairly localized oxygen p states, conduction bands
are primarily from cation s and/or p states, which are of-

TABLE II. Summary of the theoretical band gaps (in electron
volts) calculated within DFT-PBE and the GW approximation, and
their comparison with the experiment.

Indirect gap Direct gap Direct gap
(�–M ) (M) (�)

PBE 0.06 1.99 2.13
GW 0.75 2.78 2.84
Experiment [43] 0.70 [22] 2.70 ∼ 2.85 [22]

FIG. 4. Convergence behavior of the calculated indirect quasi-
particle band gap of α-SnO: (top panel) with respect to the number
of bands included in the GW calculations and the cutoff energy of
the dielectric matrix, and (bottom panel) with respect to the k-grid
density.

ten rather delocalized. Within the conventional first-principles
GW approach [28,34], there are two interrelated convergence
parameters: the kinetic energy cutoff (Ecut) for the dielectric
matrix and the number of conduction bands (Nc) included in
the calculations of the dielectric matrix and the Coulomb-
hole self-energy. The more localized the quasiparticle wave
functions are, the higher cutoff energy and more conduction
bands are required for an accurate account of the correlation
effects [45].

The top panel of Fig. 4 shows the calculated minimum in-
direct quasiparticle band gap (�−M) as a function of Ecut and
Nc. It is clear that a high cutoff energy of about 60 Ry for the
dielectric matrix is required to converge the calculated quasi-
particle energies. In addition, a fairly large number (about
4000, or 1000/atom) of conduction bands is needed to fully
converge the band gap. Using our recently developed methods
[30,48], in which the conventional band-by-band summation
is replaced with an energy integration technique, we are able
to include all conduction bands effectively in the calculation
of the dielectric matrix and the Coulomb hole self-energy at a
fraction (less than 10%, in this case) of the computational cost
compared with the conventional approach. Although there are
previous works [17,44] on GW calculations of α-SnO, our
work clearly demonstrates the importance of the convergence
issue since underconverged calculations may give inaccurate
predictions. It is well understood that GW results typically
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FIG. 5. Strain effects on the band edge positions (a) and (b),
and on the relevant bond lengths (c) and (d) of α-SnO. The band
structures calculated at different strains are aligned using the O 1s
core level as a reference. The bond lengths (distances) d1, d2, and d3

are defined in Fig. 1.

converge quickly with respect to the k-grid density. Neverthe-
less, we show in the bottom panel of Fig. 4 the calculated GW
band gap with respect to the k-grid density; a 6 × 6 × 6 k-grid
would be sufficient to converge the band gap to within 0.01 eV.

C. Exploiting the stereoelectronic effects to tune selectively the
band-edge states, and the strain phase diagram of α-SnO

The distinct atomic origins and spatial orientations of the
VBM and CBM states, as shown in Fig. 2, offer a practical
means for selectively tuning the band edge states with uniaxial
and/or biaxial strains. The dispersion of the lowest conduction
band, thus the position of the CBM state, is primarily deter-
mined by the interlayer coupling between the Sn 5p states,
as shown in Fig. 2. The VBM position, on the other hand,
is mainly determined by the bonding–antibonding splitting,
which in turn is a result of the intralayer hybridization be-

tween the stereochemically active Sn 5s lone pair and the O
2p valence states (see Fig. 2). These observations suggest that
the CBM position may be tuned by the uniaxial c strain (εc),
whereas the VBM may be more sensitive to the biaxial ab
strain (εab).

The top panels of Fig. 5 show the shifts in the VBM and
CBM energies in response to εc [Fig. 5(a)] and εab [Fig. 5(b)],
calculated within DFT. We use the O 1s core state as a
reference to align the band structures calculated with differ-
ent strains. First, the CBM position shifts upward with the
uniaxial strain along the c direction, as shown in Fig. 5(a).
This is expected since the interlayer Sn–Sn coupling, which is
one of the main contributions to the dispersion of the lowest
conduction band, becomes weaker with increasing εc. The
VBM position, on the other hand, is minimally affected by the
uniaxial tensile strain, but shifts slightly lower with increasing
compressive strain. We have also tested results calculated us-
ing the Sn 4s semicore state as a reference and do not observe
any noticeable differences.

The strain-dependent VBM and CBM positions are con-
sistent with our understanding of the strain effects on the
coupling between atomic orbitals. Figure 5(c) shows three
relevant bond lengths (atomic separations), labeled d1 (in-
tralayer Sn—O bond length), d2 (intralayer Sn–Sn distance),
and d3 (interlayer Sn–Sn distance), as a function of εc (see
also Fig. 1). The reduced interlayer Sn–Sn interaction (as a
result of elongated d3) with increasing εc is mainly respon-
sible for the upward shift of the CBM position shown in
Fig. 5(a). The small decrease in the intralayer Sn–Sn distance
(d2) with increasing εc, however, has an opposite effect on the
CBM position. The subtle shift in the VBM position with the
compressive strain εc can also be understood: Although the
intralayer Sn—O bond (d1) does not change appreciably with
εc due to the rigidity of the bonds, the Sn—O—Sn bond angle
is substantially affected by the compressive uniaxial strain εc,
which results in a slight decrease in the bonding–antibonding
splitting, as shown schematically in Fig. 2(b), therefore low-
ing the VBM position.

The results are very different for the biaxial strain εab:
Whereas the VBM moves downward with increasing εab, the
CBM position moves upward at a much lower rate compared
with that of the downward movement of the VBM posi-
tion. These results can again be understood by inspecting the

FIG. 6. Engineering the band gap of α-SnO via (a) uniaxial strain, (b) biaxial strain, and (c) isotropic pressure.
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FIG. 7. Strain phase diagram of α-SnO predicted by the DFT-
PBE and GW methods.

variation of d1, d2, and d3 with εab, as shown in Fig. 5(d).
As mentioned earlier [see also Fig. 2(b)], the VBM energy is
largely determined by the bonding–antibonding splitting as a
result of the hybridization between the Sn 5s lone pair and
the O 2p valence states. In this case, the intralayer Sn—O
bond length d1 increases linearly with εab, as expected. The
elongated Sn—O bonds then result in a reduced bonding–
antibonding splitting, therefore lowering the position of the
VBM state. The upward shift in the CBM position with
increasing εab can be largely attributed to the increasing in-
tralayer Sn–Sn distance d2, since the dispersion of the lowest
conduction band—and thus the CBM position—is mostly
determined by the coupling between the px + py orbitals of
neighboring Sn atoms, as illustrated in Fig. 2.

With these results at hand, we now proceed to investigate
strain or pressure engineering of the band gap of α-SnO.
The DFT results shown earlier, however, suffer from the
well-known band-gap problem, and therefore cannot provide
accurate predictions of the band gap or the electronic struc-
ture phase transitions under strain. We have carried out GW
calculations for all strained structures. Figure 6(a) and 6(b)
show the calculated GW bang gap of α-SnO under uniaxial
and biaxial strains. The band gap increases with both strains,
although the biaxial strain is far more effective than the uni-
axial strain for tuning the band gap. A moderate 4% biaxial
strain would be sufficient to increase the band gap of α-SnO
from 0.75 eV at equilibrium to 1.6 eV, and the band gap can
be widely tuned from 0 to over 2.0 eV within ±6% biaxial
strains. Figure 6(c) shows the dependence of the calculated
band gaps on the (isotropic) pressure. The band gap decreases
monotonically with increasing isotropic pressure. Our GW
calculations suggest that a 5-GPa isotropic pressure may trig-

ger an insulator–metal transition in α-SnO; this result agrees
very well with experimental reports [16,49].

Finally, we present in Fig. 7 the strain electronic phase dia-
gram of α-SnO. The color map shows the calculated band gap
using the DFT-PBE and GW approaches. A widely tunable
band gap from 0 to 3 eV can be achieved with the combination
of strains. The dashed curve indicates the metal–insulator
phase boundary predicted by DFT-PBE, whereas the solid
curve is predicted by the GW method. The strains induced
by the isotropic pressures are shown with the solid curve with
black dots. Although the uniaxial strain εc can somewhat mod-
ulate the band gap, biaxial strain εab is much more effective
in doing so. The combination of both strains offers ample
possibilities to tune the low-energy electronic properties, in
addition to the band gap, or to produce a metal–insulator
transition in α-SnO.

IV. SUMMARY

In summary, we have systematically investigated the strain
effects on the electronic properties of α-SnO—in particular,
the band-edge states and the band gap—using DFT and GW
quasiparticle calculations. Our highly converged GW calcula-
tions predict an indirect gap of 0.75 eV, which agrees well
with the experimental value of 0.70 eV and ensures accu-
rate predictions of the strain-dependent electronic structure.
We find the VBM and CBM states are derived from distinct
atomic orbitals and respond disparately to strains along differ-
ent directions. Such stereoelectronic effects can be exploited
to tune the VBM and CBM states selectively, and therefore the
band gap, via different strains. Theoretical results can be un-
derstood by analyzing the strain effects on the coupling of rel-
evant atomic orbitals. We have also established a strain elec-
tronic phase diagram and the semiconductor–metal transition
boundary of α-SnO under combinations of out-of-plane and
in-plane strains. The predicted phase transition under pressure
by the GW method also agrees well with experiments.
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