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Hybrid functionals mixing the exact exchange with (semi)local functionals to reinstall the missing
derivative discontinuity, have been successfully employed to predict band gaps (Eg) in bulk semi-
conductors. Here we show that traditional hybrid functionals with fixed fractions of exact exchange
do not perform significantly better than the most popular semilocal PBE-GGA functional for F,
of semiconductor nanostructures, since their band-gap corrections are essentially size independent.
This is because they cannot respond properly to the variation in screening when size changes. They
merely predict constant band gap corrections to the PBE gaps in silicon nanowires (Si NWs) when
wire diameter reduces, instead of the dramatic increase predicted by many-body GW calculations.
Moreover, these hybrid functionals generate almost identical wave functions compared with PBE for
both bulk Si and Si NWs, whose overlaps with corresponding quasiparticle wave functions become

much smaller than 1 for narrow NWs.

PACS numbers: 73.21.Hb, 73.22.Dj, 78.67.Lt

I. INTRODUCTION

The Kohn-Sham (KS) formulation of density func-
tional theory (DFT)%? has become the dominating
method for predicting the ground-state properties of con-
densed matter systems, due largely to the simplicity
of the exchange-correlation (XC) energy in either lo-
cal density (LDA) or generalized gradient (GGA) ap-
proximations. However, lack of derivative discontinu-
ity with respect to the electron number®® within these
(semi)local approximations leads to severe underestima-
tion of fundamental band gaps (F4)®®. This problem
can be resolved in the framework of the many-body per-
turbation theory (MBPT)!%:!!1 by solving the quasipar-
ticle (QP) equation.!? A practical scheme is the GW
approximation® ?, within which the self-energy (X) is ob-
tained from the Green function (G) and the dynamically
screened Coulomb interaction (W) by

S = iGW. (1)

The GW method usually predicts reasonable band gaps
for a broad range of semiconductors and insulators™®17,
but computationally it is extremely demanding, espe-
cially for nanoscale materials.

An alternative remedy lies within the generalized KS
(GKS) scheme!® 20 which reinstalls the missing deriva-
tive discontinuity using a single Slater determinant. The
GKS equation is written as:

(Oul{ei}] + Vo) + Vi) ) 5(6) = e5055(x), (2)

where O,[{t;}] is a nonlocal orbital-dependent opera-
tor depending on the choice of the Slater determinant
ST{w:}], Vext(r) is the external potential, and Vg(r) is
the remainder potential including XC, Hartree, and ki-

netic energy components not accounted for by Og[{t);}].
It is generally hoped that the GKS band gap (ESKS)

produced by a judiciously chosen O,[{t;}] will be con-
siderably closer to the QP band gap than EEI;S, because

OS[{%}] inherently exhibits the derivative discontinuity
due to its orbital dependencel&lg’zl’”i It is further ex-
pected that the nonlocal character of Os[{1;}] would al-
low it to efficiently mimic the role played by ¥ in MBPT
calculations of QP energies?3:24,

The hybrid functional approach is a special case of
GKS®, in which O4[{1;}] corresponds to the sum of
single-particle kinetic energy operator and an empirically
weighted mixture of approximate (semi)local exchange
and orbital-dependent exact Fock exchange. Popular hy-
brid functionals such as B3LYP?®, PBE0%®, and HSE?7,
can predict good band gaps for bulk materials?®2%, and
thus they are considered as an interesting compromise
between KS and GW methods, because of their consid-
erable accuracy and relatively low computational cost.
Hybrids have been widely employed to investigate elec-
tronic structures of a variety of materials, including
nanostructuressl’?"l; however, very few efforts3® have
been spent on justifying and examining their reliability
for nanoscale systems.

In this work, we demonstrate that hybrid functionals
with fixed fraction of exact exchange are not reliable to
predict band gaps for nanoscale materials at all. Even if
a hybrid functional could give a bulk band gap close to
the experimental value, this functional fails to improve
E, over simple (semi)local functionals for low-dimension
materials with strong quantum confinement. In particu-
lar, as diameter of a silicon nanowire (Si NW) reduces,
hybrid functionals yield almost constant band gap cor-
rections, instead of the dramatic size-dependent variation
correctly captured by the GW approximation. They also
fail to improve the poor quality of the KS wave functions
(WFs) for the conduction states in Si NWs, thus we con-
clude that for electronic structure calculations these tra-
ditional hybrid functionals are no better than (semi)local
functionals, and their success in simple semiconductors is



largely fortuitous.

II. FORMALISM AND COMPUTATIONAL
METHODS

The simplest formula of the XC energy, EMP, of a
hybrid functional can be expressed as:

E)l'(lg/b _ bE)I(-IF T (1- b)E)%DA/GGA n E(':LDA/GGA7 (3)

where the parameter b indicates the portion of exact

Hartree-Fock (HF) exchange, EXF| while ELPA/GGA g

Er DA/GGA respectively denote the exchange and correla-

tion energy for the (semi)local functional. Hybrid func-
tionals with different portions of exact exchange could
give the same ground-state total energy and density, with
different eigenvalues €; and eigenfunctions 1, (r)!8.
Specifically, PBE0?° was constructed by simply mix-
ing 25% exact exchange with 75% of PBE (Perdew-
Burke-Ernzerhof formulation of GGA3®) exchange, while
B3LYP? is a three-parameter hybrid functional:

EBYP — 020 EHY 4 0.80ELPA 1+ 0.72(EB®  (4)
— ELPAY 1 0.81EMYP 4 0.19ELPA,

where EB88 and ELYP are the Becke 88 [Ref. 36] and
Lee-Yang-Parr3” exchange functionals, respectively. HSE
is a range-separated hybrid functional, which splits the
exchange term into short-range (SR) and long-range (LR)
parts to avoid the demanding integrals over the long-
range part of exact exchange:

S = 0.25 5, + 0.75E088 + EVPE + BEP. (5)

Though HSE contains the same portions of exact ex-
change and PBE exchange as PBEO in its short-range
exchange part, excluding the long-range part of exact ex-
change causes a significantly different effective screening
environment for HSE relative to PBE0?7.

To put our verification regarding the reliability of
hybrid functionals for nanoscale materials in concrete
terms, we choose silicon nanowires (Si NWs?®3%) one
of the most important semiconductor nanomaterials, to
study the gap scaling law as a function of quantum con-
finement. Si NWs are the prototypical one-dimensional
(1D) nanostructures, exhibiting both 1D extension along
the wire axis and 2D confinement perpendicularly. Previ-
ous calculations®® 2 show that LDA and GGAs not only
underestimate E,, but also leads to an increasing error
in E, as wire diameter (d) decreases. Thus one cannot
use a single scissor shift to correct KS band gaps for Si
NWs with varying size. Here, we examine whether hybrid
functionals can lead to meaningful improvement over KS
in predicting E,.

We investigated hydrogen-passivated Si NWs grown
along (100), (110) and (111) directions, with d up to 4.0
nm. All cylindrical wire models were constructed with-
out SiHg on the surface. We performed structural relax-
ations using the plane-wave VASP package®® using the

PBE functional and adopting the projector augmenta-
tion wave method?®. 10 A of vacuum was added between
NWs, and a plane-wave cutoff of 400 eV and 16 k-points
along the wire axis were used to guarantee convergence
within 0.01 eV for the calculated band gaps. The hybrid
functional calculations were also carried out using the
VASP package and the PBE pseudopotentials. Such in-
consistency in pseudopotential only leads to a negligible
error (< 0.05 eV) in band gap for Si-based materials®°.

Since accurately measuring band gaps of Si NWs re-
mains a major challenge and so far barely any exper-
imental data®® are available, we examine hybrid func-
tional results by comparing with the benchmarks set by
the highly accurate GW calculations, which have been
successfully carried out for Si NWs#1:42:4748 ygsing pseu-
dopotentials. Our one-shot GoW, calculations were per-
formed using the ABINIT code*® with pseudopotentials.
To overcome the long-range image interactions for NWs
due to the periodic boundary condition, we employed a
cylinder truncation scheme*?47:48:59 "in which the trun-
cated Coulomb interaction for a wire oriented along the
z-axis is given by

2

Velw) = 1000 = o) (6)
where p is the cylindrical coordinate perpendicular to
the wire axis z, and p. is the radial cutoff and has been
set to half of the distance between the neighboring wires
in our calculations. We adopted two plasmon-pole mod-
els (PPMs) of Hybertsen-Louie (HL?!) and Godby-Needs
(GN52:53) to approximate the frequency dependence of
the dielectric function!? (¢), and previous studies®®9
have found that E, obtained by numerically explicit inte-
gration using the contour-deformation approach lay be-
tween the results of HL and GN. We used PBE wavefunc-
tions and eigenenergies as input for evaluating the self-
energy, employed the norm-conserving pseudopotentials,
and set the energy cutoffs for the ground-state and the
GW -kernel calculations to be 14 Ha. We used the ex-
trapolar technique proposed by Bruneval and Gonze,”
and we found that convergence was achieved when the
number of conduction bands was set to twice of that for
valence bands in each Si NWs, using 16 k-points along
the wire axis.

III. RESULTS AND DISCUSSION

Our calculated E, for bulk Si are 1.69, 1.71, 1.20 and
6.62 eV, using PBEO, B3LYP, HSE and HF, respectively,
agreeing well with previous benchmark calculations?S.
Compared with PBE value of 0.59 eV, hybrid functionals
considerably exaggerate the bulk band gap. B3LYP and
PBEO essentially predict the same band gap, much larger
than the corresponding HSE value. This is because of the
range-separation approach adopted in HSE, where the
exact exchange is short ranged and consequently leads to
the much reduced E; compared to PBEO and B3LYP.
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FIG. 1. (color online) Band gap versus Si NW diameter using
various functionals and the GW approximation for (a) (100),
(b) (110), and (c) (111).

The present GW band gaps for bulk Si are 1.27 and
1.22 eV using HL. and GN PPMs, respectively, in good
agreement with previous works®?%%%, The GW band
gaps for Si NWs are plotted in Fig. 1, which clearly shows
that the two PPMs produce very close E, for a given Si
NW. Despite the similarity, the GN band gap is always
slightly smaller than that of HL, and the difference in E,
between HL and GN gradually increases from 0.05 eV for
bulk Si to about 0.2 eV for a Inm NW. Recent works
have revealed that GN and HL PPMs could differ signif-
icantly from each other for strongly localized electronic
systems, but they behave similarly for highly delocalized
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FIG. 2. (color online) Band gap corrections (AE, = Ey —
EIPF) for hybrid functionals (B3LYP, PBEO, and HSE) and
the GW approximation for (a) (100), (b) (110), and (c) (111).

systems®456 because HL enforces the fulfillment of the f-
sum rule which tends to underestimate the screening and
consequently produce larger band gaps®%°?. In this case,
as d shrinks the electron localization in NWs increases,
so that HL tends to overestimate E, more.

Because of strong quantum confinement in narrow Si
NWs, band gaps can be well described by the effective-

mass approximation (EMA) model*%-60:
C
NW _ pbulk
EgW =B+ (7)

where the exponent « is equal to 2 within EMA%4, and



TABLE 1. Fitted parameters o and C (eV-nm®) as in Eq.
6 for Si NWs. Here HL and GN represent GW calculations
using two different PPMs.

PBE HSE PBE0O B3LYP HF HL GN

(100) « 1.37 129 1.18 1.17 098 143 1.42
C 227 229 249 233 224 3.70 3.57

(110) o« 1.24 133 1.06 1.05 096 1.44 1.43
C 108 117 131 120 103 231 2.19

(111) o« 145 143 129 126 1.00 1.50 1.48
C 214 219 234 218 153 3.63 3.47

the confinement constant C' can be expressed as C' =
2h2¢%/m*, with ¢ = 2.4048 the first root of the zeroth-
order cylindrical Bessel function of the first kind and m*
the effective mass. As shown in Fig. 1, all these methods
produce E, for Si NWs satisfying the scaling law (Eq.
6); but they predict different values of parameters C' and
a. The KS scheme underestimates not only E, in Si
NWs, but also the trend, i.e., values of C and « are also
underestimated, compared to the GW results.

Table I summarizes the fitted values for parameters «
and C. GW predicts « to be around 1.4-1.5, smaller
than the ideal value of 2 because the EMA assumes an
unrealistic infinite potential at the wire surface. Another
observation is that the constant C' for (100) and (111)
wires are rather close, but more than 50% larger than
that for the (110) wires. Such anisotropy reflects the ori-
entation dependence of the Si NW band gaps caused by
different effective mass m* in the confinement plane*®4!:
m?mo} ~ m’<k111> < m?uo)' PBE predicts slightly smaller
a but severely underestimates C' compared with GW
leading to a fast increasing error in F, as d reduces. Al-
though HF exaggerates band gaps by 6 eV, its fitted «
and C are the smallest among all these methods; in par-
ticular, its «a are very close to 1.0 while C' are slightly
smaller than the PBE values except for the (100) wires.
The confinement constant C' is inversely proportional to
the effective mass m*, which is determined from the dis-
persion relation at the band edge by

h2
T RE/0%k,

*

m (8)
Our band structure analysis for Si NWs confirms the
trend in m* obtained by using various functionals.

Next we focus on o and C' obtained from hybrid func-
tionals and examine if they can predict better trends.
Surprisingly, these three hybrid functionals give o and C
comparable to those of PBE. Among them HSE almost
reproduces the PBE values, while PBEO and B3LYP pre-
dict smaller a@ and larger C' than PBE. Previously re-
searchers mostly focused on exponent o and largely ig-
nored the role played by the confinement constant C' in
the band gap scaling®®%; it was expected that better
density functional would principally improve a. How-
ever, Table I demonstrates that the major issue of the
(semi)local functionals lies in severe underestimation of

4

C' (the ratios of Cqw/Cpgg are around 1.6-1.7 for (100)
and (111) wires while ~ 2.0 for the (110) NWs, respec-
tively) instead of « (agw/appE is in the range of 1.05-
1.15). In this sense, BLYP and PBEO perform even
worse than PBE, while HSE behaves very similar to PBE.

The hybrid functionals band-gap corrections
(AEQP® EX® — EJPE) to PBE are in general
just constants as functions of d; AEM®(d) even de-
creases when d decreases towards 1 nm, while the
GW corrections AESW x 1/d* (Fig. 2), increasing
dramatically. In fact, AEg?ﬁw(d) ~ AE;‘?{}LM i.e., the
hybrid functional band-gap corrections for any Si NWs
are essentially the same as those for bulk Si.

Previously a size-independent constant correction (~
0.6 eV from bulk Si) to the KS band gaps of Si NWs was
proposed to study their optical properties,’? omitting the
excitonic binding; however, the quasiparticle correction
could partially cancel the excitonic correction.’? Com-
pared to this scissor-shift method, hybrid functionals of-
fer no further improvement over PBE on band structures
for these nanoscale materials.

Within the GW approximation, self-energy is a nonlo-
cal frequency-dependent operator sensitive to the screen-
ing environment. The real part of ¥ could be split into
two components: R(X) = Xggx + Xcon, where the lo-
cal Ycomn represents the Coulomb-hole (COH) interac-
tion and the nonlocal Xggx is the statically screened ex-
change (SEX):

Ycou(r,r') = féé(r —1)v(r,r’) — W(r,x)], (9)

Noce

Y )i )W (r,x'),  (10)

i=1

Ygpx(r,r) = —

in which v is the bare Coulomb potential, and Ny, rep-
resents the number of occupied bands. As WFs become
more confined and localized, Yggx is gradually enhanced
since the screening (1) becomes weaker,*”7%? and then
dominates the self-energy and the GW band-gap correc-
tions consequently show a strong size dependence. But
the hybrid functional EXYP cannot response the change
in screening as well as the self-energy operator 3. This
is because the fraction of the exact exchange is fixed, so
that the average dielectric screening that a hybrid func-
tional offers varies only due to the (semi)local functional
part; therefore it behaves just like these LDA /GGA func-
tionals when confinement strength changes except for a
constant band-gap shift. For simple bulk materials such
as Si, the valence electrons are very delocalized,”**® and
the screening could be similar among these materials. As
a result, although a well constructed hybrid functional,
such as HSE (a screened PBE hybrid), can well predict
I, of these materials, the success is more or less fortu-
itous and empirical due to cancellation of overestimation
of E; by HF and underestimation by LDA/GGA. For
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FIG. 3. (color online) Panels (a—e) show electron density dis-
tribution for the (001) 0.71 nm Si NW at the I'-point for the
VBM-4, VBM-2, CBM, and CBM+4 states, calculated us-
ing the self-consistent GW, PBE, B3LYP, PBEOQ, and HSE,
respectively.

materials with sharply different valence electron localiza-
tion and screening compared to simple semiconductors,
such as transition metal oxides, errors in FE, will vary
dramatically, and hybrid functionals with a fixed mix-
ing parameter can not work equally well for both cases.
Here we show that even for the same material (Si) as
the size approaches the quantum confinement regime, hy-
brid functionals with fixed fractions of exact exchange fail
completely to predict the size-dependent band-gap cor-
rection as GW does.

Though the (semi)local functionals severely underesti-
mates Ey, even LDA WFs can provide excellent approx-
imations to the QP WFs for simple bulk systems®89,
with overlaps [(¥*P4|¢Q@F)| > 0.999. Tt is not clear if
LDA/GGA WFs can still well represent QP WFs in NWs.
We performed fully quasiparticle self-consistent GW cal-
culations in which the WFs are updated together with
G and W until convergence reached!®"!. Because the
self-consistent GW computation is extremely expensive,
we only carried out such calculations for a (100) 0.71 nm
Si NW (SigH;2). Fig. 3 shows electron density (|3 (r)[?)
at the I'-point for the conduction band minimum (CBM)
and the CBM+4 state, in comparison with the second
and forth states below valence band maximum (VBM-2
and VBM-4). These states are chosen to avoid degener-
acy. Surprisingly, even in such a narrow wire the PBE
WFs for valence bands still overlap with QP ones nearly
perfectly (|[(¥FBE[pQ@F)| ~ 0.996); however, the quality
of the KS WFs for conduction bands is much poorer,
with overlaps only about 81.9%, 42.0%, 18.5% and 39.2%

for the CBM, CBM+3, CBM-+4, CBM+5 states, respec-
tively. Hybrid functionals cannot improve WFs over PBE
at all. For all these states of the 0.71 nm Si NW we find
that (|(yPBE[MPY| > 0.998).

Although our conclusion on the performance of hy-
brid functionals for nanoscale materials is based on cal-
culations on Si NWs alone, we believe that it holds for
other semiconductor NWs and nanocrystals, as previous
calculations®” 7475 revealed very similar results for band
gap scaling to those of Si NWs. Finally we would like
to point out that in this work we have focused on tra-
ditional and widely employed hybrid functionals such as
HSE, PBEO and B3LYP. We have noticed that recent
developments in hybrid functionals”>"3 proposed setting
the mixing parameter b = 1/e, in order to respond better
to the change in dielectric environment. These new hy-
brid functionals thus could predict good trend of E, in
nanoscale semiconductors, though computationally they
are might be more demanding than those hybrid func-
tionals with fixed b.

IV. SUMMARY

In conclusion, we have investigated the accuracy of hy-
brid functionals with fixed mixing parameters for band
gaps of nanoscale materials. Comparing with the GW
benchmarks, we find that these hybrid functionals only
yield almost constant gap corrections to PBE results as
quantum confinement increases, instead of reproducing
the crucial size-dependent GW corrections, though in
general the calculated band gaps by hybrid functionals
are closer to GW values than LDA or GGA. Hybrid
and (semi)local functionals obtain very similar param-
eters for the band-gap scaling law as a function of wire
diameter d, both severely underestimating the confine-
ment constant C' because they are not able to response
the change in screening properly. Furthermore, WFs ob-
tained using hybrid functionals are very similar to those
of (semi)local functionals even in strongly confined NWs.
Therefore, these hybrid functionals have limited applica-
bility for investigating electronic structures of novel ma-
terials, especially for those with more localized electrons
than bulk semiconductors. However, recently developed
hybrid functionals with mixing parameters according to
material’s dielectric constant could solve this problem.

V. ACKNOWLEDGEMENTS

This work was financially supported by DOE Early Ca-
reer Award (No. DE-SC0006433). Computations were
carried out at the Golden Energy Computing Organiza-
tion (GECO) at the CSM and National Energy Research
Scientific Computing Center (NERSC).



W N =¥

10
11

12
13

14

15

16

17

18
19

20

21

22

23

24

25

26

27

28

29

30

31

32

zhiwu@mines.edu

P. Hohenberg and W. Kohn, Phys. Rev. B 136, 864 (1964).
W. Kohn and L. J. Sham, Phys. Rev. A 140, 1133 (1965).
J. P. Perdew, R. G. Parr, M. Levy, and J. L. Balduz, Phys.
Rev. Lett. 49, 1691 (1982).

J. P. Perdew and M. Levy, Phys. Rev. Lett. 51, 1884
(1983).

L. J. Sham and M. Schliiter, Phys. Rev. Lett. 51, 1888
(1983).

M. S. Hybertsen and S. G. Louie, Phys. Rev. B 34, 5390
(1986).

F. Arasyetiawan and O. Gunnarsson, Rep. Prog. Phys. 61,
237 (1998).

W. G. Aulbur, L. Jonsson, and J. W. Wilkins, Solid State
Phys. 54, 1 (2000).

G. Onida, L. Reining, and A. Rubio, Rev. Mod. Phys. 74,
601 (2002).

L. Hedin, Phys. Rev. A 139, 796 (1965).

A. L. Fetter and J. D. Walecka, Quantum Theory of Many-
Particle Systems (McGraw-Hill, Newyork, 1971).

L. Hedin and S. Lundqvist, Solid State Phys. 23, 1 (1969).
M. van Schilfgaarde, T. Kotani, and S. V. Faleev, Phys.
Rev. Lett. 96, 226402 (2006).

F. Bruneval, N. Vast, and L. Reining, Phys. Rev. B 74,
045102 (2006).

M. Shishkin, M. Marsman, and G. Kresse, Phys. Rev. Lett.
99, 246403 (2007).

M. Shishkin and G. Kresse, Phys. Rev. B 75, 235102
(2007).

T. Kotani, M. van Schilfgaarde, and S. V. Faleev, Phys.
Rev. B 76, 165106 (2007).

S. Kiimmel and L. Kronik, Rev. Mod. Phys. 80, 3 (2008)
A. Seidl, A. Gorling, P. Vogl, J. A. Majewski, and M. Levy,
Phys. Rev. B 53, 3764 (1996).

R. Baer, Ester Livshits, and Ulrike Salzner, Annu. Rev.
Phys. Chem. 61, 85 (2010).

A. J. Cohen, P. Mori-Sanchez, and W. Yang, Phys. Rev.
B 77, 115123 (2008).

P. Mori-Sanchez, A. J. Cohen, and W. Yang, Phys. Rev.
Lett. 100, 146401 (2008).

P. Sanchez-Friera and R. W. Godby, Phys. Rev. Lett. 85,
5611 (2000).

M. Griining, A. Marini, and A. Rubio, Phys. Rev. B 74
161103 (2006).

P. J. Stephens, F. J. Devlin, C. F. Chabalowski, M. J.
Frisch, J. Phys. Chem. 98, 11623 (1994).

J. P. Perdew, M. Ernzerhof, and K. Burke, J. Chem. Phys.
105, 9982 (1996); C. Adamo and V. Barone, ibid. 110,
6158 (1999).

J. Heyd, G. E. Scuseria, and M. Ernzerhof, J. Chem. Phys.
118, 8207 (2003); 124, 219906 (2006).

J. Paier, M. Marsman, K. Hummer, G. Kresse, 1. C. Ger-
ber, and J. G. Angyan, J. Chem. Phys. 124, 154709 (2006).
M. Marsman, J. Paier, A. Stroppa, and G. Kresse, J. Phys.
Condens. Matter 20, 064201 (2008).

M. Jain, J. R. Chelikowsky, and S. G. Louie, Phys. Rev.
Lett. 107, 216806 (2011).

U. Salzner, J. B. Lagowski, P. G. Pickup, and R. A. Poirier,
J. Comput. Chem. 18 1943 (1997).

V. Barone, J. E. Peralta, M. Wert, J. Heyd, and G. E.
Scuseria, Nano Lett. 5, 1621 (2005).

34

36
37

38

39

40
41

42

43

44

45
46

47

48

49

50
51

52

53

54

55

56

57
58

59

60

N. Dori, M. Menon, L. Kilian, M. Sokolowski, L. Kronik,
and E. Umbach, Phys. Rev. B 73, 195208 (2006).

D. Kim, D.-H. Kim, J.-H. Lee, and J. C. Grossman, Phys.
Rev. Lett. 110, 196802 (2013).

J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).

A. D. Becke, Phys. Rev. A 38, 3098 (1988).

C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B 37, 785
(1988).

J. D. Holmes, K. P. Johnston, R. C. Doty, and B. A. Ko-
rgel, Science 287, 1471 (2000).

D. D. D. Ma, C. S. Lee, F. C. K. Au, S. Y. Tong, and S.
T. Lee, Science 299, 1874 (2003).

R. Rurali, Rev. Mod. Phys. 82, 427 (2010).

X. Zhao, C. M. Wei, L. Yang, and M. Y. Chou, Phys. Rev.
Lett. 92, 236805 (2004).

J. A. Yan, L. Yang, and M. Y. Chou, Phys. Rev. B, 76,
115319, (2007).

G. Kresse and J. Furthmiiller, Phys. Rev. B 54, 11169
(1996).

H. J. Monkhorst and J. K. Pack, Phys. Rev. B 13, 5188
(1976).

G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
F. Fuchs, J. Furthmiiller, F. Bechstedt, M. Shishkin, and
G. Kresse, Phys. Rev. B 76, 115109 (2007).

M. Bruno, M. Palummo, A. Marini, R. Del Sole, and S.
Ossicini, Phys. Rev. Lett. 98, 036807 (2007).

H. Peelaers, B. Partoens, M. Giantomassi, T. Rangel, E.
Goossens, G. M. Rignanese, X. Gonze, and F. M. Peeters,
Phys. Rev. B, 83, 045306 (2011).

X. Gonze, B. Amadon, P.-M. Anglade, J.-M. Beuken, F.
Bottin, P. Boulanger, F. Bruneval, D. Caliste, R. Cara-
cas, M. Cote, T. Deutsch, L. Genovese, Ph. Ghosez, M.
Giantomassi, S. Goedecker, D. R. Hamann, P. Hermet, F.
Jollet, G. Jomard, S. Leroux, M. Mancini, S. Mazevet,
M. J. T. Oliveira, G. Onida, Y. Pouillon, T. Rangel, G.-
M. Rignanese, D. Sangalli, R. Shaltaf, M. Torrent, M. J.
Verstraete, G. Zerah, and J. W. Zwanziger, Comp. Phys.
Comm. 180, 2582 (2009).

S. Ismail-Beigi, Phys. Rev. B 73, 233103 (2006).

M. S. Hybertsen and S. G. Louie, Phys. Rev. B 34, 5390
(1986).

R. W. Godby and R. J. Needs, Phys. Rev. Lett. 62, 1169
(1989).

A. Oschlies, R. W. Godby, and R. J. Needs, Phys. Rev. B
51, 1527 (1995).

M. Dvorak, S.-H. Wei, and Z. Wu, Phys. Rev. Lett. 110,
016402 (2013).

N. Marzari and D. Vanderbilt, Phys. Rev. B 56, 12847
(1997).

P. Larson, M. Dvorak, and Z. Wu, Phys. Rev. B 88, 125205
(2013).

Bruneval and Gonze, Phys. Rev. B 78, 085125 (2008).

M. Rohlfing and S. G. Louie, Phys. Rev. Lett. 83, 856
(1999); Phys. Status Solidi A 175, 17 (1999).

M. Stankovski, G. Antonius, D. Waroquiers, A. Miglio, H.
Dixit, K. Sankaran, M. Giantomassi, X. Gonze, M. Coté,
and G.-M. Rignanese, Phys. Rev. B 84, 241201 (2011).
C. Delerue, G. Allan, and M. Lannoo, Phys. Rev. B 48,
11024 (1993).



61 C. Delerue, M. Lannoo, and G. Allan, Phys. Rev. Lett. 84,
2457 (2000).

62 B. Delley and E. F. Steigmeier, Appl. Phys. Lett. 67, 2370
(1995).

63 J. E. Coulter, E. Manousakis, and A. Gali, Phys. Rev. B
88, 041107(R) (2013).

64 C.-Y. Yeh, S. B. Zhang, and A. Zunger, Phys. Rev. B 50,
14405 (1994).

65 J. Li and L.-W. Wang, Phys. Rev. B 72, 125325 (2005).

66 B. Delley and E. F. Steigmeier, Appl. Phys. Lett. 67, 2370
(1995).

67 J. P. Perdew and M. Levy, Phys. Rev. B 56, 16021 (1997).

58 H. L. Zhuang, A. K. Singh, and R. G. Hennig. Phys. Rev.
B 87, 165415 (2013).

69 M. Heinemann, B. Eifert, and C. Heiliger, Phys. Rev. B
87, 115111 (2013).

70

R. Gillen, S. J. Clark, and J. Robertson, Phys. Rev. B 87,
125116 (2013).

S. V. Faleev, M. van Schilfgaarde, and T. Kotani, Phys.
Rev. Lett. 93, 126406 (2004).

M. A. L. Marques, J. Vidal, M. J. T. Oliveira, L. Reining,
and S. Botti, Phys. Rev. B 83, 035119 (2011).

J. H. Skone, M. Govoni, and G. Galli, Phys. Rev. B 89,
195112 (2014).

C. Delerue, M. Lannoo, and G. Allan, Phys. Rev. Lett. 84,
2457 (2000).

S. P. Beckman, J. Han, and J. R. Chelikowsky, Phys. Rev.
B 74, 165314 (2006).

L. Yang, C. D. Spataru, S. G. Louie, and M. Y. Chou,
Phys. Rev. B 75, 201304(R) (2007).



