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We have implemented recently developed multiple-projector pseudopotentials into the planewave
based auxiliary-field quantum Monte Carlo (pw-AFQMC) method. Multiple-projector pseudopo-
tentials can yield smaller planewave cut-offs while maintaining or improving transferability. This
reduces the computational cost of pw-AFQMC, increasing its reach to larger and more complicated
systems. We discuss the use of non-local pseudopotentials in the separable Kleinman-Bylander
form, and the implementation in pw-AFQMC of the multiple-projector optimized norm-conserving
pseudopotential ONCVPSP of Hamann. The accuracy of the method is first demonstrated by
equation-of-state calculations of the ionic insulator NaCl and more strongly correlated metal Cu.
The method is then applied to calibrate the accuracy of density functional theory (DFT) predictions
of the phase stability of recently discovered high temperature and pressure superconducting sulfur
hydride systems. We find that DFT results are in good agreement with pw-AFQMC, due to near
cancellation of electron-electron correlation effects between different structures.

PACS numbers: 71.15.-m, 02.70.Ss, 71.15.Dx, 61.50.-f

I. INTRODUCTION

approximation,”® which is used to control the Fermion

The search for new materials and their development
has increasingly relied on theoretical modeling. Methods
based on density functional theory (DFT) are efficient
and powerful, but their predictions can break down in
a number of instances. Examples range from strongly
correlated materials, such as transition metal systems,
to bond stretching or bond breaking in otherwise moder-
ately correlated systems. Explicit many-body methods,
which avoid the mean-field-like approximations used in
standard DFT calculations, are needed in these cases.
Quantum Monte Carlo (QMC) calculations have become
increasingly important in this regard, because of their ac-
curacy and favorable scaling (as a low-order polynomial
of system size, similar to DFT, but with larger prefactor)
compared to traditional wave function based correlated
methods. Routine applications of QMC calculations in
extended systems still face major challenges, however.

In diffusion QMC (DMC)* and pw-AFQMC,?® pseu-
dopotentials are usually used, except for some DMC
calculations with the lightest elements. Pseudopoten-
tials remove the chemically inactive core electrons, re-
ducing the number of electrons that must be explicitly
correlated and greatly reducing the computational cost.
Non-local norm-conserving pseudopotentials (NCPP) are
typically used in QMC. The NCPPs are usually con-
structed from mean-field DFT of Hartree-Fock (HF) cal-
culations. While computationally expedient, the trans-
ferability of NCPPs is a key issue, and the neglected
core-core and core-valence correlation effects may need
to be considered. Even setting these many-body effects
aside, transferability errors from NCPPs in QMC calcu-
lations can be significant. In DMC, moreover, the non-
locality of NCPPs is handled with an additional local-
ity approximation, whose accuracy depends on the qual-
ity of the trial wave function.® The overall NCPP error
can be significant compared to errors from the fixed-node

sign problem. In pw-AFQMC, non-local NCPPs can be
used without additional approximations,®3 but transfer-
ability errors can still be a problem, unless the NCPPs
are made very hard,? %'0 which requires large planewave
cutoffs and increases the computational cost.

Pseudopotentials are based on the frozen-core approx-
imation, but contain an additional layer of approxima-
tion. Frozen-core calculations are common in quantum
chemistry applications, where the core orbitals are frozen
at the mean-field level derived from the target system.
Pseudopotentials are usually constructed for a reference
atomic configuration and then used in many target sys-
tems. The accuracy (transferability) of the PP across
many target systems must then be determined a posteri-
ori. In addition to being norm-conserving, most NCPPs
used in QMC calculations are of single-projector type
(one per angular momentum channel), which can further
contribute to transferability errors.

Recently, Hamann proposed a multiple-projector
pseudopotential,’!  based on Vanderbilt’s norm-
conserving construction'? and optimized with the Rappe-
Rabe-Kaxiras-Joannopoulos pseudization scheme.'® The
resulting pseudopotential, referred to as ONCVPSP
by Hamann, was shown to have accuracy comparable
to all-electron (AE) and ultrasoft pseudopotentials'?
(USPP) in DFT calculations, with moderate planewave
energy cutoffs. Schlipf and Gygi'* recently presented a
set of automatically constructed Hamann ONCVPSPs
for most of the periodic table. These were shown to
be in good agreement with the all-electron results in
DFT, often with cutoffs of only about 40 Ry.'*'® The
ONCVPSP is of separable Kleinman-Bylander type,'©
similar to NCPPs widely used in planewave DFT
calculations and also in pw-AFQMC calculations. Since
the treatment of one-particle Hamiltonian terms in
pw-AFQMC is closely related to that in planewave DFT,
the implementation of ONCVPSP into our pw-AFQMC



code is straightforward.

In this paper, we show that the use of multiple-
projector ONCVPSP can greatly reduce the planewave
basis size in pw-AFQMC many-body calculations, while
maintaining good accuracy. This results in significant
reductions of computational cost, both by reducing the
computing time for each step in the random walks and,
at the same time, by reducing QMC statistical variance,
due to the reduced number of AFQMC auxiliary fields.
To test the new capability with multiple-projector ON-
CVPSPs, we carry out pw-AFQMC calculations of the
equation-of-state in the insulator NaCl and the transi-
tion metal solid Cu. We then study the high-pressure
superconducting system Hg3S, to calibrate DFT predic-
tions of phase stabilities. Finally we discuss the perfor-
mance of the DFT- or HF-generated pseudopotentials in
many-body calculations and the difference from their use
in DFT calculations.

The reminder of the paper is organized as follows.
Section II reviews AFQMC with a planewave basis
and pseudopotentials, and discusses the implementation
of multiple-projector separable pseudopotentials in pw-
AFQMC. Section IIT presents applications of the method.
Additional transferability issues and other aspects of
ONCVPSP for many-body applications are discussed in
Section IV. We then conclude with some general remarks
in Section V.

II. PW-AFQMC METHODOLOGY

To set the context for the implementation of multiple-
projector NCPPs in pw-AFQMC, we briefly review per-
tinent aspects of the formalism in this section. For more
details about the pw-AFQMC method, see Refs. [2,3,10].

A. Hamiltonian

The electronic Hamiltonian within the Born-
Oppernheimer approximation is,
H =K+ Vee + Ve + Vi1, (1)

where K , ‘A/CC, f/ci, and Vi1 are, respectively, the kinetic
energy and electron-electron, electron-ion, and classical
Coulomb ion-ion'” interactions. The pseudopotential
contributions appear in the electron-ion interaction V.
With periodic boundary conditions and a planewave ba-
sis,
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the terms in Eq. (1) can be expressed in second quantized
form as
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Here, cg (ce) is a creation (destruction) operator, § is
the volume of the simulation cell, and G is a reciprocal
lattice vector, Q = G’ — G, s is the electron spin, and N
is the number of electrons in the simulation cell. Both
G and G’ belong to the planewave basis set {G} whose
size is controlled by the planewave kinetic energy cut-off
Eew > |GJ? /2. (When twist-averaged boundary condi-
tions are used, G is replaced by k + G, where k is within
the first Brillouin zone.) The constant £ gives the self-
interaction of an electron with its periodic images.'® The
one-body density operator p(Q) is given by

HQ = chiiquce.d (B - 1G+QF/2), (@)

G,s

where the step function € ensures that (G + Q), like G,
falls within the planewave basis set.

The local and non-local parts of the pseudopotential
are defined by the planewave matrix elements V1,(Q) and
WWL(G, G'), respectively, which are discussed in more de-
tail in Section 1T C.

B. Ground state projection

AFQMC uses iterative imaginary-time projection to
obtain the ground state |¥y) from a trial wave function
|Tr) (often just a single Slater determinant):

e MHUr) = [Wo) (B — 00), (5)
where (Up|Ug) # 0 is assumed. The projection is imple-
mented as random walks in the space of Slater determi-
nants. A key point in implementing this is the observa-
tion that a one-body propagator acting on a Slater de-
terminant simply yields another Slater determinant. The
AFQMC procedure is therefore to separate the propaga-
tor in Eq. (5) into one- and two-body propagators. This

motivates the introduction of a small imaginary-time step
AT:

e*ATHefATI:I . .efATflllllT> N |\IJO> ) (6)



A Trotter-Suzuki decomposition'®2? then achieves the
desired separation,

_ a _1 (1) fr(2) _1 i (1)
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(7)

where H® and H® are the one- and two-body
parts of the Hamiltonian in Eq. (1), with H® =
1/(29) Y g0 5% #1(Q)p(Q) and H™ denoting the re-
maining terms in Eq. (3b) and the collection from
Egs. (3a) and (3c).

A Hubbard-Stratonovich transformation allows
one to express two-body propagators as a high-
dimensional integral over auxiliary fields {o;} of one-
body propagators:

exp <_%AT; mg)
S 2 (ot o)

(8)
where the b; are any one-body operators. Applying this
to e~ ATH?

efATI:I(Z) _ < 1
V2T

where we have introduced the vector of auxiliary fields
o = {o0;}, whose dimension, D,,, is given by the number
of possible Q-vectors. The operators v = {y/—\; lA)l} are
given by linear combinations of 57(Q) and p(Q).23

Our focus in this paper is on the choice of pseudopo-

tentials, which appear only in the one-body propagator
e*%ATﬁ(l)

21,22

do;

we have

D,
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The handling of the two-body propagator
and the implementation of the AFQMC phaseless ap-
proximation are unchanged from previous applications
and can be found in Refs. [2,3,10].

The overall computing cost in QMC depends not only
on the computer time to execute a single time step for
each random walker, but also on the statistical variance,
which controls the size of the Monte Carlo sampling re-
quired to achieve a targeted statistical uncertainty (the
QMC efficiency).’ The computing cost to execute a sin-
gle imaginary-time step [Eq. (6)] in pw-AFQMC is pro-
portional to M In(M), where M o Ecéf is the number of
planewaves. [The overall scaling is N?M In(M), where N
is the number of electrons in the simulation cell.] The sta-
tistical variance depends on the number of auxiliary fields

D, x 8E§£t Reducing Ec,; can therefore both reduce
the computing time for each step in the random walk and
increase the QMC efficiency. Convergence with respect to
E.y is controlled by the pseudopotential hardness,?? so
that soft accurate pseudopotentials can potentially lead

to major improvements in pw-AFQMC.

C. Pseudopotential

The pseudopotential appears in the electron-ion inter-
action, Vo = Vi, + Vv, in Eq. (3¢). In second-quantized
form, the pseudopotential’s action is safely isolated in the
planewave matrix elements of its local [V,(Q)] and non-
local [VNL(G, G')] parts, exactly as in DFT planewave
methods.'” Non-local potentials thus present no diffi-
culties in AFQMC (unlike in the real-space-based DMC
method®). The planewave matrix elements of the local
part of the pseudopotential are given by

1 o
g2 FIVar(Q),

where d, is the position of atom « in the simula-
tion cell, and V,, 1(Q) is the Fourier transform of the
(spherical) local part of the atomic pseudopotential. For
single-projector NCPPs, the non-local part of the atomic
pseudopotential is expressed by the separable Kleinman-
Bylander'® form,

L(Q) = (10)

i |Vpl<Pa lYlm><Ylm‘POz lVo];Sl|
<lem(poz l| l|900¢ lYQm>

VaiNL = , (11
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where, for each partial wave (e.g., { =0, 1,2 for 3d tran-
sition elements), there is only one projector. (The pseu-
dopotential V>3 1 and pseudo-orbital ¢,,; are both func-
tions of radial d1stance r only, and Y7, is the usual spheri-
cal harmonic function.) The matrix elements Vx1,(G, G')
of the non-local part of the pseudopotential can then be
expressed in a separable form as,

Wo(G,G)= Y —F*(G)Fj(G'), (12)
Je{alm}
where 17 = (Yima,1|Va a1 Yim), and
4w i * (O
F(G) = Nk 'S f0,1(G)Yir (G), (13)
where fo(G) is obtained from the Bessel transform

of the projector |V, lgpa 1Yim). The separable form of

WL(G, G’) greatly sunphﬁes and speeds up the use of
the NCPPs, just as in DFT methods.
— Ixi)xal

Equation (11) can be abbreviated as Val NL = S
in which b; is the overlap between pseudo wavefunction
¢y With constructed projector |x) = V7|¢5 ;). Having
only one projector for each partial wave [ limits the en-
ergy range over which an NCPP can reproduce the scat-
tering properties of the all-electron potential, which re-
duces its transferability. Hamann generalized Eq. (11) for
optimized multiple projectors (in practice, implemented
for two projectors per partial wave).!! Written in a diag-
onal representation, the multiple-projector pseudopoten-
tial can be compactly expressed for atom a and partial
wave [ as!'!

(14)

2
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Implementing the ONCVPSP in this form requires
only minor modifications in pw-AFQMC, compared
to Eq.(11). The extended energy range over which
the scattering properties are reproduced often allows
smaller planewave FE¢,; with excellent transferability
properties.!!

IIT. APPLICATIONS

We describe applications of pw-AFQMC with
ONCVPSP in three systems, the ionic insulator NaCl,
the strongly correlated metal Cu, and the recently
discovered sulfur hydride high-T. and high-pressure
superconductors.

A. Ionic insulator: NaCl

NaCl is a typical ionic compound, which crystallizes
in the fcc structure. Due to the large overlap of Na va-
lence 3s electron and semicore 2s and 2p states, care must
be used in the choice of pseudopotentials. Relaxation of
the semicore states can significantly affect valence elec-
tron and hence material properties. Neglecting these ef-
fects, for example, by treating the 2s and 2p electrons as
core states will give ~ 10% underestimation of the lat-
tice constant and 45% overestimation of the bulk mod-
ulus of Na in DFT calculations. Pseudizing instead the
2s and 2p states greatly reduces the discrepancy in lat-
tice constant, to ~ 1.6% using the local density approx-
imation (LDA) exchange-correlation functional. Calcu-
lated equation of states (EOS) with LDA are shown in
Fig. 1. ONCVPSP results are compared to those from
the all-electron linearized augmented planewave (LAPW)
and the projector augmented wave (PAW) methods, us-
ing ELK?* and ABINIT?®, respectively. ONCVPSPs were
generated with Hamann’s open source pseudopotential
code.?® Both ONCVPSP and PAW results are in excel-
lent agreement with LAPW. The agreement can be fur-
ther quantified, using the A factor, which was recently
introduced by Lejaeghere et al.2” for comparing two EOS
curves, Fq (V) and E5(V). Aligning the minimum ener-
gies, the definition of A is:

for a volume range AV. (A typical choice of AV is
+6% around the equilibrium volume.) The A factors
are 0.89meV and 0.79meV for ONCVPSP and PAW
calculations, respectively. The Na and Cl multiple-
projector ONCVPSP pseudopotentials required kinetic
energy cut-offs of only E.,; =40 Ry, much softer than
for a single-projector norm-conserving pseudopotentials,
which would have required E.,; = 100 Ry.

Figure 2 shows the calculated pw-AFQMC NaCl EOS.
A four-formula cubic simulation cell was used with twist

boundary condition corresponding to the L special k-
point (0.5, 0.5, 0.5); one- and two-body finite-size errors
were reduced, using a post-processing finite-size correc-
tion scheme.?®2? Here and throughout the rest of this
paper, Trotter errors from Eq. (7) are removed by either
extrapolation to the A7 = 0 limit or choosing sufficiently
small time-step values. Our pw-AFQMC calculations
used LDA-generated trial wave functions. The discrep-
ancy of DFT/LDA with experiment is essentially elimi-
nated by the many-body calculations. The equilibrium
lattice constant and bulk modulus calculated from pw-
AFQMC, ap =10.48(3)bohr and By = 26(2) GPa, are
in excellent agreement with the experimental values,
ag = 10.52bohr and By = 26.6 GPa.?°

B. Transition metal: fcc Cu

Transition metal materials have played a central role
in the study of strongly correlated physics, and copper
based systems have especially attracted a great deal of
attention.3! Ab-initio many-body calculations for transi-
tion metal systems have been very limited,?> and most
previous calculations have relied on DFT or related ap-
proaches. In this subsection, we present many-body pw-
AFQMC results on fce copper, a prototypical correlated
metal.

For good transferability, a frozen neon-core Cu pseu-
dopotential is required, retaining the 3s23pS3d'%4s!
states. Single-projector NCPPs are challenged in this
regard, because the [ = 0 and | = 1 scattering prop-
erties near the Fermi energy Er depend on projec-
tors constructed at much lower energies from the semi-
core 3s and 3p states. Even the [ = 2 scattering
properties near FEp are difficult, due to the resonant
nature of 3d scattering. To maximize the accuracy,
very hard single-projector NCPPs must be used, with
large planewave FE.,+ ~ 200Ry. This is alleviated by
the multiple-projector ONCVPSP. Projectors for [ = 0
and [ = 1 can be constructed using both the semi-
core 3s and 3p and higher-lying valence or virtual 4s
and 4p states. Similarly, two reference energies can be
used to closely reproduce the all-electron [ = 2 scat-
tering. We used E.u = 64Ry and radial cutoffs'' of
r. = 1.60,1.97,1.97bohr for [ = 0,1,2, respectively.
The projectors were constructed using the ONCVPSP
code,?® with the LDA exchange-correlation functional.
The multiple-projector pseudopotential yields very good
agreement with all-electron LAPW results at the DFT
level, giving A factor ~ 1.6meV, as shown in Fig. 3.
The non-parallellity error of ~ 1mRy in the computed
EOS is smaller than the targeted statistical resolution of
the QMC calculations which we discuss next.

Figure 4 shows the calculated pw-AFQMC Cu EOS. A
four-atom cubic simulation cell was used. Because Cu
is metallic, twist-averaging with a 6 x 6 x 6 Monkhorst-
Pack (MP) k-point grid®? was applied. Small random
distortions were applied to each of the k-points to lift



band degeneracy in the trial wave function. Addition-
ally, post-processing one- and two-body finite-size error
corrections?®2? were applied. The residual finite-size er-
ror is not expected to affect the EOS around equilib-
rium significantly. This was verified with the following
approximate estimate which helps to avoid many com-
putationally costly QMC tests. Calculations with up to
4 x4 x 4 of primitive unit cell were carried out using
the LDA+U method. The DFT+U method includes a
mean-field treatment of on-site 3d electron-electron inter-
actions on the Cu atoms. This effect is absent in standard
DFT local and semilocal exchange-correlation function-
als, which are based on electron gas calculations. Since
the choice of U is largely determined by experience and
by systematic benchmarking, multiple effective values of
U, from 0.001 to 5.0, are studied in the simulations. The
same twist-averaging and post-processing finite-size tech-
niques were applied to the LDA+U results. The equilib-
rium lattice constant and bulk modulus did not change
up to the largest test simulation cells. The final calcu-
lated pw-AFQMC EOS in Fig. 4 yields equilibrium lat-
tice constant and bulk modulus, ag = 6.76(3) bohr and
By = 155(13) GPa, which are in excellent agreement with
experimental values ag = 6.79bohr and By = 145 GPa
(zero-point effects removed)3?. The accuracy of the ON-
CVPSP compared to all-electron LAPW results at the
DFT level, without partial core corrections (see Sec. IV),
is thus seen to be a good predictor of its transferability
at the pw-AFQMC many-body level.

C. Sulfur hydride high-7. high-pressure
superconductor: HsS

In this section, we present benchmark pw-AFQMC
calculations on two candidate structures for high-
temperature, high-pressure superconductivity in the sul-
fur hydride system. Applying the multiple-projector
pseudopotentials, we test DFT/GGA predictions of the
structural energetics of HoS and H3S by comparison with
many-body AFQMC results.

Since Ashcroft proposed that metallic hydrogen should
exhibit superconductivity with 7. ~ 270 K,3* there
have been many investigations of prospective high-T,
materials incorporating hydrogen, with a recent focus
on hydrides, where reduced metallization pressures are
expected.?® Recent theoretical predictions®®3” of unusu-
ally high T¢ in sulphur hydrides under high pressure were
subsequently supported by experiment.?® 4! Measure-
ments of resistivity and magnetic susceptibility indicate
superconducting temperatures as high as T, = 203K at
pressures ~ 150 GPa;3? this was attributed to the Im3m
H3S phase. A novel experiment reported Meissner effect
measurements that qualitatively confirmed the finding.*°
Subsequent DFT-based calculations have led to similar
conclusions regarding the central role of electron-phonon
coupling in driving the superconducting transition.* 7
These calculations support the view that the sulfur hy-

drides are conventional superconductors, which are well
described by Bardeen-Cooper-Schrieffer (BCS) theory*®
with strong electron-phonon coupling leading to high
T.. This is unlike the previously known high-T, cuprate
and iron-based superconductors, where strong electron-
electron interactions are believed to play a key role, al-
though the superconducting mechanism has not yet been
established. With a T, ~ 203 K,3° hydrogen sulfide is one
of the highest temperature superconductors on record,
although extremely high pressures are required. Their
discovery has re-energized the search for new supercon-
ductors in hydrogen-based and related materials.

Little is known experimentally regarding the high-
pressure stability of hydrogen sulfide compounds. There
has therefore been a strong reliance on standard DFT cal-
culations, which have examined the high pressure phase
stabilities and structures of H,S.#243:46 The H3S Im3m
structure (space group No. 229) has been a leading can-
didate for the stoichiometry that leads to highest T..
Other stoichiometries like HyS are predicted to have com-
petitive but less favorable enthalpies. It is important,
therefore, to test these predictions with accurate many-
body calculations. Here, we focus on candidate struc-
tures for two compositions, HoS and H3S, and compare
pw-AFQMC results of their structural energetics with
DFT/GGA predictions.

The ONCVPSPs of H and S were generated with
E.wt =50Ry. The [ = 2 projectors for S used un-
bound scattering states.!!'? Figure 5 compares calcu-
lated ONCVPSP EOS with ultrasoft (USPP) and single-
projector NCPP pseudopotential calculations, using the
DFT GGA/PBE xc functional. The NCPPs were gen-
erated with the OPIUM*Y package for several values of
FEu, and USPP “Standard Solid State Pseudopoten-
tials” (USPP-SSSP) are adopted.!> ONCVPSP is in ex-
cellent agreement with USPP over a wide volume range
(~ 75 — 255 bohr®). The difference is less than 0.5 mRy
per formula unit. Using USPP-SSSP as the reference, A
is 0.6 meV for ONCVPSP over the typical choice of AV,
+6% around the equilibrium volume of Vj ~ 163 bohr®.
The volume range in Fig. 5, of 75 ~ 255 bohr®, is much
wider, covering a +50% span and including the super-
conducting volume near 90 bohr® at transition pressure
200 GPa. For this volume range, the A is 3.0meV for
ONCVPSP. By comparison, the single-projector NCPPs
have A values of 68.1, 34.6, 20.7, 10.6, and 3.4meV, for
Ecyt values of 50, 60, 70, 80, and 100 Ry, respectively.
To achieve comparable accuracy with the ONCVPSP,
the NCPP requires a E.,; = 100 Ry, which gives a nearly
three times larger planewave basis.

Before discussing AFQMC results for these systems, we
present another benchmark of the ONCVPSP multiple-
projector pseudopotential we use. In Fig. 5 we show the
EOS from AFQMC in a small cell, using both the ON-
CVPSP and two single-projector pseudopotentials, one
with F.y of 100 Ry and the other 50 Ry. No finite-size
corrections are applied. The calculated EOS’s are com-
pared directly after a constant overall shift in the energy



is applied to align the curves. (The shift is obtained
by setting to zero the average of the energy difference
from the ONCVPSP reference.) It is seen that, similar to
the DFT calculations, a single-projector pseudopotential
of E.yt = 50 Ry shows significant discrepancies with the
ONCVPSP. A harder pseudopotential of E.,; = 100 Ry
is required to achieve good agreement.

For the pw-AFQMC benchmarks, we selected 200 GPa
structures for two compositions, guided by the
DFT/PBE results of Mazin et al.*? For HyS, the space
group structures Pmc2, (#26) and Cmca (# 64) were
selected, both with 12-atom primitive cells. For H3S, the
space group structures Ccem (#66) and I'm3m (#229)
were selected, with 32- and 4-atom primitive cells, re-
spectively. We first calculated DFT-based energy differ-
ences Egs — Eog for HoS and Egog — Egg for H3S. Our
ONCVPSP DFT/PBE calculations are in very good
agreement with the results in Ref. 42. DFT-based re-
sults are shown in Table I for combinations of three pseu-
dopotentials (ONCVPSP, NCPP-100Ry, and USPP) and
four DFT exchange-correlation functionals: LDA, PBE,
PBEsol, and the hybrid PBEO method. (Note that the
sign of the energy differences does not reflect the rela-
tive structural stabilities. For example, the calculated
H3S DFT/PBE enthalpy is actually lowest,*? making it
the most stable structure at P = 200 GPa.) To facilitate
comparisons, the fully relaxed 200 GPa crystal structure
from ONCVPSP-PBE was used for the other function-
als and pseudopotentials and for the pw-AFQMC cal-
culations. For HyS, Egq4 — Fog is nearly independent of
the choice of DFT functional, while for H3S, Ess9 — Egg
varies between 0.056 to 0.082 eV /atom.

For the pw-AFQMC calculations, 24-atom simulation
cells were used for HyS, doubling the size of the primi-
tive unit cell in each structure. For H3S, 32-atom sim-
ulation cells were used (2 x 2 x 2 for Im3m). Twist-
averaged boundary conditions with a 4 x 4 x 4 MP grid
were used. One- and two-body finite-size corrections?®:2?
were then applied to the many-body results. The pw-
AFQMC energy differences are also shown in Table I. The
pw-AFQMC HsS energy difference, 0.111(5) eV /atom, is
nearly twice that given by the LDA and PBEsol, and
about 50% larger than those from PBE and PBEO, while
in HyS the DFT-based calculations are identical with pw-
AFQMC to within its statistical uncertainty.

To understand how the better agreement in HoS arises
compared to H3S, we investigated the electron-density
distributions for each composition. The result is illus-
trated in Fig. 6, which plots the densities calculated
from ONCVPSP DFT/PBE for the four structures on
the real-space FFT grid. In both H3S and Hs,S, the
distribution is largely concentrated in the high-density
region ry; = 1 to 2. The H3S composition structures,
however, show larger differences, especially in the range
rs = 1.6 to 2.0, than for the two HsS structures. This
provides a possible explanation of the better agreement
of the different DFT functionals for HyS than for HsS.
Similarly, it indicates that there will be better cancel-

lation of electron correlation effects in HsoS, resulting in
better agreement between DFT and pw-AFQMC many-
body results.

The pw-AFQMC benchmarks in Table I show that
DFT-based predictions are semi-quantitatively correct.
The DFT predictions of HoS and H3S enthalpy differ-
ences could be off by the order of 30 meV and 50 meV
in PBE and PBEsol, respectively. However, the stabili-
ties are dominated by independent-electron contributions
to the enthalpy, which are significantly larger than these
differences. This suggests that the predictions on phase
stabilities and structures from recent DFT studies are
likely reasonable.

IV. DISCUSSION

The applications above show that the use of multiple-
projector ONCVPSP can greatly reduce the planewave
basis size in pw-AFQMC many-body calculations, while
maintaining or improving accuracy compared to single-
projector NCPPs. ONCVPSP uses two projectors per
partial wave in our applications, which maintains fidelity
to scattering properties at reduced FE.u. As discussed
in Section IIB, this results in significant reductions of
the computational cost, both by reducing the computing
time for each step in the random walk and, at the same
time, increasing the QMC efficiency because of a smaller
number of auxiliary fields in Eq. (8). For example, accu-
rate results were obtained in fcc Cu with E.;; = 64 Ry,
in contrast to an estimated value of E.y; ~ 200 Ry with
NCPP.

It is important to note, however, that improvement
in performance in DFT calculations by the ONCVPSP
over single-projector NCPP does not always correlate
with improvement in QMC. There are fundamental dif-
ferences in the role of DFT-generated pseudopotentials
when applied in a many-body context, versus in DFT.
Clearly, when core-valence (or core-core) correlation ef-
fects are non-negligible, the use of pseudopotentials gen-
erated from an independent-electron approach can incur
errors in many-body calculations. This is not the case
for the systems treated in this paper. For example, in
Na(Cl, small-core pseudopotentials are taken to pseudize
the 2s, 2p states in both DFT and AFQMC. In DFT,
partial-core effects were negligible as shown by the good
agreement with LAPW in Fig. 1. Similarly in AFQMC,
excellent agreement is found with experiment in Fig. 2.

A good indicator of the accuracy of ONCVPSPs in
many-body calculations is good core-valence separation
and good DFT performance of ONCVPSP (without
partial-core corrections) compared to all-electron calcu-
lations. The improved ONCVPSP scattering properties
and transferability then allow smaller values of FEcyut,
which can significantly reduce the many-body comput-
ing cost while retaining high accuracy. In intermediate
cases, such as in Si, when partial-core corrections are nec-
essary in DFT calculations, more care is required. (See



appendix for an example in Si which illustrates the dif-
ference in pseudopotential accuracy between DFT and
many-body situations.)

V. SUMMARY

We have successfully implemented the multiple-
projector ONCVPSP into the many-body pw-AFQMC
method. The accuracy is demonstrated by calculations
of bulk properties of NaCl and the more strongly corre-
lated fcc Cu. With this technique, we also benchmarked
the structure transition energy barriers in the recently
discovered high-temperature superconductor sulfur hy-
dride systems. In these systems, modest electron-electron
correlation and large cancellation effects are seen in the
energies between different structures, and we find that
the estimations from DFT are in reasonable agreement
with the many-body AFQMC results. The implemen-
tation of multiple-projectors pseudopotential allows pw-
AFQMC to treat systems with smaller pseudopotential
errors and at significantly lower planewave energy cut-
offs, and hence to reach larger and more complicated
systems.
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APPENDIX

A case that illustrates the difference in pseudopotential
accuracy between DFT and many-body situations is bulk
Si, where the Ne-core NCPP causes a pseudopotential er-
ror both in DFT and AFQMC. In DFT, this can be reme-
died using a partial-core correction, which is not avail-
able in AFQMC. One way to remove the Ne-core error in

AFQMC is with the frozen-core (FC) approximation.*5
A He-core pseudopotential is used to generate DFT 2s
and 2p orbitals in the crystalline solid environment. Af-
ter a unitary rotation to the Kohn-Sham basis, the 2s and
2p orbitals are frozen.® The corresponding FC Hamilto-
nian, which incorporates an effective Ne-core pseudopo-
tential, was shown to yield excellent results® (to generate
the FC 2s and 2p orbitals and Kohn-Sham basis, the
DFT calculation used an extremely high F..; ~ 600 Ry
He-core NCPP). To further study the implicit treatment
of core-valence interactions in the FC approximation, we
repeated this procedure with a much softer He-core ON-
CVPSP (~ 64Ry). At the DFT level, this ONCVPSP
works as well as the 600 Ry NCPP. They both capture
(treating 12 electrons/Si) the core-valence corrections
and yield excellent agreement with all-electron LAPW
and with partial-core-corrected Ne-core pseudopotential
calculations. However, the corresponding FC AFQMC
calculation is not improved, and a pseudopotential error
is seen as in the Ne-core calculation.

These results are illustrated in detail in Fig. 7. The
multiple-projectors ONCVPSP with E.,; = 64 Ry, an-
other ONCVPSP with FE.,; = 200Ry, and the single-
projector NCPP with E.,; = 600Ry all yield excellent
agreement with all-electron LAPW in DFT calculations.
However, the corresponding FC AFQMC calculations
show a different behavior. The E.,; = 64 Ry ONCVPSP
shows substantial errors in the FC QMC calculation. The
Ecut = 200Ry ONCVPSP is required to achieve the cor-
rect result in QMC.

The different behaviors in DFT and AFQMC/FC
reflect the fundamental difference in the role of
DFT-generated pseudopotentials when applied in a
many-body context, versus in DFT. The softer
Ecut = 64 Ry ONCVPSP has a larger pseudizing radius,
re. For r < r. the 2s and 2p pseudized orbitals are not
faithful to the true orbitals. In DFT, such errors can
be partially recovered, because the densities are properly
compensated for. In QMC, however, when the less accu-
rate 2s and 2p orbitals are frozen (treated at the mean-
field level, the errors propagate into the FC many-body
Hamiltonian that QMC treats, and these errors cannot
be corrected. For the harder E.,; = 200 Ry ONCVPSP,
r. is reduced, so the small-r accuracy of the 2s and 2p
orbitals is improved, and agrees very well with the hard-
est OPTUM pseudopotential (Feu, = 600 Ry)?°. This ex-
ample illustrates the special attention that is required in
many-body FC calculations for atoms where core-valence
interactions are significant.

* Present affiliation: Center for Advanced Quantum Stud-
ies and Department of Physics, Beijing Normal Uni-
versity, Beijing 100875, China; Electronic address:
fengjie.ma@bnu.edu.cn

L 'W. M. C. Foulkes, L. Mitas, R. J. Needs, and G. Rajagopal,

Rev. Mod. Phys. 73, 33 (2001).

2 8. Zhang and H. Krakauer, Phys. Rev. Lett. 90, 136401
(2003).

3 M. Suewattana, W. Purwanto, S. Zhang, H. Krakauer, and
E. J. Walter, Phys. Rev. B 75, 245123 (2007).


mailto:fengjie.ma@bnu.edu.cn

10

11

12

13

14

15

16

17

18

19

20

21
22

23

24

25

26

27

28

29

30

W. Purwanto, S. Zhang, and H. Krakauer, Journal of
Chemical Theory and Computation 9, 4825 (2013), pMID:
26583401.

F. Ma, W. Purwanto, S. Zhang, and H. Krakauer, Phys.
Rev. Lett. 114, 226401 (2015).

L. Mitas, E. L. Shirley, and D. M. Ceperley, The Journal
of Chemical Physics 95, 3467 (1991).

R. G. Hennig, A. Wadehra, K. P. Driver, W. D. Parker,
C. J. Umrigar, and J. W. Wilkins, Phys. Rev. B 82, 014101
(2010).

S. Sorella, M. Casula, L. Spanu, and A. Dal Corso, Physical
Review B 83, 075119 (2011).

R. Nazarov, L. Shulenburger, M. Morales, and R. Q. Hood,
Physical Review B 93, 094111 (2016).

W. Purwanto, H. Krakauer, and S. Zhang, Phys. Rev. B
80, 214116 (2009).

D. R. Hamann, Phys. Rev. B 88, 085117 (2013).

D. Vanderbilt, Phys. Rev. B 41, 7892 (1990).
A. M. Rappe, K. M. Rabe, E. Kaxiras,
Joannopoulos, Phys. Rev. B 41, 1227 (1990).
M. Schlipf and F. Gygi, Computer Physics Communica-
tions 196, 36 (2015).

K. Lejaeghere, G. Bihlmayer, T. Bjorkman, P. Blaha,
S. Bliigel, V. Blum, D. Caliste, 1. E. Castelli, S. J. Clark,
A. Dal Corso, et al., Science 351, 1415 (2016).

L. Kleinman and D. M. Bylander, Phys. Rev. Lett. 48,
1425 (1982).

M. T. Yin and M. L. Cohen, Phys. Rev. B 26, 3259 (1982).
L. M. Fraser, W. M. C. Foulkes, G. Rajagopal, R. J. Needs,
S. D. Kenny, and A. J. Williamson, Phys. Rev. B 53, 1814
(1996).

H. F. Trotter, Proc. Am. Math. Soc. 10, 545 (1959).

M. Suzuki, Communications in Mathematical Physics 51,
183 (1976).

J. Hubbard, Phys. Rev. Lett. 3, 77 (1959).

R. D. Stratonovich, Dokl. Akad. Nauk. SSSR 115, 1907
(1957).

F. D. Murnaghan, Proc. Natl. Acad. Sci. USA 30, 244
(1944).

The Elk full-potential linearized augmented-plane wave,
available at http://elk.sorceforge.net (accessed May 1,
2011).

X. Gonze, J-M. Beuken, R. Caracas, F. Detraux,
M. Fuchs, G.-M. Rignanese, L. Sindic, M. Verstraete,
G. Zerah, F. Jollet, et al., Computational Materials Sci-
ence 25, 478 (2002).

D.R. Hamann, Open-source pseudopotential code ON-
CVPSP, available at http://www.mat-simresearch.com/.
K. Lejaeghere, V. V. Speybroeck, G. V. Oost, and S. Cotte-
nier, Critical Reviews in Solid State and Materials Sciences
39, 1 (2014).

H. Kwee, S. Zhang, and H. Krakauer, Phys. Rev. Lett.
100, 126404 (2008).

F. Ma, S. Zhang, and H. Krakauer, Phys. Rev. B 84,
155130 (2011).

L. Schimka, J. Harl, and G. Kresse, The Journal of Chem-
ical Physics 134, 024116 (2011).

W. E. Pickett, Rev. Mod. Phys. 61, 433 (1989).

K. Foyevtsova, J. T. Krogel, J. Kim, P. R. C. Kent,
E. Dagotto, and F. A. Reboredo, Phys. Rev. X 4, 031003
(2014).

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

N. W. Ashcroft, Phys. Rev. Lett. 21, 1748 (1968).

and J. D.

35

37

38

39

40

41

42

43

44

46

47

48

49

50

FIG. 1:
curves (fits to Murnaghan’s equation

N. W. Ashcroft, Phys. Rev. Lett. 92, 187002 (2004).

Y. Li, J. Hao, H. Liu, Y. Li, and Y. Ma, The Journal of
Chemical Physics 140, 174712 (2014).

D. Duan, Y. Liu, F. Tian, D. Li, X. Huang, Z. Zhao, H. Yu,
B. Liu, W. Tian, and T. Cui, Scientific reports 4, 6968
(2014).

A. P. Drozdov,
arXiv:1412.0460.
A. P. Drozdov, M. I. Eremets, I. A. Troyan, V. Kseno-
fontov, and S. I. Shylin, Nature 525, 73 (2015).

I. Troyan, A. Gavriliuk, R. Riiffer, A. Chumakov,
A. Mironovich, I. Lyubutin, D. Perekalin, A. P. Drozdov,
and M. I. Eremets, Science (New York, N.Y.) 351, 1303
(2016).

M. Einaga, M. Sakata, T. Ishikawa, K. Shimizu, M. I.
Eremets, A. P. Drozdov, I. A. Troyan, N. Hirao, and
Y. Ohishi, Nature Physics 12, 835 (2016).

N. Bernstein, C. S. Hellberg, M. D. Johannes, I. I. Mazin,
and M. J. Mehl, Phys. Rev. B 91, 060511 (2015).

D. Duan, X. Huang, F. Tian, D. Li, H. Yu, Y. Liu, Y. Ma,
B. Liu, and T. Cui, Phys. Rev. B 91, 180502 (2015).

N. Bernstein, C. S. Hellberg, M. D. Johannes, 1. [. Mazin,
and M. J. Mehl, Phys. Rev. B 91, 060511 (2015).

D. A. Papaconstantopoulos, B. M. Klein, M. J. Mehl, and
W. E. Pickett, Phys. Rev. B 91, 184511 (2015).

I. Errea, M. Calandra, C. J. Pickard, J. Nelson, R. J.
Needs, Y. Li, H. Liu, Y. Zhang, Y. Ma, and F. Mauri,
Phys. Rev. Lett. 114, 157004 (2015).

M. Komelj and H. Krakauer, Physical Review B 92, 205125
(2015).

J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev.
108, 1175 (1957).

E. J. Walter, Opium: pseudopotential generation project,
http://opium.sourceforge.net.

The radial cut-offs used for s, p, and d channels in
the generated Si pseudopotentials, OPIUM 600 Ry, ON-
CVPSP 200Ry and ONCVPSP 64Ry, are 0.54, 0.68, and
0.54 bohr, 1.11, 1.26, and 2.72 bohr, and 2.01, 2.01, and
2.72 bohr, respectively.

M. I. Eremets, and I. A. Trojan,

Figures

(Color online) NaCl DFT/LDA calculated EOS
23), comparing all-

electron LAPW (green dashed line), PAW (red dot-dashed
line) and ONCVPSP (blue solid line). Curves are shifted to
have the same minimum energy. The experimental lattice
constant is indicated by the black dotted vertical line.



FIG. 2: (Color online) NaCl EOS calculated from pw-
AFQMC (filled red circles with statistical error bars) using
the same ONCVPSPs as in Fig. 1. For comparison, the DFT
EOS in Fig. 1 is reproduced (blue solid line, energy shifted
for convenient display). The vertical blue dashed and black
dotted lines indicate the DFT and experimental equilibrium
lattice constants ao, respectively. The pw-AFQMC calculated
ao is indicated by the vertical red arrow with horizontal error
bar indicating the uncertainty from a fit of the statistical data
to Murnaghan’s equation.??

FIG. 3: (Color online) Cu DFT/LDA EOS comparison of
ONCVPSP and LAPW. The EOS are shifted to have the
same minimum energy. The inset shows the energy difference
versus lattice size.

FIG. 4: (Color online) Cu EOS calculated by pw-AFQMC
using the same ONCVPSP as in Fig. 3. AFQMC results are
shown by filled symbols, with statistical error bars indicated.
For comparison, the DF'T EOS with ONCVPSP is reproduced
from Fig. 3 (blue solid line, energy shifted). The vertical blue
dashed and black dotted lines indicate the DFT and exper-
imental equilibrium lattice constants ao, respectively. The
pw-AFQMC calculated ao is indicated by the vertical red ar-
row with horizontal error bar indicating the uncertainty from
a fit to Murnaghan’s equation.??

FIG. 5: (Color online) H3S (Im3m) EOS calculated with
ONCVPSP, single-projector NCPP, and USPP pseudopoten-
tials, plotted as AE(V) = E(V) — Euspp (minimum energies
aligned). OPIUM generated NCPP EOS are shown for a
range of Fcus. The upper-right inset shows the the actual
EOS. Raw AFQMC results with OPIUM 50 Ry and 100 Ry
pseudopotentials are plotted in the lower-left inset, using ON-
CVPSP results as reference.

FIG. 6: (Color online) Electron density distributions in H3S
(top panel) and H2S (bottom panel) as a function of r, com-
puted from DFT/PBE with ONCVPSP. The main plots show
the difference between the two space group structures for each
composition, while the insets show the actual distributions of
the two structures, with one shown as negative. Ar;=0.02 is
chosen as the size of histogram bin.

FIG. 7: (Color online) Comparison of pseudopotentials in
(a) DFT and (b) AFQMC FC calculations. Two multiple-
projectors ONCVPSPs with E.,. = 64Ry and 200 Ry, and
one single-projector NCPP with F.. = 600 Ry are adopted.
Finite-size correction is not included in AFQMC results.

Tables

HsS HsS

Ees — Fag Ea29 — Fes

(eV/atom) (eV/atom)

AFQMC 20.086(7) 0.111(5)

ONCVPSP -0.082 0.058
LDA OPIUM(100Ry) -0.083 0.056
USPP -0.084 0.056
ONCVPSP -0.086 0.082
PBE OPIUM(100Ry) -0.088 0.080
USPP -0.086 0.080
ONCVPSP -0.083 0.060
PBEsol  OPIUM(100Ry) -0.084 0.058
USPP -0.084 0.059
PBEO ONCVPSP -0.082 0.077

TABLE I: Calculated pw-AFQMC structural energy differ-
ence for HoS and HsS, using ONCVPSP, compared to DFT-
based calculations for four functionals and three pseudopoten-
tials. For each of the four crystal structures, the fully relaxed
P =200 GPa structure from ONCVPSP-PBE was used for
the pw-AFQMC calculations and for the other DFT func-
tionals and pseudopotentials.



E (Ry)

-129.410 —+— — T
129.411 =Xp. 7-
TN - — LAPW yal
: "\\ . — PAW 7'/ _
- V) — ONCVPSP -
-129.412F _
-129.413| —
-129.414 —
- ] ] | ] ] | ] ] ] | .
10.0 10.2 10.4 10.6
L (bohr)
Figure 1 10Mar2017



'129400 [ | I | I | I I T I T I

-129.405} .o+ EXp. ]
[ — LDA (shifted)
[ o AFOMC ;
-129.410f .
> ;
Q@ 129415}
LU

-129.420F

-129.425} | $: .
[ ' : ]
[ Lo ;

l

i I I T I T ST (T I T N
129430 9.8 10 102 104 106 108 11 112

L (bohr)

Figure 2 10Mar2017



E (Ry)

T T " T T T 1 | ]
-356.450 15¢
\\ —— LAPW : d
A —— ONCVPSP 1
-356.455— —
-356.460 — |
-356.465— —
I T T R | |
6.3 6.4 6.5 6 6.9

Figure 3

10Mar2017



E (Ry)

-352.26 | | |
- Exp.
-352.28 —— LDA(shifted) -
[ e AFQMC
-352.30-— —
-352.32-— —
-352.34-— —
-352.36-— : —
60 64 6.8 72
L (bohr)
Figure 4 10Mar2017



0.008

0.006

0.004

-0.002

-0.004

-0.006

-0.008

Figure 5

i || || . I || || || I || || || || I || || || || I i
r “ '408340 _I I LI I LI I LI I 1 I_ —
\ . - USPP-SSSP 4 -
" * - ONCVPSP 1 -
L\ " -408350 OPIUM (50 Ry) 1 ]
L\ . — % — + OPIUM (60 Ry) 1 _
. 408360 — OPIUM (70 Ry
> (70Ry) A
-\ . Q - OPIUM (BORY) /7l
L\ . é _ — + OPIUM (100Ry) ,,//f -
A\ \ . L] -408370 [~ 47 -
RN . N y / 17
- . \ . 408380 |— o 7 / — 7
B \ \ . : \Lf:) : 7]
B ‘\ \ " 408390 _I I L1 11 I 11 I I L1 11 I 1 I_ 7
B . N N\ *. 155 160 165 170 ]
- . \ . 3 -
k SN V (bohr™) -
LN NS S g‘ -
/——w‘_ ————————— |
i TN— . -
= ‘e Rl - ; —————— -
L LI L L L L O L B L Y . o~ - —
— O'OZE_ @--© OPIUM (50Ry) | Tl —
- . A —A OPIUM (100Ry) e, 7
-90.01—' — e, A
= g:/ I I - -
— W 0.00 zﬁ I’ ‘\ =& -
L g E ] -
- o0l & .
| i T ] -
[ 002 L1 I NN ]
B 100 150 200 -
L 3 -
i V (bohr~) ]
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
100 150 200 250

V (bohr”)

10Mar2017



__________________ _____________ ____
T T T T T 71 ]°
9 =) -
B \)m.u__ \)MWIA-. B \)Mm 1<
(7)) (@) JdL (@) -
[32] [32] N
I I I
| ~ ~ —_ ~ —
- do - do
JL ﬁ i
- , -
- l -
1L I I L Jo i
N o N

____
o™ N i o - M [oN — o 1__

PSTHIU-“G*H)u F&CH)y-"GCH) Y

10Mar2017

Figure 6




o ! T T T : |
-394.140f a) AP
- . ONCVPSP_64Ry

,->\\ -394 145:— '\% ONCVPSP_200Ry
b . - .\ . — OPIUM_GOORy ‘
Lu -394150 :_ \%’ ~, . ° ‘/
-394.155} T I:. R I
AL L —
N b) = ONCVPSP_64Ry
- ONCVPSP_200Ry A
= 407155} e OPIUM_600Ry 7=
| - - | ‘
—r i i’ 3
LL| -407.160F . e
. <. E 5 ¥
'407165 __ L R ‘tf ”
! l . | . |
9.8 10 10.2 10.4
L (bohr)

Figure 7 10Mar2017



