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Orbital-free density-functional theor§OF-DFT) with modern kinetic-energy density functionals
(KEDFs9) is a linear scaling technique that accurately describes nearly-free-electrogirdia

group metals. In an attempt towards extending OF-DFT to transition metals, here we consider
whether OF-DFT can be used effectively to study Ag, a metal with a locatlzekll. OF-DFT has

two approximations: use of a KEDF and local pseudopotentiaS9. This paper reports
construction of a reasonably accurate LPS for Ag by means of inversion of the Kohn<{&E&am

DFT equations in a bulk crystal environment. The accuracy of this LPS is determined within
KS-DFT (where the exact noninteracting kinetic energy is employgdcomparing its predictions

of bulk properties to those obtained from a conventidegbital-base@l nonlocal pseudopotential
(NLPS). We find that the static bulk properties of fcc and hcp Ag predicted within KS-DFT using
this LPS compare fairly well to those predicted by an NLPS. With the transferability of the LPS
established, we then use this LPS in OF-DFT, where several approximate KEDFs were tested. We
find that a combination of the Thomas—Fer(iz) and von Weizsacke(T,,,) functionals (T,
+0.4T1¢) produces better densities than those from the linear-response-based Wang—-Teter KEDF.
However, the equations of state obtained from both KEDFs in OF-DFT contain unacceptably large
errors. The lack of accurate KEDFs remains the final barrier to extending OF-DFT to treat transition
metals. ©2005 American Institute of PhysidDOI: 10.1063/1.1897379

I. INTRODUCTION pseudopotential$NLPS9* to represent the electron-ion in-
teraction, which reduced the cost of KS-DFT calculations by
Currently in condensed-matter physics, the most acCugreating only the valence electrons explicitly. These NLPSs
rate mean'ﬁeld e|ectr0niC structure method iS the densityachieve quite h|gh accuracy by means of orbital-based pro-

. 1 . .
functional theory(DFT).” When it was first proposed, a ma- jection operators that allow different potentials to be felt by
jor obstacle for the original DFT was the need for densityg|ectrons of different angular momentum.

functionals that could accurately represent the kinetic energy.  oypital-based KS-DFT typically scales @(N,-N°),
To surmount this problem, Kohn and ShdKs) introduced  \\here N is a measure of system sizbasis set size and

a set of fictitious one-electron orbitals, namely, the so-calleq,,nper of occupied orbitaland N, is the number of thé

KS orbitals, so that the kinetic energy of an interacting Sys'points used in the Brillouin-zon@Z) sampling required for

tem could be approximated by the exact kinetic energy of Eberiodic systemg.RecentIy, both massively parallésee,
set of noninteracting electrons with the same der?rs‘lthe e.g., Ref.  and linear scalingRef. 7) algorithms for KS-

Ler:;mm%:e?c;r !ntthe ktl'netlc e|:erg,y, Eanlgly’ ihe d|ﬁerznt;eDFT have allowed systems of more than 1000 atoms to be

eween Ine full interac |n,g System's KINetc energy and ey, e .8 However, such orbital-based linear scaling algo-

KS noninteracting system’s kinetic energy, is expected to be. . .

: _ rithms only work for insulators, since they rely on the near-

accounted for in the electron exchange-correlation func-, o .

: . . sqghtedness principle of Kofirthat leads to sparse density
tional. Subsequent advances in accurate representations of , . . . L .

. . . matrices. Metallic systems will not exhibit linear scaling

the exchange-correlation functional served to establish the

reliability of Kohn—Sham density-functional theorfKS- wnhtsluc_h aIgonth:‘ns, and .B; samphn% 'g Sufct?] me;alhc

DFT) for a wide class of molecules and materias further c]rcyioaos 'S_ﬁ? reTeyeTtpensl_v chm e_?hsw fe ° Ie_or fhr

advance came with the development of reliable nonlocaf® 0. , erelore, aflernative aigorithms for so vmg' €
DFT equations for metals are needed. Such a scheme is pro-

vided by orbital-free density-functional theo{DF-DFT),

dCurrent address: Department of Chemistry, University of British Columbia,

2036 Main Mall, Vancouver, BC V6T 171, Canada. whlch.solves directly for the elegtroq der15|_ty instead of a set
PElectronic mail: eac@princeton.edu of orbitals. As a result, BZ sampling is eliminateahd hence
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its order 1000 prefactprand there is only one equation to We construct the BLPS for Ag in KS-DFT by following
solve, namely, the Thomas—Fermi—Hohenberg—Kohrthe procedure laid out in Ref. 23, which we now outline
(TFHK) equatior briefly. First, the Wang—PafwWP)?® iterative scheme is used
within bulk crystal KS-DFT calculations to obtain atomic
%E.lp] = oTdp] + %Eulp] + OE.dp] +ur) = u. (1)  form factors?® which define the BLPS at different Bragg
p(r) — dp(r) — dp(r) — &p(r) vectors in reciprocal spadsee Secs. Il A-Il ¢ This proce-

Here T, is the kinetic energy of a noninteracting system ofdure will be reviewed briefly in Sec. Il Dsee Ref. 23 for
electrons the density of which is the same as the interactingetail9. We then construct the BLPS from the atomic form
electron Systen‘EH is the classical Hartree repu|5ion energy, factors, enSUring a correct Coulombic tail for the LPS. The
E,c is the exchange-correlation ener¢ggain, E,. also in-  second step is more complex for Ag than it was for our
cludes the difference between the interacting and nonintei€arlier work on Si; further details are provided in Sec. Il E.
acting kinetic energigsandwv is the external potentidtypi-

cally, the electron-nuclear attraction ternwhile w is the  A. Pseudopotentials

Lagrange multiplier that guarantees the correct normalization
of the electron density during the minimization and corre-
sponds to the chemical potential after the total endigy|

is minimized. This equation can be solved in a linear or
near-linear scaling fashidf, with no crossover between

:\rl]k l\z!\I_(;rl:[r?é's\l Igtlitzczg?gét?;emaorgltﬁ: ?séedol;zn_eDegTS(\"A?;Sused for thes,p, andd channels: 2.419, 2.603, and 2.419
g &g ; 90, X bohr, respectively. As usual, this Troullier—Martins nonlocal

used to examine the dynamics of several thousand atoms

near a metallic grain boundaﬂ/.This illustrates the speed pseudopotenuge;(TM NL.PS) is set up in the Kleinman—
Bylander form;“ containing a nonlocal part and a local part,

%nudltigif:léegcg dglf Ot??]ar:;:?s,;t;?égoes Its recent use in \E}vith the latter chosen to be a mixture of 958and 5%d to

o avoid the so-called ghost state probl&.
The drawbacks of OF-DFT lie in the two necessary ap-""", . yitie | version of theHigsppcode was used to gen-

proximations for the kinetic energy and the electron-ion N rate a corresponding atomic LRBLPS) % analogously

teraction. To ever compete effectively with KS-DFT, OF- . ; .

. .~ .. constructed by inversion of the KS equations for the atom,
DFT research must focus on developing accurate klne'['Céuch that it can reproduce the target atomic KS density ob-
energy density functional&KEDF9'*%° and reliable local P g Y

pseudopotentialsLPSS,14’21‘24 since the orbital-dependent tained using the TM NLPS. This ALPS is used as an initial

NLPSs cannot be emploved in OF-DET. In the last decadedU€SS for the WP iterative scheme. After the atomic form
high-quality KEDFs bapse?j/ on Iinear-resp.omBR) theory 23 actors are obtained, many versions of the BLPS were con-

have been derived for main group metallic systéf&’ OF- structed until an optimal BLPS yielded satisfactory bulk
i . . properties in KS-DFT calculations. Testing many versions of
DFT calculations on nearly-free-electron-like metals, usin

these linear-response kinetic-energy density functiofidfs he BLPS is necessary becqusg the inve_rsion process i.s an
KEDFs) coupled with reliable LPS&2are capable of re- under—determ'lned problem, yielding no unique solution. Fig-
producing KS-DFT results quite closely, with errors on the!™ 13 p!ots in real space Fhe short-range parts of the ALPS
order of meV/ator?® and our final(bes) BLPS. Figure 1b) depicts a wider range

Encouraged by the success of OF-DFT for simple met_for the ALPS, the final optimal BLPS, as well as the TM

als, our objective now is to further extend this method toNI.‘PS' These pseudopotentials will be compared in more de-
. - tail below.

covalent materiaf$ and transition metals. As usual, the ma-
jor obstacles are representations of the KEDF and the LPS. _ ) ) _
Recently, we developed a new method to generate firsB- Calculational details for construction and testing
principles bulk LPS$BLPSS that are one-to-one mapped to °f the BLPS
target bulk densitiesexploiting the first Hohenberg-Kohn First, the equilibrium structures of the ground-state face-
theorent) by inverting the KS equations in a bulk crystal centered-cubic(fcc) phase and a hypothetical hexagonal-
environment®A highly transferable BLPS was produced for close-packedhcp phase of bulk Ag are calculated using the
bulk Si using this method. Here we apply this same pseudofM NLPS within Kohn-Sham density-functional theory
potential construction method to bulk Agvhere we will  |ocal-density approximatiofKS-DFT-LDA) in the CASTEP®
treat explicitly the valencel ands electrong, as a first step code. The target densities for the WP iterative scheme are
toward extending OF-DFT to describe bulk transition metalsthen generated for these two structures. Primitive one-atom
fcc and two-atom hcp cells are employed in all KS calcula-
tions used to construct and test the BLPS. For the hcp primi-
tive cell, the angles between the lattice vectors are

All KS-DFT calculations performed here use the local-=90°, y=120°, the c/a ratio is predicted to be 1.656
density approximatioLDA ) for electron exchange and cor- (experimental value=1.63; Ref. B@and the fractional coor-
relation. The LDA is based on quantum Monte Carlo resultdinates of the two atoms afé,%,%) and(%,%,%). A 1200-eV
of Ceperley and Alde?® as parametrized by Perdew and kinetic energy cutoff is used to represent the deep N8
Zungerz.7 Fig. 1(b)] so that the total energy could be converged to

The target bulk densities required for the WP iterations
are obtained from KS-DFT calculations using a Troullier—
Martins (TM) norm-conserving NLP for Ag atom in its
ground state d'%s! configuration, generated within the
FHI98PP code. Default values of the core cutoff radiiwere

I. CONSTRUCTION OF A BLPS FOR Ag
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FIG. 1. (a) The real space ALP&ashed and BLPS(solid) at short rangefb) Comparison of the ALP$dashed, BLPS (solid), and NLPS(dot-dashey
including s, p, andd-channels, over longer range. The NLPS, ALPS, and BLPS are Coulombic beyond 7.43, 7.43, and 8.5 bohr, respectively.

0.002 eV/atom, in order to resolve the very slight energydegenerate. The inset shows that the equilibrium energy of
difference between fcc and hcp Ag. For such fine resolutionthe fcc phase is slightly lowdby ~10 meV/atom than that

we require 84 and 96 irreducible points for fcc and hcp of the hcp phase, as it should be.

primitive cells, respectively, generated using the Monkhorst—  To obtain static structural properties, the EOS data are
Pack method for BZ sampling. Since they are metallic fitted to Murnaghan’s equation of state

phases, Fermi-surface smearing is invoked to converge the 5
i i i i i BoV | (Vo/V)*o
E\? orbitals at the Fermi level, with a smearing width of 0.1 Ed(V) = %(% + 1) + constant, (2)
: 0 0~

A modified version of thecASTEP® code is used to ob- ]
tain the atomic form factors of the fcc and hcp phases. Sinc¥hereBo andB; are the bulk modulus and its pressure de-
we only require convergence of the electron density in thdivative at the equilibrium volume/,, respectively. Table |
WP iterative scheme to obtain the effective potential thadiSPlays our KS-NLPS equilibrium volumes, bulk moduli,
returns our target density, we are able to use less irreducible
k points just for this part of the constructi@b6 for fcc and o2 Lo b b b b
84 for hcp in order to reduce the cost. ] 085.7 i

After the WP iterative procedure yields the atomic form ] \ - '
factors, we construct the BLPS from the form factors and ] T ,985_75_\‘\ A AhCCCp 8
then work to further refine the BLPS, as described in Sec. \, ;

Il E. We find that KS-DFT total energies using the BLPS are _ %7 \ oss] B /‘(- i
4" ’
—

not completely converged at a 1200-eV cutoff because theg ] ‘\ *‘;\
BLPS is extremely repulsive near the cdeee Fig. 18)]. T ossss ] WA
However, this does not affect the quality of our final BLPS, ™ 1 k ‘\',\A_
B
‘_
L B

V/at

as demonstrated in calculations using an even larger kinetic\% 984
energy cutoff(see Sec. I). We find that the KS-BLPS total
energies at different cell volumes are lowered by the same=

-985.9

er

n

\
amount(~0.15 eV/aton), so that the shape of the equations £ \§ ,,"'
of state(EOS$ of bulk Ag are not affected. As usual, it is & 085 P-4 |
easier to converge energy differences than absolute energie \ ,,Ir'
&
.Y o
Wx
. -986 +—+——m——"+—"—"—"—"r1r"—T"—"T" """

C. Kohn—Sham nonlocal pseudopotential ~ (KS-NLPS) b s 0 " 9 »
benchmark properties for crystalline Ag Atomic Volume (A%

The EOSs of fcc and hep Ag predicted by KS-DFT with g1 2. ks-NLPS total energie@V/atom vs atomic volumeA?) for fec
the NLPS are shown in Fig. 2, where we see they are nearligiark squaresand hcp(open trianglesAg.
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TABLE I. Comparison of various pseudopotential KS-LDA and experimen- trapolating the room temperatusg from Ref. 41 to 0 K;B,

tal bulk properties for fcc and hcp Ag. Cohesive energies are not availablqzS measured at room temperature Wl”EI@iS for 0 K and 1
using the BLPSsee Results of Sec. Il for detajjsnstead the equilibrium atm '

total energies per atom obtained from the Murnaghan fit are given in paren=" "

theses. The KS-NLPS densities of fcc and hcp Ag at their equi-
librium volumes will be used as the target densities that we
Vo(A3) By(GPa E.(eV/atom will require the BLPS to match during iterative construction
NLPS of the BLPS. Figure 3 displays contours of the density in the
fec 16.848 116 3.445 (100 plane of_fcc_Ag anc_(llO)_pIane of hcp Ag. Most qf the
hep 16.880 121 3.442 electron density is localized in the outer cqdark) region,
as expected. These dark regions correspond to~the 4d
BLPS electrons, while the lighter regions reflect the density of the
fec 17.084 130 NA-1221.080 more delocalized(p) electrons.
hcp 17.610 143 NA-1221.060
Other work D. lterative BLPS construction procedure
fcc 17.417 96 3.01 . . . .
hep 17.495 103 301 In the WP iterative schenf& the following KS equation:
. 1
Experimentd (‘ “VZ+ Ueﬁ(r)) bi k= € kbik (3
fcc 16.817 101 2.95 2
°From Ref. 39—KS-LDA/NLPSHSC scheme is inverted to obtain the local KS effective potentigk(r),

eirogsi(;f.fgjglgFl{se;ex;raapolated to 0 K, using the coefficient of thermal which is one-to-one mappedaccordlng to the first
P T Hohenberg—Kohn theoréinto a given target density(r).

Here, i is the band index andt is the index ofk points.

and cohesive energietE,, relative to the ground state pying the WP iterations, the KS effective potentgh(r) is
5s'4d'° Ag atom) for fcc and hcp Ag. Note that the Mur- updated at iteration stepvia

naghan fit yields an energy difference between the fcc and )= 57(1)

hcp phases that is slightly smaller than implied by the actual )=o) + PU)=p 1) _ ha P+ Au"(r 4
data in Fig. 2. Nevertheless, the Murnaghan fit still yields fcc ver(r) = veir (1) Pn(r) verr (1) +A0°(1). (&)
as the ground-state structure for Ag. The properties predicte n — . - .

are consistent with other Kohn—Sham local-density approxi-Ekere P (r). ahrlddpd(r) z.atre thtf] r:’:]h :tegatuzjni dgnsﬁy and
mation (KS-LDA)/NLPS calculation¥ (Table |), in which energy-weighted density, wi € latler defined as
the NLPS was based on the Hamann-Schliter—Chiang | (1) [?

(HSO™ scheme and the basis set used included both plane #"(") :g W(k)E fik EN (5)
waves and localized numerical functions. Our equilibrium ' N

volume is slightly better than that of Ref. 39, while their bulk wherew(k) is the weight associated with eaktpoint andf;
modulus and cohesive energy are superior to ours, perhafs the occupation number of the orbité| .. As mentioned
due to the more specialized basis set used. The experimentbove, a similarly constructed ALPS is used as the initial
value$® are shown for comparison/, is obtained by ex- guessljgf:fl(r) for the WP scheme performed for the bulk

a0f
30}
251
20}
20}
15}
10t
10}
5 L
(a) 5 10 15 20 25 30 35 (b) 5 10 15 20

FIG. 3. Contour plot of KS-NLPS density. Dark areas represent high density, light areas low denst@0 plane of fcc Ag;(b) (110 plane of hcp Ag.
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FIG. 4. The ALPS(dashed ling best BLPS(solid line), and form factorgsymbols of fcc (dark squaresand hcp(open circleg Ag obtained from the
Wang-Parr methoda) The full potential in reciprocal spad€&g. (9)]. Inset: enlargement of intermediagevector region(b) The corresponding quantities
without Coulombic contribution§Eq. (10)].

crystal. This initial KS effective potential is modified at each (1D) isotropic pseudopotential form factof,,(g)

iterative step, based on E), until the final effective po- 1

tential reproduces the target densipfr) within some vpuk(@) = — > v¥Mg), (9)
threshold® (e.g., we require the Hartree ener@fy\p] of the ulgil=g

density difference Ap(r)=p(r)-p"(r) to be less than
~0.1 meV/atom Then we unscreen the final global KS ef- lengthg.

B ; globa ;
fective potential ve (r) by removing the Hartree and This 1D form factor is depicted by the symbols in Fig.

e_xch_ange-correlation potential due to the valence electrona(a). At low g vectors, corresponding to large distances, the
yielding a global LPS in real space LPS is swamped by the Coulombic tdi+2%) that the

where ng is the total number ofg vectors of equivalent

global global 8Jp] SEJp] pseudopotential must ultimately obey. In order to increase
Uloc (r)= verr (1)~ p - P (6) the numerical sensitivity of our construction, we temporarily
remove the Coulombic contribution to obtaif,;(9)

whereJ[p] andE,J p] are the usual Hartree Coulomb repul-

sion and exchange-correlation energies. By “global,” we [ .(g) =vpu(Q) +

mean that this pseudopotential is spread out over every atom

in the grystal. ~shown by the symbols in Fig.(8). The inset of Fig. &)
Ultimately, we need an atom-centered pseudopotential Sgayeals that especially in the region 6%<g<10 AL, the

that it can be used in many different environments. We therepseydopotential form factors of the two structures do not fall

fore transformyig l(rg to reciprocal space and divide by the perfectly on a smooth curve, so that our choice for the BLPS

structugre tfactorS(g), yielding the pseudopotential form muyst strike a compromise. For comparison, we also plot the

facto® v@°M(g) for fcc and hep Ag, from which an atom- A ps, where we see large deviations between the ALPS and

4/
RUES (10)

centered LPS will be derived, the pseudopotential form factors derived from the bulk crys-
1 _ tal calculations. This hints at the improvement we expect
pdobajg) = ﬁfn vd%alr) . d97dr, (7)  upon moving from the ALPS to the BLPSide infra).
loba E. Constructing the BLPS from the form factors
atory _ V90)
v¥Mg) = g 8 We found that it is more difficult to construct a satisfac-

tory BLPS for Ag than for Si. This is because the shapes of
Note that in Eq(7), Q is usually the volume of the simula- the EOSs for Ag are sensitive to the reciprocal space BLPS
tion cell, however, inCASTEP code, it is the number of grid in two regions: g<4.0 A and 5.5 A'<g<10.0 A,
points in the simulation cell so thaf'°*3(g) is cell-size in-  while those of Si are only sensitive to the reciprocal BLPS at
dependent. Consequently, the units {8l°°¥(qg) are eV &  the first few Bragg vectors. The strategy we take here is to
instead of eV, as are the units@#°™(g). We then spherically vary the(unconstrainedshape of the reciprocal space BLPS
average the form factop®°(g) to get a one-dimensional in both regions and build many different versions of the
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FIG. 5. KS-NLPS(solid) and KS-BLPS(dot-dashefldensity slicega) between the two nearest neighbors of fcc Ag éndbetween the two different atoms
in the primitive unit cell for hcp Ag.

BLPS. The EOSs of Ag derived from these BLPSs are ofResults
course distinctly different from each other. We can optimize The self-consistent density obtained using the ALPS

the BLPS by mixing these BLPSs until the final BLPS re- .. . ) . .
produces the EOS of fcc Ag from the NLPS as closely aSWIthIn KS-DFT was of very poor quality. The charge density

: ] . ) . Is too high in the outer core regio@bout 1 a.u. from the
possible. Detailed information on the construction of thenucleus with a peak of about 1 a.u. instead 606 a.u
BLPS for Ag fromuv,,(g) data is available as a separate P S D

Electronic Physics Auxiliary Publication ServidEPAPS Lou_nd \tN'th ttk:e I\i_LPS(iele t'):'% 2 Th'S{h'S duelto g:e AlF‘.PS
document(see Ref. 48 eing too attractive a ohr from the nucleugsee Fig.

Our best BLPS in reciprocal space is plotted in Fig. 41(b)]. By design, the BLPS reproduces the density from the

(Sec. Il D). It matches the form factors of fcc and hcp phaseé\“‘PS _very well_. F_ig%”e 5 shows that the density of the
very well for g<4.0 A™* and strikes a compromise between BLPS is almost indistinguishable from that of the NLPS for

the form factors of the two phases for 4.0%g both fcc and hep Ag.
<8.0 AL, The corresponding real space BLPS and ALPS We then used the BLPS to calculate the EOSs of fcc and

are shown in Fig. 1Sec. Il A), where we see that they are hcp Ag. Note. that we did not use the KS—_NLPS EOS data of
strongly repulsive within 0.4 a.u., in order to force the 4 hcp Ag to refine the BLPS from the atomic form factgsse
electrons out of the core region. Asincreases, both the EPAPS documentRef. 43]. Thus the transferability of the
ALPS and the BLPS decrease until they hit a minimum ofBLPS is tested somewhat by assessing the accuracy of the
about =12 to —14 hartree at0.8 to ~0.85 bohr. The mini- EOS for hcp Ag. The computed BLPS, NLPS, and ALPS
mum of the BLPS is shallower than that of the ALPS. Be-EOSs are depicted in Fig. 6. The resulting EOSs from the
yond 1 bohr, the ALPS closely resembles thehannel of BLPS for both structures are fairly close to those from the
the NLPS; the BLPS increases more slowlyraimcreases. NLPS, although discrepancies still exist for volumes be-
We call this final, optimized BLPS simply BLPS in the fol- tween 16 and 24 A The fcc BLPS EOS matches the fcc
lowing. NLPS EOS very well for volumes less than 16, Avhile the
hcp EOS rises too steeply at small volumes when the BLPS
is used. By contrast, use of the ALPS in KS-LDA leads to a
completely unphysical EOS, with no minimum in either
. TESTING THE BLPS WITHIN KS-DFT EOS, and where the total energy monotonically increases
with increasing volume. Thus, the BLPS represents a signifi-
We first test the BLPS derived from the above procedurecant improvement over the ALPS.
in KS-DFT calculations, by comparing the resulting densi- ~ We then fit the EOS data from the BLPS KS-LDA cal-
ties, EOSs, and static structural properties to those from theulations to Murnaghan’s equation of st (2)] to obtain
NLPS. Due to the strongly repulsive nature of the BLPS forthe equilibrium volume¥/, bulk moduliBy, and equilibrium
Ag (see Fig. 1, a much higher kinetic-energy cutoff of 2600 energiesE,,,, which are given in Table I. The BLPS overes-
eV is used in order to converge the total energy totimatesV, by ~1.4% for the fcc phase and4.3% for the
5 meV/atom. All other calculational details are the same asicp phase relative to the NLP8y is also too large, with
in Sec. Il B. errors of~12% for fcc and~18% for hcp, respectively. The
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FIG. 6. KS-LDA total energieseV/atom vs atomic volumdA?3) for (a) fcc Ag; (b) hep Ag. Here we compare NLRSolid diamondsto BLPS(open circley
to ALPS (opaque triangles The NLPS EOS is shifted down by 235.15 eV/atom, while the ALPS EOS is shifted up by 232.733 eV/atom. On this scale, only
one data point is present for the ALPS.

fcc phase is still predicted to be the ground state, althoughot used due to convergence issues observed for systems
the energy difference between fcc and hcp phases is slightiywvolving highly localized electron distributiort&>

larger than for the NLPS. Unfortunately, the cohesive energy

cannot be readily calculated from either the ALPS or the _ )

BLPS. We found that using the ALPS or BLPS in atomicA- Calculational details

KS-DFT calculations led to UnphySicaI results, where the In our OF-DFT calculations, the Hartree term is com-
eigenvalue of the $orbital is much lowerby ~76.6 eV for  pyted in reciprocal space, the pseudopotential term is calcu-
the ALPS and by~54.1 eV for the BLP$than thatof thed  |ated in real space, and the kinetic-energy terms are evalu-
orbital. This is Certainly an indication of the limited transfer- ated in both real and reciproca| space. In particu|ar, the TF
ability of this type of LPS for Ag. Neither the one derived term is evaluated in real space, the VW and linear-response
from the atom, nor the one derived from bulk crystals canerms are evaluated partly in both spaces. The LDA is used
describe the @'%s' state of the atom properly. Note that the for the electron exchange-correlation term, which is already
WP approach does not constrain the pseudopotential to rgy(N) scaling in real space due to its short-range nature.
produce atomic energy eigenvalues as other pseudopotentig(N In N) scaling fast Fourier transform&FT9*’ are used
construction methods do. Thus, there is no reason to expegj transform, e.g., electron density, back and forth between
that the total energy of the atom, nor its orbital energies, willea| and reciprocal space.

be correctly reproduced. The purpose of the BLPS is to be |y order to compare more directly with theasTEP KS
used in OF-DFT condensed-matter calculations, whergajculations predictions presented earlier, we define our real-

atomic energy eigenvalues do not enter. space grid in exactly the same way @sSTEP 4.2(Ref. 48
for the OF-DFT calculations. In particular, we use a double-
IV. APPLICATION OF THE BLPS IN OF-DFT fine grid, where the maximum integer multiple of the mo-
While this BLPS is unsuitable for atomi@and probably ~mentum vector along directioiti =X,y,2) is calculated as
moleculaj Ag species, our actual goal was to study bulk Ag L —
with OF-DFT. Since we have shown that this BLPS produces N = 3ZT\fEcut- (11

a fair description of Ag’s bulk properties within KS-DFT, we

should see that the majority of the remaining error in OF-Here,L; is the length(in bohp of the simulation cell in one
DFT will be in the choice of KEDF, which is the only dif- direction andg, is an energy cutoff parameter in rydbergs.
ference between KS-DFT and OF-DFT when the sameé3ased on Eq(11), the maximum energy of the plane wave
pseudopotentials are used. We explored the family of KEDFsn the reciprocal space grid is nine timgg,. In this work,
comprised of the full von Weizsacker KEBET,y, and a  E. is set to 88.20 Ry1200 eV, as in the earlier KS-NLPS
partial contribution from the Thomas—Fermi KEE’):F,TTF. calculation$. When the pseudopotential energy is calculated,
The resulting von Weizséckar~Thomas—Fermi(vW-\TF)  all the points in the Fourier grid are used in order to ad-
KEDF, T,w+AT1g, Where\ is a constant coefficient, is sim- equately represent the very repulsive BLPS in the plane
ply an extension of the von Weizsacker KEfSFWe also  wave basis set. Hence, the maximum energy of the plane
used the LR-baséd Wang—TeterfWT) KEDF.*® The more  waves used reaches10 000 eV. A second-order damped
accurate LR-based Wang—-Govind—Caf#GC) KEDF was  dynamics method is employed to minimize the total
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FIG. 7. LDA density slices betweefa) nearest neighbors in fcc Ag art)) the two different atoms in the primitive hcp cell. We compare (s8lid) to
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energ);f“'z0 with  a convergence criterion of 2.5 This illustrates a complete breakdown of these simple

X 1076 eV/atom. KEDFs when applied to systems containing both localized
In these OF-DFT calculations, the standard four-atomand delocalized electron densities.

cubic unit cell is used for fcc Ag. A four-atom orthorhombic

cell in ratio a:b:c=1:y3:1.656 is used for hcp Ag. The V. CONCLUSIONS

fractional coordinates of the four atoms in this hcp unit cell

are(0, 0, 0, (%% 0), (%%%) and (0, %%) A new local pseudopotentigBLPS) for bulk Ag was

constructed with our recently developed method of inverting
the KS equations in a bulk crystalline environment. By de-

B. Results sign, this BLPS produces KS-DFT densities in good agree-
Figure 7 compares the variational densities from OF-
DFT (p°F) to those from KS-DFT calculation§S). By 1200 — T T T T T

varying N\ in the VWATF KEDF, we found that\=0.4

yielded the best densities. Figuréaycompares the°" and

pKS between the nearest neighbors of fcc Ag using Xhe

=0.4 KEDF and using the WT KEDF. We see th&t™ de-

rived from theT,,,+0.4T¢ closely resembleg®S, while en- -1250
forcement of the correct LR behavior does not imprp?é.
Instead, the quality op°" from the WT KEDF is worse,
significantly overestimating the density in the outer core re-
gion at~1 bohr from the nucleus. Figureyj depictsp®F
andp“® between two atoms with fractional coordinatéss,

0) and(3,¢,3), which are equivalent to the two different sets
of atoms in the primitive hcp cell of Sec. Il B. Again, we see
that p°F from the T,y +0.4T1¢ is better than that from the
WT KEDF, although both exhibit large deviations frgs®,
indicating that neither KEDF can satisfactorily describe both
fcc and hcp Ag.

We also attempted to calculate the EOS of fcc Ag with
OF-DFT. Figure 8 displays the OF-DFT predictions using the
two KEDFs above, where we see that both KEDFs yield
unphysical EOSs. Th@,,+0.4T1¢ total energy monotoni- -140055 15 20 2 30 35
cally increases with volume, but does not exhibit a mini-
mum. The opposite trend is observed for the WT KEDF

EOS, with the total energy U'j‘p_hySica_"y decreas.ing With in-giG. 8. OF-BLPS total energies vs atomic volume for foc ABy
creased volume. Again, no minimum in the EOS is observedk0.4T; (solid squaresvs WT KEDF (open circles

-1300

Total Energy (eV/atom)

-1350

viaY
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