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We discuss different methods of calculation of the screened Coulomb interéttiotransition metals and
compare the so-called constraint local-density approximati@? ) with the GW approach. We clarify that
they offer complementary methods of treating the screening and therefore should serve for different purposes.
The analysis is illustrated by calculations for the ferromagnetic Ni. Irath@itio GW method, the renormal-
ization of bare on-site Coulomb interactions betweeneBctrons(being of the order of 20-30 e\bccurs
mainly through the screening by the santee3ectrons, treated in the random-phase approximagé#). The
basic difference of the constraint-LDA method from the GW method is that it deals with the neutral processes,
where the Coulomb interactions are additionally screened by the “excited” electron, stoctiitues to stay
in the systemThis is the main channel of screening by the itinei@sip) electrons, which is especially strong
in the case of transition metals and missing in the GW approach, although the details of this screening may be
affected by additional approximations, which typically supplement these two methods. The major drawback of
the conventional constraint-LDA method is that it does not allow us to treat the energy dependenoédé
the full GW calculations require heavy computations. We propose a promising approximation based on the
combination of these two methods. First, we take into account the screening of Coulomb interactions in the
3d-electron-like bands located near the Fermi level by the states from the orthogonal subspace, using the
constraint-LDA methods. The obtained interactions are further renormalized within the bands near the Fermi
level in RPA. This allows the energy-dependent screening by electrons located near the Fermi level, including
the same 8 electrons.
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I. INTRODUCTION The recent progress, which gave rise to such directions as

- . . DA +HubbardU (Refs. 2—4 and LDA+DMFT (dynamical
The description of electronic structure and properties ofy,oan-field theory®S is based on the idea of partitioning of

§trqngly corre'lated systems presents a great C'hallengebfqr electronic states. It implies the validity of the following pos-
initio electronic structure calculations. The main complexityy jates.

of the problem is related to the fact that such electronic sys- (i) All solutions of KS equationgl) in LDA can be di-
tems typically bear .both localized and itinerant characpervided (by introducing proper projection operatpigto two
where most conventional methods do not apply. A canonicasubgroups:i €1, for which LSDA works reasonably well,
example is the localspinjdensity approximatiofiL(S)DA] andi€L, for which LSDA encounters serious difficulties

in the density-functional theor§DFT). and needs to be improveéd typical example is thed3states
The DFT, which is a ground-state theory, is based on thén transition-metal oxides and some transition metals
minimization of the total-energy function&([ p] with respect (i) Two orthogonal subspacelsandL, are “flexible” in

to the electron density. In the Kohn-Shan(KS) scheme, the sense that they can be defined for a wider class of elec-
which is typically employed for practical calculations, this tron densities, which can be different from the ground-state
procedure is formulated as the self-consistent solution oflensity in LDA. This allows us to “improve” LDA by adding

single-particle KS equations, a proper correctionAS, (generally, anw-dependent self-
energy to the KS equations, which acts solely in thesub-
(= V2+ Vsl p) thlp] = el p], (1)  space but may also affect thetates through the change of

. : . . associated with thiaS. Thus, in the KS equations, theand
which are combined with the equation for the electron den- _ . L
sity: | states remain decoupled even after includidg::

(el pll(=VZ+ Ve[ p]+A3)| e [p])=0. For many applica-
p=> filwl? (2)  tions, thel states are atomic or Wannier-type orbitals. Then,
i the description of electronic states in thespace becomes
equivalent to the solution of a multiorbital Hubbard-type
defined in terms of eigenfunctiorig;), eigenvaluege;), and  model, and the formulation of the LDA approach is ba-
the occupation numberd;) of KS quasiparticles. sically dealing with the question of how to map the LDA
The LSDA provides an explicit expression fdfg[p].  band structure onto this Hubbard model. In the following, by
However, it is based on the homogeneous electron-gagferring to the LDA+J we will mean not only the static
model, and strictly speaking applicable only for itinerantversion of this method, originally proposed in Ref. 2, but
electron compounds. also its recent extensions designed to treat dynamics of cor-
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related electrons and employing the same idea of partitioningVannier orbitals, simulating the basis bf states. On the

of the electronic statex? other hand, CLDA is a static approach, which does not take
(i) All physical interactions, which contribute taS,  into account thew dependence of effective).?* We will

can be formally derived from LDA by introducing certain consider mainly the ferromagneti&M) fcc Ni, although

constraining ﬁeldg{é\?ext} in the subspace df states(i.e., in similar arguments can be applied for other metallic com-

. z . . 9 pounds. We start with the basic definition dffor the sys-

nggéﬁ;?;zret?ﬁezihgﬁglgf ?ﬁ: grelgt(;:)undlggnt;;f::;xt&o tems with the conserving number of particles, which was
- . oy . i

extract parameters of electronic interactions by mapping thgrlgmally mtrpducgd_py Hef““ﬁ' and then d|scuss_the con

total-energy differenceE[p+8p]—E[p] onto the Hubbard Aection of this definition with the parameters which comes

model. The total-energy difference is typically evaluated inOUt from CLDA and GW calculations.

I(_CDIZ’-\D,;)aQ_dﬂthe method itself is called the constraint LDA Il. HERRING’S DEFINITION AND CLDA

However, despite a decade of more or less successful ap- According to Herring?? the CoulombU is nothing but the

plications, the central question of LDA%is not completely ~€nergy cost for moving ah electron between two atoms,

solved and continues to be the subject of various dispute9cated atR andR’, and initially populated byn g=n g/

and controversie®7 This question is how to define the =M. electrons:

parameter of the effective Coulomb interactidn Urr' = E(Nig + 1,0 r = 1) = E(N g, NLR/)- 3)

To begin with, the Coulomty is not a uniquely defined RR R R HRTLR

quantity, as it strongly depends on the property for the detn DFT, Ugg: can be expressed in terms of the KS eigenval-

scription of which we want to correct our LDA scheme. Oneues, g r=dJdE/dnr, using Slater’s transition state

possible strategy is the excited-state properties, associat@dguments?

with the complete removal of an electron frqor the addi- 1 1 1 1

tiorj of the newlelectron jothe system, i.e., _the processes Ugg: = 8LR<nLR + E,nLR, - 5) - gLR<nLR - E,nLR, + 5)

which are described by Koopman’s theorem in Hartree-Fock

calculations and which are corrected in the GW method by (4)

taking into account the relaxation of the wave functions onto he final definii

the created electron holer a new electront®19 However, | € final definition

the goal which is typically pursued in LDAY is somewhat delRr

different. Namely, one would always like to stay as close as Urr' =

possible to the description of the ground-state properties. The

necessary precond_iti_o_n for this, which should be taken intQnich is typically used in CLDA calculations, is obtained
account in the definition of the Coulomb and all other  after replacing the finite difference between two KS eigen-
interactions which may contribute b, is the conservation values in Eq.(4) by their derivative. The parametéigg
of the total number of particles. In principle, similar strategy depends on the atomic indic& and R’. This dependence
can be applied for the analysis of neutral excitati®g., by  has a clear physical meaning and originates from the distance
considering thew dependence ohi), for which the total dependence of intersite Coulomb interactions, which contrib-
number of electrons is conserveéd@he basic difference be- ute to the screening olgg:. In the reciprocal(Fourien
tween these two processes is that the “excited” electron igpace, it is equivalent to thg dependence df.
the second case continues to stay in the system and may Owing to the existence of the second subsysterthe
additionally screen the Cofglomb. This screening may also reaction(3) may compete with another one,
affect the relaxation effects. -

The purpose of this paper is to clarify several questions U=EMip+ Lk = Ligr = 1ge +1)
related with the definition of the Coulomb interacti@hin - E(n g, Mg, "R NIRY) s (6)
transition metals. We will discuss both the moment(o

and ener dependence o), corresponding to the re- A )
g w) dep P g the sitesR andR’.23 It can be also presented in the for8),

sponse of the Coulomb potential onto the and time X . o

P .p ~ h ~ but with the different constraint imposed on the numbers of
(t) dependent perturbatiofVe,, and present a comparative | and| electronsn gz +nz=const. Generally, the definitions
analysis of the existing methods of calculations of this inter-(3) and (6) will yield two different interaction parameters.
action, like CLDA and GW. We will argue that, despite a since in the charge-transfer scenario any changa, gfis
common belief, the GW method does not take into accounfotally screened by the changem, located at the same site,
the major effect of screening of the effective Coulomb inter-the interaction6) does not depend oR.
actionU between the @ electrons by théitinerany 4spelec- In reality, both processes coexist and the proper interac-

trons. This channel of screening is automatically included injon parametet) is given by the following equation:
CLDA, though it may be affected by some additional ap-

proximations, which typically supplement the CLDA ap- Urr' =E(Nr + 1nig = 8,Nrr ~ LNirs + 6)
proach in order to separate thd &d 4p states. In the GW -E
. (LR MR, LR MR s
approach, the absence of thgp4creening can be compen-
sated, to a certain extent, by a proper choice of the pseudevhere the amount of chargeredistributed between two sub-

: (5

N r*N_Rr=const

Jd nLR

corresponding to independent “charge transfer” excitations at
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systems is determined variationally to minimidgg.. In the
CLDA scheme, it is convenient to work in the reciprocal
(Fourien space and calculaté); as the response to the
g-dependent constraining field,

Nex(d,R) =V, cosq ‘R, 7

acting in the subspace bfstates under the general condition

of conservation of the total number of particles. The result

of these calculations will strongly depend on how well
L-electrons are screened by thenes. In the case of perfect
(100% screening, the reactio(6) will dominate, and the
parameterJ will not depend ong. If the screening is not
perfect(e.g., the change of the number af 8lectrons in the
transition metals is screened to only about 50% by the 4
electrons at the same atéfy) it is reasonable to expect a
strongq dependence of the effectiwé, because two differ-
ent channels of screening, given by E¢3) and (6), will
work in a different way for differend’s. Since the excegsr
deficiency of L electrons caused by a uniform shift of the

external potentialVe,; can be only compensated from the
system ofl electrons, the charge-transfer mechanigiwill
always dominate for smalj. The mechanisni3) becomes
increasingly important near the Brillouin zotBZ) bound-

S
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ij

which is typically evaluated starting with the electronic

structure in LSDA(here the spin indices are already included

in the definition ofi andj). Generally speaking, the use of

I5@W is an additional approximation, which yields a new in-

teractionWg,y. At this stage, it is not clear whether it has the
same meaning as the effectite derived from CLDA and
whether Eq(9) includes all necessary channels of screening.
It may also include some other effects, which should be ex-
cluded from the final definition o, in order to avoid the
double counting. One is the self-screening arising from local
(on-site interactions between localized electrons. These in-
teractions are not accurately treated in RPAherefore the
basic idea is to exclude these effects from the definition of

Wew and to resort this part to the interaction term of the
Hubbard mode#? In this respect, the second important prop-
erty of RPA is that it allows us to easily partition different

contributions toP andW. If ﬁ>=P1+ f’z and \7V1 is the solu-
tion of Eq.(8) for |5:I51, the totalW can be obtained from
the same equation after substitutionlfbby I52 and( by \7V1.
For example, if152: ﬁ’LL is the part oﬂ5@W which includes all

ary, and will generally compete with the charge-transfer ex possible transitions between the localized states,RyndP,

citations(6), depending on the distribution of tHeelectron
density:°
1. GW METHOD

It was recently suggested by several autl{erg., in Refs.
4, 15-17, and 24 that the Coulonth in the LDA+U ap-

is the rest of the polarization matrix, the matrsf)lf corre-

sponding tol5r, can be used as the interaction part of the
Hubbard modet®17

GW story for fcc Ni

The ferromagnet fcc Ni is the most notorious example

proach can be replaced by the screened Coulomb interactiamhere LSDA encounters serious difficulties, especially for

W taken from theab initio GW method. The latter is calcu-
lated in the random-phase approximati@PA):1>-17

W(w) =[1 - 0P(w)] 0. (8)

description of spectroscopic properties. There are three major
problems!® (i) the bandwidth is too larg@verestimated by
~30%); (ii) the exchange splitting is too larg@veresti-
mated by~50%); and(iii ) the absence of the 6-eV satellite.
The ab initio GW approach corrects only the bandwid#t-
though with a certain tendency to overcorjegthereas the

We adopt the orthogonal atomiclike basis of linear muffin-tinother two problems remain even in G2’ Therefore, be-

orbitals(LMTOS) {x,},?® which specifies all matrix notations
in EqQ. (8). For example, the matrix of bare Coulomb inter-
actions €/|r-r’'| has the form <(apB|0]yd)
=€2[dr [dr ' x, (N xr)Ir=r'[™x,(Nx,r’), and all other
matrices are defined in a similar way. The diagonal pafi of

for the 3 states is totally specified by three radial Slater’s

integrals:F°, F?, andF. In the following we will identify F©

fore doing any extensions on the basis of the GW method, it
is very important to have a clear idea about its limitations. In
this section we would like to clarify several confusing state-
ments about screening &Y in GW. We argue that the main
results of theab initio GW method can be explained, even
quantitatively, by retaining, instead of the full mattixn Eq.

(8), only the site-diagonal block,, of bare Coulomb inter-

with the parameter of bare Coulomb interaction, which ha@ctions betweendelectrons, in the atomiclike LMTO basis

the same meaning as the Coulordbafter taking into ac-
count all screening effect&? and F* describe nonspherical
interactions, responsible for Hund’s rule.

The first advantage of RPA is that it allows us to handl
the o dependence oW, which comes from the» depen-
dence of the polarization matriR. The most common ap-
proximation forP, which is feasible foab initio GW calcu-
lations, is that of noninteracting quasipartictég®

set. An intuitive reason behind this observation is the form of
the polarization matrix9), which can interact only with the
matrix elements ofi of the exchange type. The latter are

esmall unless they are calculated between orbitals of the same

type, corresponding to the self-interaction. The values of ra-
dial Slater’s integrals calculated in the basis of atomit 3
orbitals areF°=24.9,F?=11.1, andF*=6.8 eV, respectively.
All other interactions are considerably smaller. Hence it
seems to be reasonable to adopt the litpit— c, which
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FIG. 1. Characteristic behavior of site-diagonal element of the screened Coulomb intek&fctiomy X)NVR:0|xy xy and the matrix
element of the self-energ&:(xwigzovy) betweenxy orbitals of thet,y manifold in thel” point of the Brillouin zone obtained in the GW
approach with the bare Coulomb interactions betwegrl8ctrons in the atomiclike LMTO basis set. The inset shows ampliag near
o=u. Matrix elements betweeeg, orbitals show a similar behavior.

automatically picks up in Eq8) only those matrix elements 1(”
which are projected onto the atomia Jrbitals, in the 52/5w|wzﬂx—f do IMW(w)/w?. (11
nearly-orthogonal LMTO representatiaiiRef. 25. In this 7o
sense theb initio GW method for transition metals can be This  yields the renormalization  factor Z=(1

regarded as the RPA solution of the Hubbard model with the- 55,/ 4|, )2~ 0.5, which readily explains the reduction
bare on-site interactions betweer lectrons defined in the f the 31 bandwidth as well as of the intensity of the valence
basis of pseudoatomic LMTO orbitals. In the GW method,spectrum inab initio GW calculations(Fig. 2).19:27

these interactions are practically not screened by outer elec- ayay from the Fermi energyi.e., for energiesw| which
trons. Note, however, that the LMTO basis in the transitionare much larger than thed3bandwidth, one has another
metals is generally different from the Wannier basis, whichyg|ation R& (w) ~ -ReW(w), which readily explains the ex-
should be used for the construction of the Hubbard Hamiligtence of the deep minimum of Réw) near—30 eV (see
tonian. As it will become clear in Sec. VII, the Wannier gy 1) a5 \well as large transfer of the spectral weight into

representation has several additional features, which may,is region(shown in the inset of Fig.)2 The latter is ex-
modify conclusions of this section to a certain extent. pected when '

Results of these model GW calculations are shown in Fig.
1. In this case, the energy scale is controlled by the bare
interactionF°, which predetermines the asymptotic behavior

ReW(e) (with W denoting the diagonal matrix elemerlt\M satellite structure in the GW approathTherefore it is not
and the position of the poles of W(w) (the so-called “plas-  guite right to say that the satellite structure is missing in the
mon structure) at ~22 eV, which is related to the sharp ap initio GW calculations for Ni. It may exist, but only in the
increase of R&/(w) at around 25 eV via the Kramers-Kronig wrong region ofw.
transformation. At smalkw, the behavior ofW(w) is well
consistent with the strong-coupling regirfi€— «: namely, 3
W(w) ~-P Y w), which is small(W~ 1.8 eV atw=0) and
does not depend on’Fthough it may depend oR? andF#). 2ok
All these features are in a good semiquantitative agreement [
with results of GW calculation®17:19

The self-energy in GW is given by the convolution\f

with the one-particle Green functida:

o =g +Re(w),

which is the standard precondition for the appearance of the

A(w) (states/eV)
=

A [ A -
=— | do'Glo+ o )Ww'). 10 —LSha ]
3(w) qu o' G(w+ o )Wo') (10 B = ]
~ | —— GW (constraint) |
Therefore thew dependence oB should incorporate the 3 . N
main features ofM(w’). Indeed, the low-energy part & 6 + 2 0 2
o (eV)

(close to the Fermi energy or the chemical potentialis

mainly controlled by ImV. Since the main poles of d and
ImG are well separated on the axis (the w range of InG is
limited by the 3 bandwidth,~4.5 eV in LSDA for fcc Ni,
whereas the “plasmon peak” of W is located only at
~22 eV), one has the following relation:

FIG. 2. The spectral functio™(w)=-(1/7) Im Tré(w) sgnw
—w) for fcc Ni in LSDA and two GW schemes with bare electronic
interactions and parameters extracted from constraint LDA. The
inset shows the satellite structure Mw) at theI" point of the
Brillouin zone in the bare-GW approach.
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peak” of IMWM(w) (Fig. 1). Therefore, in the GW calcula-
tions, these two effects are strongly mix€dt”1°The w de-
pendence oAW will also contribute to the renormalization
of the low-energy part of the spectrum. In GW, this contri-
bution can be estimated using E@ll), which yields
9%/ dwl,=,,~0.06. This contribution is small and can be ne-
glected.

AW(®) (eV)

N IV. GW VERSUS CLDA

.

N
5

e

<
8
&
=)
<
o
=]

100 What is missing in thab initio GW method, and what is
the relation between GW and CLDA? Let us consider for

FIG. 3. Thew dependence of on-site Coulomb interaction asso-Simplicity the static case, wheréV,,, does not depend on
ciated with the relaxation of thed3wave functions in the region of time (the generalization to the time-dependent case is rather
the 3—4d transitions. The 8—5d transitions have also been straightforwargl.
taken into account. They contribute to the region above 100 eV, Eventually, both methods are designed to treat the re-
which is not shown here. sponsedp(r) of the charge densityl) to the change of the

external potentiab\?exn which can be calculated in the first

Thus, even besides RPA, the major problem of the GW, ey of the regular perturbation theory. Th@Ne, will af-
approach for the transition metals is tveong energy scale, oot poth eigenvalues and eigenfunctions of the KS equations
wgnch is controlled by the bare on-site Coulomb mter_a_ctlon(l)_ The corresponding corrections are given by the matrix
F(~20-30 eV between the & electrons. In summarizing elements(zpi|é\A/ext| ) with i =] andi %], respectively. If two

this section we would like to stress again the following ! . .
points: (or more eigenvalues are located near the Fermi level, their

(i) The major channel of screening of Coulomb interac-Shift can lead to the repopulation effects when some levels
tion in the GW method for the transition metals originatesbecome occupied at the expense of others. This Is a direct
from the 31— 3d transitions in the polarization functiqoal- ~ COnsequence of the conservation of the total number of par-
culated in the atomiclike LMTO basisThe screening by the tcles, which affects the occupation numbers. Therefore, very
4sp electrons is practically absent: generally, the total respons®(r) in metals will consist of

(i) At small w, the deficiency of the ®4sp screening is WO Parts, op(r)=8ip(r)+zp(r), describinzg the change of
masked by the strong-coupling regime realized in RPA equal® occupation numbersyp(r) ==; &fi¢;(r)|?, andzthe relax-
tions for screened Coulomb interaction, which explains aation of the wave functiongyp(r)=2if; 8] 4i(r)[?, respec-

o (eV)

small value ofW(0) obtained in the GW calculations; tively. Then, the polarization functioR, defined as
(iii) The main features of the dependence af andW
in GW also comes from thed3— 3d transitions. op(r) = f dr'P(r,r',0) Vey(r’), (13

Different conclusions obtained in Refs. 16 and 17 are re-
lated with the use of different partitioning into what is called will also consist of two parts?; andP,, which yield §;p and
the “3d” and “non-3" (pseudoyWannier orbital$® In light  &,p after acting onéVe,. Then, it is easy to verify by con-
of the analysis presented in this section, the strongidering the perturbation-theory expansion fgf} with re-
w-dependent screening by the “nod“3pseudo-Wannier spect tosV,,, that the GW approximation corresponds to the
states obtained in Refs. 16 and 17 means that in reality thesghoice P,=0 and P,=Pgy. It yields &,p(r), which further
states had a substantial weight af éharacter of the LMTO induces the new change of the Couloiittartred potential
basis, which mainly contributed to the screening. We will 5,V (r)=€?fdr’ &,p(r')/|r=r'|. By solving this problem
return to this problem in Sec. VIIl. . self-consistently and taking the functional derivative with re-

The next important interaction, which contributes to thespect to 8,p one obtains the GW expressiaB) for the
sqtrﬁer:;]r;g Zﬂ;:ng] C;\I{]V 'lsa:ju;;?ngﬁ?srﬁ'fm.sebztgen%n ?:]atesscreened Coulomb interactia?dGW(O). Therefore it is clear
wi gu um: 1.€., that theab initio GW method takes into account only one

=4,5,...) (see also pomments In Sec. \J.A'ln the lowest- part of the total responsép, describing the relaxation of the
order (non-self-consistent RBAthese contributions can be \4ye function with the fixed occupation numbers. Another

estimated as contribution, corresponding to the change of the occupation
. . numbergor the charge redistribution near the Fermi lgvsl|
AW(w) =~ (3d3d|0|3d4d)2 Pew(w,3d — 4d) + (highern), totally missing.
(12 This result can be paraphrased in a different way, which

clearly illustrates its connection with the definition of or-
where (3d3d|0[3d4d),,~=6.1 eV is the spherical part of the thogonal subspacet, and |, discussed in the introduction,
exchange integrgBd3d|(|3d4d), corresponding t&°.2°Re-  and the partitioning of the polarization functiéh(Sec. 1),
sults of these calculations are shown in Fig. 3. The region ofvhich is used in the definition of the Hubbard mo#el’
3d—4d ftransitions strongly overlaps with the “plasmon First, recall that according to the main idea of the LDA+
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method(see postulated) — (iii) of the Introductiom, é\A/ext
should be a projector-type operator acting in the subspace of
theL states. Then, the result of the action of the polarization

function Pgw=P,, given by Eg.(9), onto this é\?ext will
belong to the samé space. Therefore the projectiaiVey,

will generate only that part of the polarization function,
which is associated with the transitions between localized

states(lsu_ in Sec. Illl). Meanwhile, this polarization effect
should be excluded from the final definition of the parameter

(@)

S

Energy (eV)
AR R
\_~

_
=)
L

U in the Hubbard model to avoid the double countifig’ X UK) r x W oL r
However, if P, is excluded, there will be nothing left in the P .
~ / \
polarization function(9) that can interact withéV,,, and » ¥ ‘\ ; o ‘.\ (b)
screen the change of the electron density inltheibspace. 1 ! i \.
Therefore the GW scheme should correspond to the bare 0 i 4 ] "\\
Coulomb interaction, that is totally consistent with the analy- E 24 3 I/ %?
sis presented in Sec. Il 5 4] Y ] ¢
E \ 7 1\
Basic difficulties for transition metals g \ // '\
There is certain ambiguity in the construction of the Hub- 10 7 h

bard model for the transition metals, which is related with U X UK) r X W L T

the fact that their LDA electronic structure cannot be de-
scribed in terms of fully separateld and | states without FIG. 4. Two approximate views on the electronic structure of
additional approximations. In this section we briefly review (Paramagneticfcc Ni underlying different schemes of calculation
two such approximations, which will explain the difference of the scre_ened Coulomb |nteract|on._The original LDA bands are
of our point of view on the screening of Coulomb interac- SPOWn by light color. The GW calculations are based on meajel
tions in the transition metals from the one proposed in RefsVMich implies thaall electronic structure near the Fermi levia-
16 and 17. cat(_ed at zerpcan bg described in terms _of on‘lyepseudo-Wanmer
. . . _orbitals of predominantly @ character, simulating thie states. The
The GW approach employed in Refs. 16 and 17 |mpI|esG| f .
that all electronic structure near the Fermi level can be de- ark ba}nqs S.h ow an example of such electronic structure obtained
. . . . . after elimination of 4p states through the downfolding procedure
Scr'b_ed in terms obnly flvepseudo-Wannler orbitals ,Of Pre- " (Ref. 30. The remaining electronic states are tretates, which are
doml_nantly 3 character, which serve as thestates in the orthogonal to the pseudo-Wannier orbitals and allowed to screen the
considered model. Generally, sutfstates are not the same coyiomb interactions in these bands. The screening is treated in
?S tthethMg%.batS_'S fg”ft'onfd;”% Zketmtto aicount th‘la efRPA. Model (b), which is used in constraint-LDA calculations, is
€CLS or hybridization betweertand spstates. An example  gptained after neglecting the hybridization betweeh éhd 4
of such electronic structure, obtained after elimination of thestates[the So-ca”egd cangnica.-bﬁnds approximati&ef. 25]. |$
4sp states near the Fermi level through the downfoldingconsists of the 8 band(representing the states and shown by dark
procedure? is shown in Fig. 4. Other possibilities of defin- color), embedded into the free-electron-likepband(representing
ing these pseudo-Wannier functions, which have been actukel states and shown by dash-dotted JirEhe coexistence of two
ally used in Refs. 16 and 17, are summarized in Ref. 28different groups of states near the Fermi level gives rise to the
Then, the remaining electronic states, which are orthogonalharge redistribution, which contribute to the screening of Coulomb
to these pseudo-Wannier orbitals, representltstates. By interactions in the @ band.
the construction, thé states are expected to be far from the
Fermi level. This may justify the use of the GW approxima- sensitive to whether the excited electron is placed on another
tion for the screening of Coulomb interactions in the L orbital of the same system, or completely removed from it,
3d-electron-like bands, formed by the pseudo-Wannier orbitiike in the GW method)( b d
als near the Fermi level, by the remdtetates. The param-  The model employed in CLDA calculations is obtained
eters of Coulomb interactions, constructed in such a wayafter neglecting the hybridization betweed &nd 4p states
correspond to the original Herring definiti@8) in the basis  (the so-called canonical-bands approximation—Ref. 25
of pseudo-Wannier orbitals. Formally, it should also includeconsists of the puredBband, located near the Fermi level and
the charge redistribution effects near the Fermi level. Howrepresenting thé. states of the model, which is embedded
ever, in this case the charge redistribution goes betweeimnto the free-electron-like sp band, representing thé
pseudo-Wannier orbitals of the sarflg type, which consti-  states’! Formally, these bands are decoupled and the free-
tutes the basis of the Hubbard model. Therefore the effects &lectron-line 4p band can be eliminated from the basis in
the charge redistribution can be taken into account by includthe process of construction of the Hubbard Hamiltonian.
ing the intra- as well as intersite Coulomb interactions in theHowever, in this case the definition of the screened Coulomb
Hubbard Hamiltonian. The latter can be evaluated in the GWnteraction in the 8 band should take into account the pro-

approach, provided that the relaxation effects are not vergesses corresponding to redistribution of electrons between
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3d and 4p bands at the low-energy cost, which is traced TABLE I. Partial contributions to the screening of the Biter-
back to Herring’s scenario of screening in the transitionqctions i_n thel” point extr_acted from_ constraint-L_DA calculations
metals?? and which is missing in the GW method. (in eV): (i) bare Coulomb integra#®, (ii) the screening of° by the

However, we would like to emphasize again that both4sp electrons associated with the change of occupation numbers,
considered models a@pproximationsto the real electronic  Without relaxation of the wave function@*F9), (iii) the addi-
structure of fcc Ni. Even in the first cagmodel (@) in Fig tional screening oF° associated with relaxation of thel ®rbitals

C ) 2 @0 - - i
4], the free-electron-like ¢p band lies near the Fermi level (A'”F"), and (iv) the total value ofU obtained in CLDA
(especially around the point of the Brillouin zong There-  calculations.
fore the charge redistribution effects are expected to play 0 (D0 @0
some role even in the basis of Wannier orbitals. On the other ©°mPound F ATF ATF U
h?r:d, pe;]autse of_t_strongth?/brtigizati_on bett\)/v?dnﬁﬁldd_é:p bec Fe 222 ~13.6 _35 45
states in the transition metals, there is a substantial difference .
. - . fcc Ni 24.9 —14.2 —-5.2 5.0

of electronic structure used in CLDA calculatiomodel(b)
in Fig. 4] from the real LDA electronic structure of fcc Ni.

Strictly speaking, all partial contributions to the screening Ofelectrons at different atomic sitd®} in supercell calcula-

Coulomb interactions, which we will consider in the next tions, one can mimic the dependence of the external po-

section, will be evaluated for this particular model of thetential (7). Other atomic populationéf the 4p states are
eleg:tromc structure. The values of Fhes.e parameters can l?5fﬁ0wed to relax self-consistently onto each change of the
revised to a certain extent after taking into account the hy

bridization bet @and &pstates. F | ith th number of 3 electrons. Hence the contribution of the
ridization between@and sspstates. or exampie, with the charge-transfer excitatiof®) to the screening o) is unam-
better choice of the Wannier basis for the five

3d-electron-like bands in modeb) one could still possibly biguously defined by the form of the external potential and

Y 10 i te th in effects of d details of the electronic structure of thespistates. Some
ry to incorporate the main effects of mod@) and merge aspects of treating thed3tates beyond the atomic approxi-
these two approaches.

mation will be considered in Sec. VII.

The LMTO method is supplemented with an additional
V. CLDA FOR TRANSITION METALS spherical approximation foWys(r) inside atomic spheres,
which bars small exchange interactions betwedraBd 4p
lectrons from the screening d&f. By paraphrasing this

How important are the relaxation of the wave functions
and the change of the occupation numbers in the definition o tatement in terms of the polarization function in the GW

the Coulomb interactiotJ? For the transition metals, both ; S .
contributions can be easily evaluated in CLDA. For thesemethOd' the spherical approximation #s(r) in the CLDA

puroses s convenint (0 use e Hellman-Fainman eS0T = SN0 g ol Bose on
rem, which relates the stati¢ with the expectation value of

the KS potentialys=Vi+Vyc:lL states with the same angular momentigny., 31— 4d, etc).
KS— VH XC-

U= <3d|%'<s|3d>_ B. Screened Coulomb interaction in thel” point

3 First, we evaluate the pure effect associated with the

Then, the exchange-correlatiQdC) part is small.6Vy; can  change of the occupation numbers, without relaxation of the
be expressed throughp. Hence the CLDA scheme provides wave functions. This mechanism is directly related with the
the self-consistent solution f@ip associated with the change conservation of the total number of particles, and simply
of the number of @ electrons,dngy. The latter is controlled means that the excesgsr deficiency of the 3 electrons for

by 6V, Therefore the procedure is totally equivalent to theq=0 is always compensated by thepklectrons, which par-
calculation of the polarization functioR and the screened ticipate in the screening ofd3interactions. The correspond-

Coulomb interaction fow=0. ing contribution to the screening &° is given by
i (DE0 = N agilaladi
A. Conventions AWEO= > —(3di|0]3di),,.
i#3d ONag

We use a rather standard setup for the CLDA calculations.
Namely, the 8 band of Ni should be well separated from the  In transition metalsAYF° is very large and takes into
rest of the spectrunfotherwise, the LDA-4J strategy dis- account more than 70% of screening of the bare Coulomb
cussed in the Introduction does not applyor fcc Ni thisis  interactionF° (Table I). This contribution is missing in the
not the case. However, this property can be enforced by us$sW method. The second largest eff¢et25% of the total
ing the canonical bands approximation in the LMTO screeningis caused by relaxation of thel®rbitals onto the
method?®> We employ even cruder approximation and replacechange of the Hartree potential associated with the change of
the 3 band by the atomic @levels embedded into thesg  these occupation numbes@FC in Table |). The remaining
band (in other words, we switch off the hybridization be- part of the screening~5%) comes from the relaxation of
tween 3l orbitals located at different atomic sites as well asother orbital§including the core ongsnd the change of the
the 3 and 4p state$.’® Then, each 8 orbital can be as- XC potential. In principle, the relaxation effects should be
signed to a single atomic site. By changing the numberdof 3 taken into account by the GW calculations. However, this
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TABLE Il. Coulomb interactionU (in eV) for fcc Ni in three VI. GW STARTING WITH CLDA
different points of the Brillouin zonel'=(0,0,0, X=(2,0,0),
and L=(m, 7, ) (in units of 1/a, where a is the cubic lattice
parametex

In this section we discuss some relevance of parameters
of effective Coulomb interactions extracted from CLDA for
the analysis of electronic structure and properties of fcc Ni.
We consider the “renormalized GW approach,” in which,
I X L instead of bare Coulomb interactions, we use parameters ex-
50 6.8 73 tracted from CLDA. The main difference is that the latter
incorporates the screening by theplectrons, including the
effects of charge redistribution beyond the GW approxima-
For example, the CLDA approach is based on a direct solulf @llows us to partition the polarization function and treat the
tion of KS equations supplemented withflaxible atomic ~ SCreening effects in two steps:

basis set, like in the LMTO methdd Then, the change ¢#° (i) We take into account the screening by “nadii-&lec-
caused by relaxation of thedrbitals can be easily evalu- trons using CLDA. This yields the ne{frenormalized) ma-
ated a$' trix of screened Coulomb interactiong, between the @
) electrons®® As it was discussed in Sec. V C, the obtained
APFO= %—. interactionﬁLL is g dependent, and this dependence is fully
2 dNgy taken into account in our calculations.

Sinceng is large in the fce Ni, this contribution is also large. (i) We evaluate the screening caused bly-33d transi-
The situation can be different in the GW scheme, based oHons in the polarization functio®) using Eq.(8) in which
the perturbation theory expansion, which requires a large bahe matrix of bare Coulomb interactioiis, is replaced by
sis set? For example, in order to describe properly the same: o : L= L :
relaxation of the @ wave functions, the polarizatioRgyy U, . This yields the new interactioW(w), which is used in

should explicitly include the excitation from the occupietl 3 subsequent calculations of the self-ene(@;@).Alt is reason-

to the unoccupied @ (and probably highgrstatest? able to expect that the main dependence ofV will come
from the 31— 3d transitions(see closing arguments in Sec.
C. q dependence of CoulomtJ ll), which are taken into account in the second step. The
Since the change of the number af 8lectrons in transi- Screening by “non-@’ states can be treated as static.
tion metals is not totally screened by thepklectrons at the Results of these calculations are shown in Fig. 5. The

same atomic sité it is reasonable to expect an appreciablemain effect of the 8p screening, beyond the standard GW
g dependence of the effectite. Results of CLDA calcula- approach, is the change of the energy scale, which is now
tions for the high-symmetry points of the Brillouin zone are controlled by theg-dependent Coulomb interactiah being
summarized in Table II. The effectivé appears to be small ©Of the order of 5.0-7.3 eV. It changes the asymptotic behav-
in the I' point due to the perfect screening by thepélec-  10r ReW() as well as the position and the intensity of the
trons. At the Brillouin-zone boundary this channel of screen-‘plasmon peak” of IfW(w), which is shifted to the lower-
ing is strongly suppressed as is reflected in the larger valuegnergies region and becomes substantially broader in com-
of the CoulombU. The screening by intersite Coulomb in- parison with the case of bare Coulomb interactions consid-
teractions, which takes place in thepoint of the BZ, is ered in Sec. lll. On the other hand, the static limitViRe
substantially weaker and cannot fully compensate the lack o 1.9 eV is practically not affected by details of thep4
the 4spscreening. In thé point of the BZ for the fcc lattice, ~ Screening, due to the strong-coupling regime realized in the
the modulation of the &electron density in the CLDA cal- low-o region. The R& exhibits a strong» dependence at
culations is such that the number of nearest neighbors witaround 7 eV, which is related with the position of the plas-
an excessive and deficient number af 8lectrons is the mon peak of Il(w). All these features are well reflected in
same. Therefore the contributions of intersite Coulomb interthe behavior of2(w).

actions to the screening are canceled out, resulting in the The main effect of the gp screening onto the spectral

largest value of the effective. function in RPA consists in a somewhat milder reduction of
12 —t T 1117
10
8
5 S )
26 © FIG. 5. The same as Fig. 1 but
3 al W with parameters of Coulomb inter-
s actions extracted from CLDA.
2
0
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the bandwidth, which is also related with the spectral weighapproximation for the electronic structure of fcc Ni. Even
transfer(Fig. 2): the new renormalization factor B~0.7  after taking into account the additional screening of tide 3
againstZ~0.5 obtained with bare Coulomb interactions. -3d interactions by the itinerantsp electrons, beyond the
However, the exchange splitting does not change and theW approximation, and the dependence of the effectié,
6-eV satellite structure does not emerge. we obtain only a partial agreement with the experimental
data. Namely, only the bandwidth is corrected in this “renor-
malized GW approach,” in a better agreement with the ex-
VIl. SUMMARY AND REMAINING QUESTIONS perimental data. However, there is only a tiny change of the

. . . spectral weight around 6 el¥ig. 2), i.e., in the region where
We have considered several mechanisms of screening gle sarellite structure is expected experimentally. Even as-

the bare Coulomb interactions betweahedectrons in tran- s ming that our parameters of Coulomb interactions may be
sition metals. We have also discussed different methods i overestimateddue to the reasons which will be dis-
calculations of the screened Coulomb interactions. Our maigyssed beloyy and the satellite peak can emerge for some
results can be summarized as follows. smaller values ofJ,” one can hardly expect the strong spin
(i) The processes which mainly contribute to the screendependence of this satellite structure as well as the reduction
ing of Coulomb interactions betweemn &lectrons are essen- of the exchange splitting, which are clearly seen in the
tially local, meaning that the on-site Coulomb interactionsexperimeng* on the level of RPA calculations. Therefore it
are most efficiently screened by thel and 4p electrons is essential to go beyond.
located at the same sité%13The most efficient mechanism (i) Even beyond RPA, do the parameters of screened
of screening is basically the self-screening by the sache 3Coulomb interactiord ~5.0-7.3 eV, obtained in the atomic
electrons, evaluated in some appropriate atomiclike basigpproximation, provide a coherent description for the elec-
like that of the LMTO method employed in the present work.tronic structure and properties of fcc Ni? Probably this is still
The o dependence of the effective Coulomb interactidn an open question because so far not all of the possibilities in
also originates mainly from the self-screening. this direction have been fully investigated. One interesting
(i) We have clarified a fundamental difference betweenaspect suggested by our calculations isdhéependence of
constraint-LDA and GW methods in calculating the effectivethe effectiveU. On the other hand, all previous calculations
Coulomb interactiond. The GW approximation does not suggest that the Coulomb interaction of the order of 5.0-7.3
take into account a screening of the on-site Coulomb intereV is probably too large; for example, the valuelgfwhich
actions by the itinerantsp electrons, taking place via redis- provides a coherent description for a number of electronic
tribution of electrons betweend3and 4p bands. and magnetic properties of fcc Ni on the level of DMFT
In a number of cases, the GW approach may be justifieg¢alculations is about 3 e¥which is well consistent with the
by using Wannier basis functions, representing the bandgrevious estimates based on theatrix approacii® There-
near the Fermi level. If these bands are well isolated from théore is it reasonable to ask if there is an additional mecha-
other bands, the redistribution of electrons between Wannienism which further reduces the effectitefrom 5.0-7.3 to
orbitals for the bands near the Fermi level and those far fron3.0 eV? One possibility lies in the atomic approximation
the Fermi level must be negligible. Then, the remote bandsvhich neglects the hybridization effects betweeha®d 4p
can participate in the screening of Coulomb interactions irstates, and which is a rather crude approximation for the
the “near-Fermi-level bands” only via virtual excitations, transition metal$! The hybridization will generally mix the
which can be treated on the RPA level. states of the @ and 4p character, and therefore will affect
However, in the case of Ni, such separation of bands ishe form of the Wannier orbitals constructed from the atomic
not complete, and it is essential to consider additionalvave functions. Since thed34s, and 4 states belong to
mechanisms of screening beyond the GW approximation. ldlifferent representations of the cubic symmetry group, they
the present work, thesp screening is automatically taken cannot mix at the same site. However, ttsx(dr 4p) orbital
into account in the CLDA approach, which is complementarycan have tails of the @8 character at the neighboring sites
to the GW method. Due to the strong-coupling regime real{and vice verspa These tails will additionally screen the Cou-
ized in RPA equations for the screened Coulomb interactionomb interactions between ttffaominally) 3d electrons. The
the static limit appears to be insensitive to the details of thescreening is expected to be very efficient because it operates
4sp screening. However, from the viewpoint of the presentbetween orbitals of the sam@d) type. It should explain
approach, the gp screening becomes increasingly importantfurther reduction of the statit obtained in the atomic ap-
at finite  and controls both the asymptotic behavior and theproximation. Another feature of this screening is thele-
position of the plasmon peak of the screened Coulomb interpendence of the effectivé), which comes from the @8
action in RPA. The latter effect can be especially important—3d transitions in the polarization functiothnamely be-
as it predetermines the position of the satellite structure. tween tails of the dp orbitals and the heads of the wave
Finally, we would like to make several comments aboutfunctions of the 8 character. In RPA, thisw dependence is
implication of the parameters of screened Coulomb interacdirectly related with the static limit of screening via the
tion obtained in our work for the description of electronic Kramers-Kronig transformatiolf. We believe that the
structure and properties of transition metals. We will alsoscreening by the tails of the pseudo-Wannier functions was
discuss some future directions and make a comparison witthe main physical mechanism underlying the strong renor-
already existing works. malization of the effective Coulomb interaction in Refs. 16
(i) Our results clearly show that RPA is not an adequateand 17, in the framework of thab initio GW method. The
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effect of charge redistribution between different states lo-are much more interesting systems for the exploration of the
cated near the Fermi level, which is not taken into account indea of screening of Coulomb interactions, formulated on the
the GW approximation, is also expected to be smaller withbasis of Wannier functions. For example, being based on the
the proper choice of the Wannier orbitals. above argument, one can expect a very efficient screening of

Another problem is that thed3and 4&pbands are strongly Coulomb interactions in thed3band by the Wannier states
mixed in the case of pure transition metals. Therefore theonstructed from the oxygerparhbitals, which have appre-
construction of the separate Wannier functions of thd”“3 ciable tails of the 8 character at the transition-metal sites.
and “non-3" type will always suffer from some An attempt to consider this screening has been undertaken in
ambiguities?® In this sense, the transition-metal oxides, Ref. 13, on the basis of the constraint-LDA method. A simi-
whose physical properties are mainly predetermined by thé&ar scheme can be formulated within RPA, which takes into
behavior of a limited humber ofdbands, located near the account thew dependence of the screened Coulomb interac-
Fermi level and well separated from the rest of the spectruntjon U. This work is currently in progress.
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