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Crystal-field levels and magnetic susceptibility in PuQ
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Ground-state electronic structure and crystal-field levels of Ph&ve been calculated by means of a
symmetry constraineldcal density approximation to density-functional theory in terms of total energy differ-
ences. The calculatdd; (ground stateto I', (first excited stateexcitation energy of 99 meV is in reasonable
agreement with the measured value 123 meV from inelastic-neutron-scattering experiments. The measured
magnetic susceptibility has been analyzed and its discrepancy with neutron-scattering results is partially re-
moved by the introduction of antiferromagnetic exchange enhancement.
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I. INTRODUCTION theory. The total energy is computed for each crystal-field
state for which the & density has its correct aspherical
The first approximation to the ground state of thfeebec- shape-® The conduction electron density is allowed to screen
trons in PuQ is a 5f* configuration which, in the Russell- changes in b density when the crystal-field state is changed.
Saunders coupling scheme, hhs4 with ag factor of 3/5.  The crystal-field excitation energies are the differences be-
In a cubic symmetry the ninefold=4 multiplet should split tween these total energies. High relative accuracy is required
into T'1(1), T'3(2), T4(3), andT'5(3) crystal field levels but larger errors in the total energies are expected to cancel.
(values in parenthesis denote level degeneratye ob- Compared to previous works on rare earth¥;the applica-
served temperature independent magnetic susceptitsility-  tion to actinides is expected to be even more challenging
gests that the ground state is the nonmagrefid) singlet.  since the % states are less well bound tharf 4tates and
Interpretatioh of the observed magnetic susceptibility in likely to be even more sensitive to approximations to the
terms of a single transition from a nonmagndfi¢c ground  potential. The present work should therefore be viewed as
state yielded an excitation energy of 284 meV. Recenexploratory. We do not expect to be able to calculate the
inelastic-neutron-scattering experiméntietected one exci- crystal fields in actinide compounds to an accuracy of a meV
tation, evidentlyl'’;—T', (if I'; is the ground stajeat 123  but would hope to obtain the correct ground state and a good
meV. The magnetic dipole transitiodg,—I', andT';—I's  estimate of the order of magnitude of the energies of excited
are also allowed but would only be consistent with experi-states. A positive factor is that the crystal-field splittings in
ment if the nonmagneti€ ; doublet were the ground state. actinide dioxides are very larggypically 100 meV com-
However, the measured temperature independent magnefi@red to those in rare-earth compourttigically 10 meVj
susceptibility excludes this possibility. The difference by atherefore it is not necessary to have an accuracy of one meV
factor of more than 2 for thd';—T', excitation energy to obtain good agreement with experiments.
evaluated from two measurememtss an anomaly that it is The rest of this paper is organized as follows. The method
desirable to address with theory. and calculated ground-state band structure is discussed in
It has recently become possible to make initio calcu- ~ Sec. Il. Details of the constraints applied to the localizéd 5
lations of crystal-field energy levels and electric field States are given in Sec. lll as are the effects of different
gradient$2° usually for rare-earth metals and compounds.approximations for the Bpotential'® In Sec. IV we discuss
The normal approach is based upon perturbation theory as ifie calculated results and magnetic susceptibility concluding
the standard model for crystal field'€€ The f electron den- that antiferromagnetic exchange is required to make the sus-
sity is approximated by a spherical density as in a free atorgeptibility consistent with the crystal-field scheme.
calculation, frequently with the use of the self-interaction
correction?l'lzThe remaining conduction electron density iS || AL CULATED GROUND STATE ELECTRONIC
obtained from the otherwise full-potential energy band cal- STRUCTURE
culations resulting in aspherical Coulomb and exchange po-
tentials at the rare-earth sites. The crystal-field parameters The LDA calculation presented in this paper are per-
are then calculated directly from integrals of products of theformed with a full-potentialFP) linearized muffin-tin orbital
aspherical parts of the potentials and spheficinsities and (LMTO).*® In the FP-LMTO method, the one-electron
there is a division into onsite and lattice contributions to theground state is determined by solving a wave equation
potential and crystal-field parameters. Results have beethe present case scalar relativistic approximation to the Dirac
promising if not always very accurate and experience hasquation via a variational method. The one-electron wave
shown that the calculated crystal-field parameters are sendidnction consists of a linear combination of linear muffin-tin
tive to whether or not the self-interaction correction is usedorbital basis functions, with the expansion coefficients being
The method used here is not based upon perturbatiodetermined from a variational procedure. In devising the ba-
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sis functions for the valence electrons, the crystal is divided
into muffin-tin sphere regions and an interstitial region. In-
side the nonoverlapping muffin-tin spheres, the muffin-tin
orbitals(MTQO’s) ® are a product of spherical harmonics and L
a numerical solution of the radial wave equati@rom a

spherical muffin-tin potentialaugmented by its energy de- 3 ‘/\M\J.\
rivative. Further the MTO is calculated at a suitable energy
E,. In the interstitial region the basis function is a Bloch
sum of Hankel or Neumann functiorig/hich are analytical
solutions of Helmholtz’'s equation The two sets of basis
functions are continuously and differentiably matched at the
muffin-tin sphere. In the present calculations we used [Pu 6
7s, 7p, 5d, and & and O Z, 2p, and 3 basis functions.
PuG, has the Caf structure with a lattice constara
=5.2396 A. Thek space was sampled using the special
k-point method with 20 points in the irreducible part of the

Brillouin zone. 2 -
The eigenfunctions for the core electrons are solutions to L
the single electron wave equation for a spherical average of 0 |
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the potential inside the muffin tin. The one-electron effective 0
potential is determined using the local density approximation E - E, (e@
(LDA) to density functional theor&ﬁ in which the Coulomb ) )
potential is calculated from the Poisson equation, and the F'G: 1. Calculated partial density of states: @states(upper

exchange-correlation potential has the von Barth-Hedirfane} and Op statesmiddie panel, and total state density of PyO
parametrizatioﬁ? The potential at each iteration is deter- lower pane). Eq indicates the energy of the highest occupied state.

mined utilizing the charge density determined from the . o N )
state energy as well as the eigenfunctions are obtained froffibution. The size of the lattice contribution depends upon

a self-consistency procedure. The corresponding total crystdfe amount of the charge transfer from Pu to O which is
energyE is reduced below the ideal ionic value of 4 to about 3. The

energy of the 5 states lies in the energy gap but since they

E. fn(r)]=TdIn(r)]+Exn(r)]+En[n(r)]+E.n(r)], are localized PuQremams an insulator. The more general
ol NOI=TINO]+ENNO T+ Ealn()]+ Exdn( )](1) aspects of the electronic structure of Buid the present

work are consistent with previous studies using spherically

where the contributions are the kinetic enefyn(r)], the — averaged charge densiti€s.
electron-nuclear interactioBy[ n(r)], the Hartree electron-
electron interactiqn energyEy[n(r)], and fina_llly the Il CONSTRAINED CALCULATIONS
exchange-correlation energi,Jn(r)]; n(r) being the FOR THE 5f-STATES
charge density. The symmetry constrained calculations of the
crystal-field splitting described in Sec. Ill need some correc- The localized 5 states differ from both core and normal
tion to the former functional which we will be discussed alsovalence electron states. They are not true core states because
in Sec. Ill and in Appendix A. the shell is open and the charge density is not spherical. They
The calculated valence electron structure is similar for allare not true valence electron states because, since they are
the actinide dioxides since one is obtained from the other byocalized, their occupation numbers are fixed, their hybrid-
increasing the nuclear charge by one and adding a localizeidation with valence electron states is neglegible. The sim-
5f electron. The lattice constant decreases by as little as 4%lest approximation we can make for thé States is the
between Th@ and PuQ@, due to contraction arising from Russell-Saunders coupling scheme which provides the stan-
incomplete screening of the additional nuclear charge. Thelard model for the rare earths and restricts ttiegsound
calculated valence bandwidth is about 5 @\g. 1) and the state to the maximum values of angularand spinS mo-
calculate band gap between valence and conduction electranentum. Spin-orbit interaction is larger in actinides than in
states is 4.6 eV for PuQOand marginally less for U9 The  rare earths and in a more accurate theory an intermediate
plutonium 6 and oxygen P states hybridize with the result coupling schem® would be used or, since the crystal fields
that there are about 0.65d6electrons in the 1Zincluding  are also strong, there might be sojmmixing.*® However, a
spin degeneragyoxygen-2 derived valence bands with a ground state witll=L + Sis relatively simple to handle in a
corresponding reduction of the number of oxygem &ec-  first attempt and we adopt this approximation, leadingto
trons. The relatively small bandgap and large valence band=2, L=6, J=4, andg;=0.6 for the f* configuration of
width compared with ionic compounds of the fluorite struc-PuG,. The calculated value of;=0.643 in intermediate
ture are the reason that the ionic model is not particularlycoupling.
appropriate for Pu9and the shape of thedécharge density The Russell-Saunder3=4 ground state is split by the
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crystal-field originating from other conduction electrons intodensity is always aspherical if there are open shells but the
Iy, I's, I'y, I's crystal field states and, in order to be able todensity is free to rotate in an isotropic environment. The
find the energies of these states, we need to be able to repnmtational degree of freedom is removed in a density func-
duce their charge densities as accurately as possible. The fitgdnal LDA calculation, reducing the degeneracy of the
approximation that we make is to constrain thiedccupa- ground state. The internal aspherical interactions of the 5
tion number to 4, states are already included by the constructiod ahd the
L density functional must be modified to exclude any symme-
N5 =nNg;+ N5 =4, 2 try breaking due to interactions between the aspheri¢al 5

where the= signs refer to spin up and down. Secondly. sincedensity at a given site. We therefore subtract the interaction

the ground state of Puds nonmagnetic, the spin density is of the nonspherical part of _thef&lectron dens!ty with iFseIf_
constained to be zero everywhées we shall see below, this from the total energy functional and remove its contribution

constraint is consistent with our calculatEg ground statg to the Hartree and eXChang_e-Corr_eIation p_otentials_ for the 5
electrons. The energy functional in E), disregarding nu-

mg=ng;—ng=0, ©) clei contributions, becomeasee Appendix A

where mg; is the spin component of thef5magnetic mo-

N ’ Iy ns,.r '

ment. The radial 5 charge density is then E:E nie— %f n(r)r(r ydrdr _f n(rns;(r’)drdr
i r—r’| [r—r’]
Nst(1) = Ngg| ar(1)]|?+ N5l b (1)]? 4

and once the correct angular, aspherical part is calculatsd + f {exd N]— pyd NIEN(r)dr
described beloyy the 5f density is added to the core and
conduction electron densities to obtain the total density. Thus 5ch[F]—
the radial functions are recalculated from the Pauli equation —f ng; r)Tn(r)dr, (5

at each iteration and the distribution of radidl &harge is a
part of the var[at|onal galculanon whereas thi?cﬁ:cupatmn wheren. is the occupation number anglis the Kohn-Sham
numbers are fixed as in a free atom calculation. eigenvalue of théth level n™(r) is th herical part of
The aspherical part of thefscharge density is determined genvalu Vel 5_fg) 'S_ € no.nsp erncal part o
by the crystal-field state and is therefore also constrained. A€ 5f electron charge density(r) is the difference between
a first approximation we use the standard model for the raréhe total density and the nonspherical part of tHeefec-
earths to construct the charge density for each crystal-fieltrons, n(r)=n(r) —ngg(r), u.c is the exchange correlation
state. Since the crystal-field states are mutually orthogonglotential, .= 6E,./dn, ande,. is coming from the LDA,
linear combinations of the componenfsM = —J,J) of the  E,.=/n(r)e,(n)dr.
four electron 2+ 1 degenerate ground state determined by The crystal-field energies are then degenerate in a spheri-
symmetry, they may be decomposed into linear combinationsal conduction electron density and the crystal-field splitting
of their single electron component states through the appreentirely due to the crystalline environment, as in the pertur-
priate Clebsch-Gordon technology. Any crystal-field statebation theoretic approach. The method we use to calculate
may therefore be decomposed into linear combinations ofrystal-field splittings is essentially independent on the par-
single electron states which are products of spherical haticular constraints chosen for the radial part of frdensity.
monics, occupation numbers and the above defined radi&elf-interaction corrected LDA or LDA with a constraining
functions as shown in Appendix B. The total energy of thestep potentialfor the core electronsoutside the MT radius
entire electron system may then be calculated for eacproduced no significative difference compared to usual
crystal-field state with no shape restrictions placed upon theDA.* This can be attributed to two main reasons. First, we
conduction electrons whose density is therefore allowed t@re not calculating crystal field parameters from potential
shield the Coulomb and exchange fields of tHeefectrons. integrals but are dealing with total energies which are varia-
This approach goes beyond the conventional model whictionally more stable to small differencies in charge densities.
relies upon perturbation theory and conduction electrorSecondly, the crystal field affects only the nonspherical part
states which are independent of the crystal fields. Since eacif the f density. Changing constraints on the radial part tends
crystal-field state is the ground state of a given symmetryo change all the calculated crystal-field levels by the same
(there are no repeated irreducible representations for,PuOamount and does not affect the energy differencies.
the variational nature of the Hohenberg-Kohn theorem im-
plies that self-consistent calculations should yield the total IV. RESULTS AND ANALYSIS
energy of each crystal-field state correéfly! The crystal-
field excitation energies are then calculated as differences The calculated crystal-field excitation energies are shown
between the total energies of crystal-field states. in Table I. We obtain a singldf; ground state and the first
A new aspect of the self-interaction problem emerges foexcited state id", with an excitation energy of 99 meV in
this approach to crystal-field calculations. The total energiesesonable agreement with the inelastic neutron scattering
of two different aspherical CEF charge densities in a free measurement of 123 méV.
atom differ in a density functional LDA calculation. This is It is a simple matter to calculate the bare magnetic sus-
an unphysical crystal-field splitting: in a free atom the chargeceptibility as a function of temperature for Pu@nd, to il-
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TABLE |. Calculated and esperimental CF levels for Bu@l-  the susceptibility is both too large and decreases above 300
ues are given with respect to the calculated ground dtatdlea- K due to population of the excited state. Secondly, we added
sured values foF'; —T'; andI';—I's transitions are absent because the calculated”; andI' crystal-field levels(a) replacing the

their matrix elements are zero. calculated’;—1I", of 99 meV by the measured 123 meV and
p 1 (b) using the calculated levels with; —1",=99 meV. The
PuG, Calc.(meV) ~ Exp”(meV)  Exp." (meV) susceptibility obtained from the calculated crystal-field lev-
T, 0 0 0 els is also far too large and decreases above 200 K. Our
r, 99 123 284 conclusion is that it is not possible, forJa=4 ground state,
T, 162 to reproduce neither the magnitude of the measured suscep-

tibility with a I';—1TI", exitation energy of less than 280 meV
nor the temperature dependence, since excited state popula-
tion always leads to a significant decrease in the susceptibil-
ity at a temperaturén K) which is about three times the first
%xcitation energyin meV).

Detailed investigation of the inconsistency between the

energy Qf. .284 meV the van Vieck temperaturr%_mdependeqx\eutron scattering results and susceptibility measurements
suscepiibility measured by Raphael apd Lallementepro- has been made by Santini and his collaborat®o®f the
duced at low temperatures but at higher temperatures t)‘g

L . ) ossible mechanisms able to resolve the anomaly, they con-
susceptibility decreases due to excited state occupation. F lder antiferromagnetic exchange to be the most likely. We
the measured’;—1I", transition with an energy of 123 meV

may estimate the magnitude of antiferromagnetic exchange
in PuG, in the following way. The susceptibility of antifer-
L romagnetic U@ has been measured by N&who found a

7 Curie-Weiss law with x=1.28/(T—6,) emu/mole, corre-
sponding to a paramagnetic Neel temperatgye —220 K

with an effective moment of 3,25. Since

s 208

lustrate the problem, we have done so in several approxim
tions (Fig. 2. First, for a singlel’;—1I", transition with an

| ceFoo)

1.6x10°

1x=1lxo— N\, (6)

the exchangéor moleculay field which enhances the suscep-
tibility is A =—220/1.28 mole/emu for UD In both LSDA
and model Hamiltonians the isotropic part of the exchange
interaction is between the spin components of the mofhent
and a Heisenberg model Hamiltonian

1.2x10°

8.0x10* ..
r, (1‘23) 1
| CEF+l (99) H:_EZ,- JiS-§ (7)

CEF+1 (123) "\/\z“ produces the molecular field
40x10* 3

2
I, (284) a=| @ 1)} ()2 J; ®)
1 Qe j
acting on the total momenn, per atom. The value ok
N S B deduced from the magnetic susceptibility for LJ©orre-
200 400 600 800 sponds to an exchange interaction coupling consthnt
Temperature (K) =7.3 meV for nearest-neighbor interactions and 12 nearest
) o neighbors withg;(UO,)=4/5 for the f? Russell-Saunders
FIG. 2. The magnetic susceptiblity of PuO’he measurements ground state. The calculated valuegyffor UO, is 0.821 in
are the temperature independent straight dotted line and the CalCHitermediate coupling therefore 0.8 is a good approximation.
lated bare susceptibility with a solé;—1I', excitation energy of The mechanism for antiferromagnetism that occurs natu-

284 meV which fits the d_ata A=0 is the dashed ||n_e_|_abe|¢d rally from the electronic structure calculations is that tte 5
I"14(284). The corresponding calculated bare susceptibility with amoment olarizes the valence electrons locally at the ac-
soleI';—T', excitation energy of 123 meV which fits the neutron- P y

scattering data is the dotted line labelEg, (123. Adding calcu- t|p|de sites and thgt the .polanzatlon is transmitted between
lated additional crystal-field transitions to the 123 meV transitionS't€S by the @ ad_m'Xture,'n the.valence bands. The strength
produces the improvement shown by the solid line labelec®f the exchange interactions will depend upon the amount of
CER(123 whereas replacing the measurBg—T, excitation en-  induced & moment which in turn depends upon the amount
ergy by the calculated 99 meV transition produces the solid lineof 6d admixture in the valence bands. Since our calculated
labeled CEF9). The effect of using the antiferromagnetic molecu- valence electronic structures of Y@nd PuQ@ are almost

lar field deduced from that of UOto enhance the latter two bare identical, the valence conduction electron gap being slightly
susceptibilities results in the full curves labeled GHF larger in Pu@®, we argue that to a good first approximation,

Magnetic Susceptibility (emu/mole)
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the exchange interactiorlsin UO, and PuQ@ are about the to use intermediate coupling, remove the restriction to the
same. However, thg factor of PuQ is g;(PuQ,)=3/5 and lowestJ multiplet and to consider the dynamic Jahn-Teller
the molecular field is 7.1 times larger than in W@ue to the  effect?

g factor scaling in Eq(8). With this value of the molecular

field we have recalculateg according to Eq(6) and plotted ACKNOWLEDGMENTS

the results in Fig. 2 for the two cases where the—T', o
excitation energy is 99 and 123 meV. The evaluation of the 1he authors are grateful to G.H. Lander for bringing the
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300 K confirm the original measurements of Raphael and

Lallement but were not extended to higher temperatures. ~ APPENDIX A: THE CEF LDA ENERGY FUNCTIONAL

In the expression for the total energy Eg)) one needs to
V. CONCLUSIONS correct the Hartree part aﬂd the exchange correlation part. If
o ~ the total density isn(r)=n(r)+n{r), wheren(r) is the
The calculated’; — 1, excitation energy of 99 meV is nponsphericaf charge density then the Hartree energy should
consistent with the inelastic-neutron-scattering réxflt23  pe
meV. We also present the other crystal-field excitation ener-
gies which belong to the lowest multiplet. The computa- 1f n(r)n(r’)drdr’ fﬁ(r)n?s(r’)drdr’

tional method we have used is based upon total energy dif- Ey[n]= =
fences. Each crystal-field energy has been calculated by 2 Ir=r’| Ir—=r'|
constraining the angular part of the plutoniuni-&ectron (A1)
density, the radial part being calculated self-consistentlyyhere a third term im{Sr)n?{r’) is explicitly excluded.
Since the crystal symmetry and lattice constant are identical The exchange and correlation energy

for all the calculated levels the radial part of the-&ectron

density is also essentially unchanged. There should therefore — N -
be some cancellation of errors occuring in LDA. Exc[”]:f n(r)exc(n)drzf {n(r)+nfXr)}exn+nildr
The similarity of the calculated valence charge densities (A2)

in UO, and Pu@ may also be used to argue that there is a

e . .
simple scaling of the crystal-field parameters in the spirf/SO containsn{Xr) interactions which must be excluded.

Hamiltoniar Since the nonsphericéldensity is relatively small
— — Sey N
S . . E.n]= | {n(r)+nr n]+n™S(r) ———r dr
H=V4B[02+502]+V67[02—2102], 9) xd ] f{ (r) fs( )}{ €dn] fs( ) SN -

(A3)

where 8 and y are Stevens factor$,as has been done for the term innSr)n{r) should be dropped, therefore,
NpO,.?® Since UQ and PuQ both havel=4 ground states

(but with different parentagethe operator equivalent@"m :f— — f n —

are the same but the Stevens factors differ. The crystal-field Exdn] n(nednldr+ | nfn) edn]
parameterd/,, are proportional to radial integrat$' which

have been evaluated for actinide-4ons. Due to contraction +n(n) dexd n]
of the wave functions” is reduced by about 25% faor=4 on
and 35% forn=5 from UO, to PuQ and there is a large

change inB which is responsible for a change of ground Of

state fromI's to I';. Santinf® has shown that th&,—T';

excitation energy scales to about 160 meV which is close to EJdn]= J F(r)eXC[F]dHJ N e NJdr.  (A5)
the calculated excitation energy. Similarly, a reasonable scal-

ing of the measured molecular field in Y@eads to antifer-  Now the wave equation

romagnetic exchange enhancement in PuBich lowers the
calculated magnetic susceptibility and produces agreement
with measurements at low temperatures. We are not, how-
ever, able to explain the anomalous lack of temperature de-
pendence of the magnetic susceptibility at high temperatureshould be modified, with the first two terms remaining un-
The most obvious refinements of the present work would behanged and

] dr (A4)

1
_§V2+VN+VH+M>«: Ui = € (A6)
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In order to construct the density it is necessary to change to

(A7)  asingle electron basiél, . .. dmymg, .. ,m,N>. For nota-
tional simplicity we restrict to two electrons since the exten-
sion to another value dfl is trivial. First,

n(r)+n"r)tdr
VH:J'{ A}

r=r’|

for non{ states, and

Y L S J
f_ n(r—)dr LSIM,)=
AT "8 LoaM= 2 Iy —mg -y
for f states. The exchange correlation potential should also be X\2J+1(—1)-"STMI|LSMgM ) (B2)
modified
_ Sd 1] = 2 Cugm ILSMM,) (B3)
ch[n]=ﬂxc[n]+n?%r>% (A9) Mg e
n and
for non{ states and ILSMM )= [IILM . )|ssSM. (B4)
prd 1= puxd n] (A10)  where
for f states. I I L
Now the kinetic energy becomes [HILM )= 2
m|1,m|2 |1 m|2 _ML
Ts[n]=2i niei—jVN(r)n(r)dr—jVH(r)n(r)dr XM(—l)ML|”m|lm|2>, (B5)
. . _ S S S
—JvanfS(r)dr—f wd Nl [ssSM)= 3% | m g
1 2

X\28+1(—1)Ms[ssm mg ). (B6)

Hence the entire expansion

Suxd Nl | — _
+n?%r>%]n(r)dr— f fxd NI ) dr

(A11)
VSN DS C(my,my,mg ,mg )[Ilm; m )

mll’mlz m's.l’ms2

which susbstituted in Eq1), yields Eq.(5).

APPENDIX B: THE CEF CHARGE DENSITY X |55n§lmsz>a (B7)

A crystal-field state can be written as a linear combinatiothere the CoefﬁCientg(mllvmlzvmslvmsz) are easily deduc-

gfrl]t,llt\i/lpjlétitates(&nce they span the subspace of the IOWeSEbIe by comparing all the previous equations with Eg7).

The single electron density is then obtained integrating

qfiCEFzg‘, Cui |9, My). (B1)
J

niCEF(rl)=2f dro[WEE(r,r) 1* W (ry,ry). (BY)
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