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Hybrid functional for correlated electrons in the projector augmented-wave formalism:

Study of multiple minima for actinide oxides
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Exact (Hartree-Fock) exchange for correlated electrons is implemented to describe correlated orbitals in the
projector augmented-waves (PAW) framework, as suggested recently in another context [P. Novék et al., Phys.
Status Solidi B 243, 563 (2006)]. Hartree-Fock exchange energy is applied to strongly correlated electrons
only inside the PAW atomic spheres. This allows the use of PBEO hybrid exchange-correlation functional for
correlated electrons. This method is tested on NiO and results agree well with already published results and
generalized gradient approximation, GGA + U calculations. It is then applied to plutonium oxides and UO, for
which the results are comparable with the ones of GGA+ U calculations but without adjustable parameter. As
evidenced in the uranium oxide case, the occurrence of multiple energy minima may lead to very different
results depending on the initial electronic configurations and on the symmetries taken into account in the

calculation.
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I. INTRODUCTION

Despite its impressive success, density-functional theory
(DFT) applied in the frame of the local-density approxima-
tion (LDA) or generalized gradient approximation (GGA)
fails to describe important properties of materials with cor-
related orbitals. Uranium dioxide, for instance, is found to be
a metal, although it is experimentally established, itis a 2 eV
gap insulator.! The same behavior is also found for pluto-
nium oxides.>? This failure is generally attributed to the fact
that the exchange and correlation energy is too crudely
treated in the frame of the LDA or GGA approximations. To
overcome these difficulties, several methods have been pro-
posed in the literature. A first attempt is the LDA+U
method.*7 It leads to an orbital-dependent potential for the
orbitals that are supposed to be localized, which corrects an
aspect of the failure of the LDA approximation. Although it
is possible to calculate the Hubbard parameter U, it is in
practice considered as a parameter. The LDA+ U method is a
static approximation of the more general dynamical mean-
field theory® that treats on site interactions thanks to many-
body theory. This method is very promising, but for the mo-
ment, one need also to use a U parameter and the
calculations are very time consuming. Another attempt is the
self-interaction-corrected (SIC) (Ref. 9) LDA that removes
the self-interactions of orbitals supposed to be localized. In-
teresting results have been obtained with this method but
plane-wave implementations are scarse!? and the calculations
are also very time consuming.

A lot of work has also been devoted to new exchange-
correlation functionals, and among them, to hybrid
functionals'! which combine Hartree-Fock (HF) exact ex-
change functionals with LDA or GGA functionals. They
have shown to be very accurate for molecules (see, for in-
stance, Ref. 12) without adjustable parameter. They have
also been tested in solids (see Ref. 13 or the review'#), but
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suffer from the high computational cost needed for the Fock
integrals, in spite of some computational refinements.'

Recently, Novidk et al. proposed to apply the exact ex-
change functional to a restricted subspace formed by the cor-
related electrons of a correlated system and called this
method “exact exchange for correlated electrons” (EECE).!¢
The implementation was done in a full-potential linearized
augmented plane-wave (FPLAPW) code only inside the
atomic spheres. It has then been adapted to perform hybrid-
functional calculations restricted to specific electrons and ap-
plied to transition-metal monoxides'” and to lanthanide and
actinide impurities in Fe.!® In each case, results are compa-
rable or better than LDA+ U calculations with the advantage
of having no system-dependent parameter. Moreover these
calculations should be much less computer time consuming
than the full hybrid-functional method.

This last point is of great importance in view of testing
hybrid functionals on very large systems, as, for example,
defects in actinide compounds. Indeed, the large computa-
tional time needed for such calculations prevents the use of
standard exact exchange approaches. That is why we want in
this paper to test the possibility to perform EECE calcula-
tions on actinide systems with a computational time of the
same order as standard DFT calculations. This implies to
know whether the approximation made in the EECE frame is
reasonable or not.

In this paper, the EECE approach is implemented in the
projector augmented-waves (PAW) framework. The PBE0!
exchange-correlation hybrid form functional is then applied
for correlated orbitals only inside the PAW atomic spheres.
This hybrid functional for correlated electrons (HFCE) is
then tested on NiO, plutonium oxides, and UQO,.

In the first part of this paper, we review some aspects of
the EECE formalism useful for this work. We give some
details on our implementation within the PAW code
ABINIT.?%22 We then check that literature results'’ are repro-
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duced within our implementation, taking NiO as an example.
The second and main part is devoted to calculations on UO,,
PuO,, and Pu,05;. We find that it is very difficult to obtain
the correct ground state due to the occurrence of multiple
local energy minima. Although already mentioned in litera-
ture for Hartree-Fock?® or LDA+ U (Refs. 24 and 25) calcu-
lations such occurrence of multiple minima is vastly over-
looked. So we choose to present in some details the multiple
energy minima accessible for bulk UO, and their dependence
on the number of symmetries considered in the calculations.

II. HYBRID FUNCTIONAL FOR CORRELATED
ELECTRONS METHOD IN PAW

In this section, we briefly review the hybrid functional for
correlated electrons framework, its implementation within
PAW, and we show some tests of our implementation.

A. Hybrid functional for correlated electrons method

We focus here on the PBE0' hybrid functional: in this
frame the exchange-correlation energy is

B p] = )+ SO - ), ()

where PBE refers to the Perdew-Burke-Ernzerhof GGA
exchange-correlation functional.”® ¥ and p represent the
wave function and the corresponding electron density of the
electrons, respectively.!” The HF exchange term is

\I,n(r)l[, (r)\:[}( )\I,n’(’?,)
7= 7| ’

(2)

Ew) = - E o |

where n and n’ range over occupied states and o, and o, are
the associated spins. As we are interested here only in local-
ized correlated states due, for instance, to the d electrons of
Ni in NiO or the f electrons of U in UO,, we make the
assumption that the correlated orbitals are zero outside the
PAW sphere. This is similar to the assumptions made for the
implementation of the LDA+U method in the PAW
framework.?”-?® Following the notations of Ref. 27, the total
wave function of the system inside the PAW sphere for a
given state reduces to, if the partial-wave basis is complete

|\Pn> = 2 <ﬁt|\f’n>|q)1>’ (3)

where the index i stands for the atomic position R, the angu-
lar momentum (/,m), and an additional index v to label dif-
ferent partial waves for the same site and angular momen-

tum. \17,1 are the pseudized wave functions. The ®; are the
all-electron partial waves and p; are the projector functions.?”
Putting Eq. (3) into Eq. (2), and restricting the sums to the
selected (sel) correlated orbitals, leads to
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The partial wave functlons are then separated between
angular and radial parts
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with S,,,(#) the real spherical harmonics.

At the end, using the multipole expansion of the one-
center Coulomb operator

1 4
EHF\I, R
v Wiel) 2% 2L+ 1

> F,

iViviV
V-V-VkV[

X E <m |LM|m ><mk|ML|ml>E pm mkpm my?

m;m mkm1
(6)

where (m]|LM |m) are real Gaunt coefficients calculated
for the selected / momentum and F- are the Slater inte-
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with re=min(r,r’') and r-=max(r,r'). This result is
equivalent to the formulation already established in Ref. 12
for the all-electron one-center part of the exchange energy.
No spin-orbit coupling is taken into account in the calcula-
tions presented in this paper.

B. PAW implementation

The present results have been obtained within the PAW
method as implemented in the ABINIT code.?’?>?7 It relies on
an efficient fast Fourier transform (FFT) algorithm?® for the
conversion of wave functions between real and reciprocal
space, on the adaptation to a fixed potential of the band-by-
band conjugate-gradient method®' and on a potential-based
conjugate-gradient algorithm for the determination of the
self-consistent potential.’> The Slater integrals and the real
Gaunt coefficients are calculated once and for all. From the
knowledge of the occupation matrix p the energy is calcu-
lated directly from Eq. (6) and from the quantity EX5[p,].
The HFCE Kohn Sham potential, computed f0110w1ng
Blochl® is deduced from the energy with H"—;, with
~(r E;1|\I,0—>.]N<\I,0-| For EHFCE 4(EHF{\P3el} EPBE[pvel])
glves

I=l =1

HO— dEyrcE _ ' ¥ dEyrc dp;;
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FIG. 1. (Color online) Projected d density of states of NiO in
HFCE. The black curve is the total DOS; the dark and light gray
(red and green online) curves are the partial 3d Ni spin-up and
spin-down DOS.

lgrce 1s the angular momentum of the correlated orbitals
(I=2 for d orbitals in Ni). We then have DEFC}EzVHFCE

m.am. °
. o "
which is a contribution to the nonlocal part of the Hamil-
tonian. Derivating Eygcg against p;; gives

1 4
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mn; 4% 2L + ldkdl vy mkEmI< l| | k>
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Note that as the HFCE energy depends explicitly on the
cell parameters or the position of the atoms through the p;;.
Thus the only contribution to the forces or the stress is con-
tained in the DEFCE. Note also that the validity of the HFCE
approximation is closely related to the fact that the electronic
density of the correlated orbitals are contained inside the
PAW spheres. For the compounds studied in this paper, be-
tween 90% and 98% of this density is contained into the
PAW spheres. This is of the same order as what is used
within the LDA+ U method.

C. Validation on nickel oxide

In order to validate our implementation, we show here
some tests of our code on antiferromagnetic nickel oxide.
LDA underestimates the gap and the magnetic moment in
nickel oxide. They are better described in LDA+U.* In our
calculation, 3s and 3p semicore states are treated in the va-
lence for nickel. Valence states for oxygen are 2s and 2p.
The PAW matching radii are 2.3 and 1.91 a.u. for nickel and
oxygen. The energy cutoff for the plane-wave expansion of
the pseudowave function is 24 Ha. In this case, the variation
in the spin moment is less than 0.1%. The energy is con-
verged within less than 0.5 mHa. 63 k points are used in the
irreducible Brillouin zone. 97.5% of the d atomic wave func-
tion is contained inside the augmentation region, which vali-
dates the assumption that the HFCE method be applied in-
side the PAW sphere only.

Our total and projected calculated density of states (DOS)
are shown on Fig. 1. These DOS are physically sound. More-
over present HFCE results are very close to the calculation of
Tran er al,'” that are made with the same method in a
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TABLE I. Lattice parameter, bulk modulus, magnetic moment,
and gap for NiO in the PAW-HFCE frame compared to FPLAPW-
HFCE calculations and to experiment.

Expt.® PAW-HFCE  FPLAPW-HFCE®
a (A) 4.17 423 424
B (GPa) 166-208 185.6 187
w, (uB) 1.64-1.90 1.75 1.73
Gap (eV) 4.0-4.3 2.8 2.8

4References 33-37.
PReference 17.

FPLAPW context. Our lattice constant, bulk modulus, and
magnetic moment are the nearly identical to theirs (see Table
I).

The value of the gap obtained from our calculation is 2.8
eV. We see that our values for the gap and the spin moment
are in the range of existing LDA+ U implementations,”* in-
cluding FLAPW calculations. Our results are within 0.1 eV
independent of the choice of the PAW matching radius.

III. RESULTS AND DISCUSSION
A. Occurrence of metastable states

In this section, we underline the need for a careful search
of the ground state of a correlated system with hybrid func-
tionals. The occurrence of metastable states is peculiar to
methods which localize electrons: It has for long been em-
phasized in Hartree-Fock calculations (see, e.g., Ref. 23),
and also appears with LDA+U (Refs. 24 and 25) or SIC.” It
is due to the fact that these methods introduce an orbital
anisotropy: filled orbitals are energetically favored over
empty ones. A lots of minima thus appear: they correspond to
different initial (i.e., prior to applying LDA+U or HFCE)
occupations of orbitals by the electrons. In LDA+ U, as well
as in HFCE (see below the UO, case), as the difference of
energies between orbitals are weak compared to the electron-
electron interaction, these minima are close in energy.?® In
order to find the ground state, the energies of these minima
have to be compared. A way to find the ground state of a
correlated insulating system in LDA+ U has been described
in Ref. 3. In the HFCE scheme, a similar method has been
used: at the beginning of a given calculation, a given p;; has
been imposed to the system in order to stabilize the corre-
sponding electronic configuration. Whereas in NiO, the
ground state is obvious to find in term of occupations of d
orbitals, it is not the case in UO, where f orbitals are closer
in energy. Note also that the calculations presented in this
paper do not include the spin-orbit coupling. The inclusion of
spin-orbit coupling would change completely the energetics
of the multiple minima. The following analysis should there-
fore be done again (especially the m quantum number would
no more be a good quantum number).

B. Calculations on plutonium oxides

In a recent paper, we studied structural, thermodynamic,
and electronic properties of plutonium oxides from first prin-

235109-3



JOLLET et al.

PHYSICAL REVIEW B 80, 235109 (2009)

TABLE II. Equilibrium properties of PuO, and Pu,Os. Structural parameters (V,, and By) as well as
band-gap energy (A) and total-energy differences (Epy—E apy) are reported. We compare the results obtained
within the GGA+U (U=4.0 eV and J=0.7 eV) framework with the ones obtained using the HFCE-PBEQ
hybrid functional. Both sets of data are compared with experiments and with the results of Prodan er al. (Ref.

2) that uses full hybrid functional.

Vo By A Epv—Earm
Compound Method Magnetism (A3) (GPa) (eV) (meV)
PuO, PBE+U AFM 40.34 199 2.2 14
PBEOysc AFM 39.91 202 2.1 45
PBEO,, * AFM 39.04 221 3.4 14
HSE? AFM 39.28 220 2.6 14
Expt. 39.32¢ 178¢ 1.8¢
Pu,0; PBE+U AFM 78.08 110 1.7 4
PBEOyrcr AFM 77.09 139 1.5 2
Expt. 75.49-76.12 >0 >0

dReference 2.
PReferences 39 and 40.
‘Reference 41.
dReference 42.
“Reference 43.

ciples within the GGA+ U framework.? In the following, we
show that our HFCE implementation of the PBEO hybrid
functional allows to recover our GGA+U results for both
PuO, and 3-Pu,0; compounds without tuning any adjustable
parameter.

The computational details of the present calculations
(PAW atomic data, energy cutoffs, k-point sampling,...) are
the same as the ones used in our previous work.? In order to
find the true ground state among the various metastable so-
lutions that appear with hybrid functionals, we performed a
large number of calculations starting from the density matri-
ces that correspond to all the possible ways of distributing
the f electrons of plutonium among the seven m orbitals
available. For PuO,, plutonium atoms carry four f electrons
in a completely ionic solution while in Pu,Oj5 this number is
raised to five. Consequently, we have tested, respectively, 35
and 21 guesses for the initial density matrices (we have con-
sidered only integer occupations of the m orbitals). In the
case of the sesquioxide we found the same ground state
within the LDA/GGA + U and HFCE-PBEO frameworks. For
PuO, it appears that the ground state found using the HFCE-
PBEO is different from the one obtained with the
LDA/GGA+U method. If we use the notation of Refs 28
and 38 for the f orbitals, the HFCE-PBEO ground state cor-
responds to the filling of the two doubly degenerated E,, lev-
els.

In Tables II and III we gather the results of our present
PBEQ calculations as well as the ones taken from our previ-
ous LDA/GGA+U work.> Note that as concerns the
B-Pu,O3 compound we perform a complete structural relax-
ation of the B-Pu,0; compound (these results are given in
Table II). We also consider the experimental geometry of this
compound by fixing the c¢/a ratio and the internal parameters
to their experimental values in order to compare our results
to the ones of Prodan and co-workers who work in these
conditions (these results are given in Table III). As concerns

the structural parameters and the band-gap energies, the
agreement between HFCE-PBEO and GGA+U calculations
is better than 5%. Like the GGA + U framework, the HFCE-
PBEO allows to recover a proper insulating behavior for both
plutonium oxides with band-gap energies close to the avail-
able experimental data. We find that equilibrium volumes
obtained with HFCE-PBEQ are closer to experiments than
the ones calculated within the GGA + U framework, which is
in agreement with a full PBEO calculation by Prodan et al.”
Both HFCE-PBEO and GGA+ U calculations agree with an
antiferromagnetic (AFM) ground state for PuO, and Pu,O;
compounds. However the use of a PBEO hybrid functional
greatly promotes this state compare to the ferromagnetic one.
The comparison of the electronic DOS calculated within the
HFCE-PBEO and GGA+U frameworks (see Fig. 2) reveals
strong differences for both PuO, and Pu,0;. First, as con-
cerns the plutonium dioxide, the use of HFCE-PBEO tends to
shift the Pu 5f states upwards in energy in the valence band
compared to what is obtained within the GGA+U frame-

TABLE III. Equilibrium properties of [B-Pu,O; for a fixed
lattice-parameter ratio aq/cy=0.64468 which corresponds to the ex-
perimental measurment by Flotow and Tetenbaum (Ref. 44).
Structural parameters a,, B as well as the band-gap energy (A) or
magnetic properties (corresponding to the total-energy differences
Epvi—Eapy) are reported. DET+ U calculations are performed with
the following set of parameters, U=4.0 eV and J=0.7 eV.

a By A Erm—Earm
Method (A) (GPa) (eV) (meV)
PBE+U 3.879 137 1.65 3
PBEOyrce 3.857 139 15 21
PBEO,,; * 3.824 175 3.50 1
HSE? 3.822 158 2.78 3

4Reference 2.
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FIG. 2. (Color online) (a) Total and projected density of states of
PuO, and (b) Pu,0O3 computed for the ground states in the HFCE-

PBEO and GGA+ U frameworks.

work. At the same time, the O 2p states are nearly un-
changed. The differences are even larger for the Pu,05 oxide
since the DOS calculated within the GGA + U method clearly
exhibits three distinct 5f peaks that span from —1.5 down to
—3.5 eV. Whereas on the HFCE-PBEO DOS, these peaks are
very close to each other and thus only spread over an energy
range going from —1.1 down to —2.1 eV. The lower part of
the conducting band is also different since GGA+ U calcula-
tions lead to the presence of a Pu 5f peak at around 1 eV that
does not exist in the HFCE-PBEO DOS.

Our HFCE-PBEO DOSs are very similar to the ones pub-
lished by Prodan et al.? with full hybrid functional. The main
difference is that the latter predict much larger energy gaps
than us. For PuO,, their values are 1.5 times ours and this
ratio reaches 2.3 for Pu,0O;. We believe that this can be ex-
plained by the fact that in our calculations, only the part of
the f orbitals of the plutonium atoms that located inside the
PAW spheres are treated with the PBEO hybrid functional
whereas in the approach of Prodan and co-workers all elec-
trons are treated at the PBEO level. Another point to focus on
is the fact that short-range hybrid functionals, as the HSE
one, are known to be more accurate to reproduce gaps than
the PBEO one. When comparing to the HSE results of Prodan
et al.,”> the gaps we have calculated (Tables II and III) are
closer to the HSE ones rather than to the PBEO ones. An
explanation could be that, as the HFCE is restricted into the
PAW spheres, it is in a crude way a more or less short-range
functional.

C. Calculations on bulk uranium dioxide

The suitable PAW atomic data for uranium and oxygen
atoms were generated using the ATOMPAW tool.*> The cutoff
energy used for all the calculations is 35 Ha while the energy
cutoff for the fine FFT grid was set to 40 Ha. The conven-
tional cell of UO,, containing 12 atoms (fluorite structure,
space group Fm3m), was taken as unit cell which allowed us
to consider the collinear 1-k antiferromagnetic structure to
be studied. In this structure, planes of alternate spins are
ordered along a 100 plane which reduces the number of
point-group symmetries in the structure from 48 to 16. How-
ever, the unit cell being nonprimitive, there are nonsymmor-
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FIG. 3. (Color online) The energy band gap as a function of the
total energy (per formula unit of UO,) for the solutions obtained
using a different number of symmetry operations: nsym=1
(squares), nsym=16 (diamonds), and nsym=64 (circles).

phic symmetries to take into account, which leads to a total
of 64 symmetries.

As underlined above, metastable solutions appear with
hybrid functionals depending on the starting point of the cal-
culations. We have performed calculations corresponding to
all the possible ways of distributing the two f electrons of
uranium over the seven m (up) orbitals, as has been done in
Ref. 46. Considering only integer occupation of the m orbit-
als, one ends up with 21 possible combinations. In these
calculations the corresponding p;; term was kept fixed for the
first 30 self-consistent iterations. Due to the application to
the wave functions of the 64 symmetry operations acting in
the perfect fluorite structure one ends up with six different
mestastable solutions (see Fig. 3) which exhibit various en-
ergies and band gaps.

However, it has been shown that for localized f orbitals it
might be necessary to break the crystal symmetry? in order
to get to the correct ground state. Indeed a localized f orbital
might have a lower symmetry than the crystal imposes, and
if the symmetry constraint is not lifted this orbital cannot be
properly occupied. Therefore, we performed two additionally
sets of calculations. In the first set no symmetry beyond iden-
tity was considered (nsym=1 in Fig. 3). One then obtains 21
different solutions. In the second intermediate set only 16
symmetry operations are considered: this corresponds to the
symmetries that remain when a small displacement of the O
atoms from the ideal positions perpendicular to the direction
of magnetization is introduced (see below the discussion of
the Jahn-Teller effect). This intermediate case leads to 17
different metastable states. The total energies obtained with
these three symmetry sets are plotted in Fig. 3 together with
the corresponding band gap. For these calculations we used a
2 X2 X2 k-point grid, which yielded 1 or 2 or 4 special k
points in the irreducible part of the BZ, depending on the
number of the symmetry operations considered (64, 16, and
1, respectively).

Two points are worth noting in view of this figure. First,
the starting point of the calculations does indeed affect a lot
the outcome of the calculations. One observes huge varia-
tions in the total energies and of the band gaps. The latter can
even be zero for some starting configurations. Second, the
solutions that have lower energies tend to have larger band
gaps. For nsym=1 and nsym=16 the ground-state solution is
identical, having a band gap of 2.52 eV, while for nsym
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FIG. 4. (Color online) The energy band gap as a function of the
total energy (per formula unit of UQ,) for the solutions obtained
using a different k mesh: 2 X2 X2 (red balls), 4 X4 X 4 (black tri-
angles), and 6 X 6 X 6 (blue squares). Red and black arrows point to
the solutions obtained starting from the Jahn-Teller distorted spin-
GGA calculation with 2 X2 X2 and 4 X4 X4 k meshes.

=64 we get a different ground-state solution, slightly higher
in energy, with a gap of 2.03 eV. The lowest energy obtained
when using nsym=1 and nsym=16 corresponds to the
m=-3 and m=0 orbitals occupied while for nsym=64 the
two f electrons occupy the m=-3 and m=—1 orbitals. It is
clear that without lowering the symmetry one does not have
access to the lowest-energy solution obtained with nsym=1
(or nsym=16).

Subsequently, for the case of nsym=1 we increased the k
mesh to 4 X4X4 and for the two solutions that have the
lowest energies to 6 X 6 X 6. All these additional calculations
were fully converged to self-consistency. As can be seen in
Fig. 4, although the energy does not change much when go-
ing to the 4 X4 X4 k mesh, the change in the width of the
band gap is significant. In this way, for the lowest-energy
solution the band gap decreases from 2.52 to 2.07 eV for a
4 X4 X4 kmesh and 1.98 eV for a 6 X 6 X 6 k mesh. For the
finest k mesh the two lowest-energy solutions (m=-3 and
m=0 orbitals occupied and m=+3 and m=0 occupied) be-
come almost indistinguishable (see Fig. 4).

One thus ends up with many different solutions depending
on the starting points of the calculations and on the consid-
ered symmetries. As indicated above, this relates to the fact
that hybrid functional (as well as LDA+ U calculations) tend
to strongly separate occupied states from empty states. Once
separated, they can no longer mix. Occupied f states in a
given configuration at the beginning of the calculations are
so favored by the application of the hybrid functional that
they will never empty. And so the calculation converges to
the lowest energy with this f state configuration even if an-
other occupation would give a lower energy. We have above
used what could be defined as a “brute force” method to find
the ground state: namely, testing as many as possible starting
points and sorting the many obtained results. It would of
course be more satisfactory to determine beforehand what
the lowest-energy configuration will be. This comes down to
pre-establish what the occupation matrix of f orbitals should
be. Unfortunatly it is only possible to make guesses about
what such configuration. The best guessing method we found
is based on the existence of Jahn-Teller (J-T) distortion in
UO,.#” Considering this distortion in a spin-GGA (PBE) cal-
culation, one obtains an occupation matrix for f orbitals that
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FIG. 5. (Color online) Variation in the total energy (per formula
unit) of the lowest energy solutions of UO, obtained for nsym=1
(solid black line) and nsym=64 (dashed blue line), using
a 4X4X4 k mesh. The lines represent the Birch-Murnaghan fit
through the calculated points.

can be assumed to be the one of the true ground state. To
check this assumption we slightly shifted the oxygen posi-
tions according to the J-T distortion, then performed a spin-
polarized GGA calculation without hybrid functional. One
obtains a GGA ground state which is essentially metallic but
with a very small energy separation between occupied and
empty f states. We then turned on the hybrid functional start-
ing from the spin-GGA wave functions. We also relaxed the
oxygen positions to measure the amount of J-T distortion.
This calculation was done considering all symmetries present
with the atomic displacements, i.e., with the 16 symmetries
of the aforementioned nsym=16 case. We found that the fi-
nally obtained distortion after relaxation is completely neg-
ligible, the oxygen atoms moving back to their perfect posi-
tions. Moreover the obtained result proves to be one of those
obtained from the various starting points of the previous se-
ries of calculations. Indeed for a 2 X2 X2 k mesh one even-
tually obtains m=0 and m=+3 orbitals occupied while for a
4X4X4 k mesh one has m=+1 and m=+3 orbitals occu-
pied.

These states are not the ones of lowest energy for the
corresponding k meshes. Our guess procedure is therefore
not working perfectly. However, it leads to states which are
very close to the “true” ground states calculated with the
systematic procedure with a difference in energy lower than
1072 Ha/f.u.. Such guess procedure may therefore be of in-
terest when the systematic search of the exact density matrix
of the f electrons is not feasible.

We now come back to the ground states obtained with the
systematic search using the full symmetry (nsym=64) or the
lowered symmetry (nsym=1) and describe the properties of
these ground states. The variation in total energy with vol-
ume is given in Fig. 5 for both solutions. As it can be seen
the shape of the corresponding Birch-Murnaghan fits are
very similar, yielding the same equilibrium volume and the
same bulk modulus (see also Table IV). The calculated equi-
librium properties of the two lowest-energy solutions ob-
tained with nsym=1 and nsym=64 are compared with the
ones obtained using different functionals and with experi-
ment in Table IV. As it can be observed, using the HFCE-
PBEO functional one can get a nice agreement with experi-
ment, comparable in quality to the GGA+U method. For
which concerns the values of the gaps, the same conclusion
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TABLE IV. Comparison of the calculated equilibrium lattice
constant (a), bulk modulus (By), and the band gap (AE) of UO,
using different energy functionals and experiment.

ap B, AE

(a.u) (GPa) (eV)

PBEOypcp(nsym=1) 10.416 199 1.98

PBEOyrcE(nsym=64) 10.415 199 1.66

PBEO,; * 10.307 219 3.13

HSE? 10.324 218 2.39
LDAP 9.902 252 0

LDA+U © 10.431 209 1.80

Expt.d 10.343 207 2.10

4Reference 2.
PReference 48.
‘Reference 49.
dReferences 42 and 50.

as for plutonium oxides can be done when comparing to the
PBEO and HSE ones.

By comparing the DOS plot of the two solutions (Fig. 6)
we can see that they are very similar too. The only significant
difference is the width of the peaks near the Fermi level,
which results in a difference in the band gap. The general
shape of DOS is similar to the one obtained using the full
version of the PBEO functional.”

IV. CONCLUSION

We have implemented the hybrid functional for correlated
electrons formalism of Novdk ef al. in the ABINIT code
within PAW formalism. Satisfactory results are obtained for
plutonium and uranium oxides. Such an implementation of
the PBEO hybrid-functional framework is therefore able to
capture the main physical properties of strongly correlated
systems. The level of description is on the same order of the

PHYSICAL REVIEW B 80, 235109 (2009)

4x4x4

DOS (arbitrary units)

-2 0
Energy (eV)

FIG. 6. (Color online) Total DOS of UO,.

one provided by the GGA + U framework without the need to
adjust the U parameter while such implementation of the
PBEO hybrid functional is much less computational consum-
ing than the standard one. This opens the way to use in this
framework big unit-cell calculations that are necessary to
study, for instance, the influence of defects on the properties
of correlated oxides.

The occurrence of multiple energy minima depending on
the initial occupation of the correlated orbitals that appears in
GGA+U or standard hybrid functional also shows up in the
present implementation of hybrid functionals. As evidenced
in the uranium oxide case, one may obtain very different
results depending on the initial electronic configurations and
on the symmetries taken into account in the calculation. For
the specific case of UO, we exhibited a procedure which
allows to obtain a quite satisfactory guess of the true ground
state without the need to systematically search all the pos-
sible density matrices of the f electrons.
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