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Increasing experimental and theoretical evidence points towards a dual nature belleetéons in actinide-
based strongly correlated metallic compounds, with sofnel&ctrons being localized and others delocalized.
In a recent papdiPhys. Rev. B69, 115114(2004], we suggested the interplay of intra-atomic correlations as
described by Hund’s rules and a weakly anisotropic hopgimdridization) as a possible mechanism. The
purpose of the present work is to provide a step towards a microscopic description of partial localization in
solids by analyzing how well various approximation schemes perform when applied to small clusters. It is
found that many aspects of partial localization are described appropriately both by a variational wave function
of Gutzwiller type and by a treatment which keeps only those interactions which are present in so-called
LDA +U calculations. In contrast, the energies and phase diagram calculated within the Hartree-Fock approxi-
mation show little resemblance with the exact results. Enhancement of hopping anisotropy by Hund'’s rule
correlations is found in all approximations.

DOI: 10.1103/PhysRevB.69.155110 PACS nunider71.27+a, 71.18+y, 71.10.Ay

[. INTRODUCTION including two f electrons in the ionic core. Calculations
within the so-called LDA-U (LDA—Iocal-density approxi-
Many fundamental phenomena in solid-states physics camation,U-Hubbard parametgschemé® for UPd,_,Pt, also
be considered as resulting from the competition of the repulsuggest two fully occupietl electrons per U atom, however
sive Coulomb interaction trying to keep electrons as far fromwith j,= +5/2 andj,= + 3/2 having occupations very close
each other as possible and the kinetic-energy term trying teo unity® A treatment within the self-interaction corrected—
delocalize electrons as much as possible. One of the mofcal-density approximatidf (SIC-LDA) found for UP§
prominent examples is the Mott-Hubbard transition from athat the configurations of lowest energies have a ldéal
narrow-band metal with delocalized electrons to an insulatofmoment? The same authors found for UpAl; a ground
with localized electrons. Another one is band magnetisnkiate characterized by the coexistence of localizgdind
where the occupation of majority and minority bands differ ye|ocalized uraniunf electrons. Rare-earth metals and their
dramatically. The resulting magnetic moment is typically g fides, i.e., 4 electron systems, were also studied within
aligned along certain crystallographic axes by an anisotropyhe sic-LDA and discussed in terms of localized and delo-
energy which is much weaker than typical electronic enercyjized orbitald® However, the physical reasoning is quite
gies given by the bandwidths. The recently suggested scejtierent from the present one.
nario of a dual nature of thef5electrons _in some uranium- In a recent papéft we suggested the interplay of the
based heavy-fermion compounds combines features of bO{Rra_atomic correlations described by Hund's rules and a
these examples: There is expenmeh‘ﬁaland theoretical \yeakly anisotropic hopping as a possible mechanism leading
evidencé **that in these materials some of thé &lectrons 5 5 separation of the f5orbitals into band-forming and

with j =5/2 are localized and others are not. Which of ttie 5 local-moment-forming ones. The underlying idea can be de-
orbitals form local moments and which form bands will de- g¢rined as follows. According to Hund’s rules, atoms with
pend on the geometry of the crystallographic environment ofy,ee or twof electrons have angular momenta bf 9/2

the particular actinide site, which leads to small differencesyith ten-fold degeneracy and=4 with nine-fold degen-

of the hopping (hybridization matrix element$® Band- eracy, respectively. Consider now transition(j,)
structure calculations augmented by a mass renormalizati02<4J,|C_ 123,) between any given pair of those degenerate
of the “free” 5f electrons by crystal-field excitations of the zl™j,l2vz Y9 P 9

“localized” 5f electrons lead to very good agreement ofStates due to an annihilation operator stemming from the
both areas and masses with de Haas—van Alphen data kinetic-energy term of the Hamiltonian. Obviously, these
UPt and UPAI;.21112|n both cases, the best agreementmatrix elements depend strongly gn, leading to much
was achieved treating the= = 3/2 orbital as itinerant and larger transition amplitudes for sonmgthan for others. Turn-
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ing this argument around, the following scenario evolveswith Clebsch-Gordon coefficien® - and Coulomb param-

The largest product of the matrix elemeMgj,) multiplied  etersu;,

by the overlaptjZ between the corresponding atomic wave A

functions of neighboring sites determine which pairsJof Ui i, =(iziz|Uliziz,)

=9/2 andJ=4 configurations are realized, thereby maximiz- rre

ing the corresponding energy gain. In most cases, the other

hopping processes are then suppressed. This scenario is sup-

ported by exact diagonalizations of small clusters presented

in Refs. 14 and 19. The kinetic-energy operator describes hoppihgbridiza-
This mechanism differs from other routes to partial local-tion) between all pairs of neighboring sitésmy,

ization and a dual nature in strongly correlated systems with

degenerated or f orbitals which were suggested, e.g., for _ +

manganites. For the latter, the physics is different: The de- He= _<n%:,jz tjlej(nc;,(m)+H.c. )

generacy is split by a strong crystal field with the lowigy ) _ ) )

orbitals forming a localized high-spin state while tgelec- A ferromagnetic or antiferromagnetic external or internal

=§ u,cl% cl%: 3

512 ,1152] ;5 = 512] 13512 54"

trons are delocalized. field

The numerical effort of exact cluster diagonalizations
grows rapidly _W|th ;ystem size. A_ny quantitative descrlptlon Hp= _2 hancJ-T (n)cj (n) (5)
of bulk material will necessarily involve some approxima- Mg z z

tions. Over the last decades, considerable experience has.
been accumulated about the capability of various approximd$ Included as well. _ , _
For the cases of two sites occupied by five electrons and

tion schemes to describe many-body phenomena such as th
Y yp ? three sites occupied by eight electrons, iterative sparse-

above mentioned Mott-Hubbard transiton and band®

magnetisn? The purpose of the present paper is to providematrix diagonalization easily yields the respective ground

a step towards a microscopic description of partial localizaSteteS and some low-lying eigenstates. The sizes of the

tion in solids by analyzing how various approximation Hamilton matrices are 600600 and 18008 18000, re-

schemes perform when applied to the cluster model of Reﬁpectévely, provided that site configurations are_limi-tedzco
14. The latter is briefly summarized in Sec. II. In Secs. ll1&nd f” states, and 792792 and 61 75861758 if this re-

and IV, two widely used approximation schemes are app"eoe_triction is lifted!® For the sake of a transparent presentation,
In the first, the Coulomb interaction is approximated by its"e focus in the prgsentzp%per on the two-site model and stay
diagonal part(direct term plus exchange teynn analogy N the 600-dimensional*-f* subspace. .

with a modified local-density approximation to density- 1he U, parameters are more robust to changes in the
functional theory(LDA +U). The second scheme is mean- chemical composition or the application of pressure than
field theory, also known as the Hartree-Fd¢ke) approxi-  Thus, we useU; parameters appropriate for URPtU;_,
mation. In Sec. V, we study a variational wave function=17.21 eV,U,;_,=18.28 eV,U;_4=21.00 eV® and study
similar to that proposed by Gutzwiller in his famous paperthe phase diagram in tht¢ space. As in Ref. 14, we choose
on the ferromagnetism of transition met&taVe end in Sec. ty,=ts; in the figures. The phase diagrams of the model
VI with a comparison of the various approximative treat- Hamiltonian (1)—(4) obtained by exact numerical diagonal-
ments and with some tentative conclusions and speculationgation is reproduced in Fig. 1.

about the performance of these approximation schemes in

bulk materials. IIl. DIAGONAL INTERACTION MATRIX ELEMENTS

Il. THE MODEL HAMILTONIAN Almost all electronic structure calculations for_ exter_lded
systems and large molecules are performed either in the

The simplest model describing the interplay betweenframework of the LDA or using the Hartree-Fock approxi-
intra-atomic correlations of electrons and weakly aniso- mation. The former accounts for correlations only in a rather

tropic hopping is considered in Ref. 14: crude way, while the latter neglects them altogether. Various
recent papers suggested the inclusion of strong local correla-
H=Hcout H¢+Hp. (1) tions via an on-site energy term of Hubbard typeJn;ny,

_ S in LDA calculations within the LDA-U schemé® or the
The Coulomb interaction is written in terms of the usualye|ated SIC-LDA®!*® This is a promising route for some

fermionic operatorsjfz(n) creating an electron on sitewith  ground-state properties of highly correlated systems.

angular momentunj=5/2 andz component, as The key approximations of the LDAU scheme are on
the one hand the LDA itself and on the other hand the inclu-
1 sion of only the diagonal interaction matrix elemefdgect
Hcou= > > _ > U, and exchange
Nz e Jza4 T2t
xcl (e (nyej (ng;_(n), 2) Ui ininin, =G0, 0100t 010,000, Y10, sy, (©
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3.0 ' ' ' ' ferromagnetic “high-spin” state 7,=11/2 for tg,>ty),
11/2 exact =ts;. In general, the approximation fares worst in the case
of small hopping anisotropy. Thg,=5/2 phase is missing,
< 20r Jy =112 T while a 7,= 3/2 state is predicted only for rather strong hop-
o ping.
N
Syl 512
’ IV. HARTREE-FOCK APPROXIMATION
15/2 - T
Jz =372 The Hartree-Fock approximation is one of the most
0.0 L L L L widely used calculational approaches for interacting systems.

0.0 0.2 04 0.6 _ 08 1.0 For its implementation, one uses the single-particle density
tiz =152 (eV) matrix

FIG. 1. Phase diagram for thig-f3 model of Ref. 14 in the Niot
tyo-tap plane ts=1t4,,), derived from the total magnetizatiqgfy (z n L 2 (0% () ®)
component of the total angular momentuai the ground state for ajz.a’l Paj, Par iy
infinitesimal fieldh,=0". Numbers indicatg7,, which is a good
quantum number. written as sum ofN,,; HF orbitals, which are superpositions
of atomic orbitals described byT ,
The fact that this approximation corresponds to the LBA ‘

approach is best seen by inserting it into the Coulomb 5/2

Hamiltonian (2) and rewriting the latter in terms afi, ; )= 212 2 ‘ng)zcjz(a )|0). (C)
t a

~Ca,jCaj aS

We impose no restrictions on the single-particle states, which
. = 0 A R 7 are arbitrary combinations of angular momenta. The system
Coul— 2 2 <JzJ | |Jz] > aj, aj ( ) of HF equations %2

iz,

Henceforth, we will refer to Eq(7) as “diagonal approxima- ) ;

tion C‘ gonal app e )=yelf 23 e, o
Figure 2 presents the resulting phase diagrams in the

plane of hopping parametetsg,=ts, andtg,. A visually  with

striking difference to the result of the full calculation, Fig. 1,

is the complete absence of the isotropic ligg=1t;,=1t5,, in o HF) 2 KOl 7K

the phase diagram of the diagonal approximation to the Vajj’ Nakak (IK[U]]"K")

Hamiltonian. This reflects the fact that the conditi@) of

diagonality ofU with respect taz-component indices breaks and a,a denoting the two different sites. The two-particle

rotational invariance. The-component of the total angular matrix eIement(jk|0|j 'k’) comprises both the direct Har-

momentum remains a good quantum number. We note thatee and the Fock contributions. Note that it is not restricted

the diagonal approximation overemphasizes the parametes two pairwise equal indices in thg basis. The total energy
space of phases with either strong ferromagnetic or strongs obtained from

antiferromagnetic alignment alorg i.e., J,=15/2 and7,
=1/2. The simplified treatment quite correctly predicts the

11)

Etota= E E __2 2 ‘P]V)* g_:::')(PJ]r})a (12

30 1 T T T
\)Z 11/2 diagonal mf;e&;?;uvt\)/fﬁgounting of the interaction energy is avoided in
20| J=1/2 § In general, the HF solutions do not have the tgfalas a
z good quantum number. Therefore we cannot always use dif-
ferent 7,'s to classify different phases. However, one still
finds discontinuous jumps either of the expectation value
(J) or of its derivatives with respect ty or h and we use

these to define phase boundaries. Moreover, for some phases
0'0 1 [ 1 1 . . . 3 . . ) .
00 02 04 06 08 10 12 14 with small kinetic energy, self-consistent squthp\%’ with
t, .=t (V) good quantum numbeijjs are found and, thus7, is a good
11277512 quantum number in those cases. This applies to the phases
FIG. 2. Phase diagram within the diagonal approximatigrin ~ With 7;=15/2 and 17/2. For larger hopping parameters, one
the ty,-ts, plane ¢y,=ts;,), derived from the total magnetization finds in general continuous variations Qf7,). We denote
J, of the ground state for infinitesimal fiel},=0". In comparison  phases as “AM” or “FM” indicating antiferromagnetic or
with Fig. 1, note the different plot ranges. ferromagnetic spin correlations, respectively. Half-integer-

tap (€V)

1.0} 15/2
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K™ = 0.01 eV h=0 h=0.01eV tained if electrons occupy preferentially states with either
AMS, AMS, large positive or large negative angular momentum projec-
AMy, S | G Py | AMo2 tions j —of course subje_c_t to the Paul_i principle. Occupation
of states with large positive or negative angular momentum
4 FMs2 projections is favored also by loca@moleculaj magnetic
AMy, AMy, AMy, fields. In particular, the antisymmetrized product states
0 FMyzz |=3,23,23)X|=3,£2) minimize simultaneously the
0 1 2 30 1 2 30 1 2 3 Coulomb energy and the magnetic energy. For not too strong
tz =tsz (8V) tz =tsz (6V) tiz =tsz (6V) hopping, the two siteanti-) align their angular momenta in
FIG. 3. Phase diagram in the,-ty, plane(with ty,=tss) in the a (anti-) ferr.omagnenc field configuration, see Ilgfight)
Hartree-Fock approximation with ferromagnetiight), vanishing column of F!g. 4: !
(middle), and antiferromagnetideft) fields. The phases are charac- T_WO crucial differences between FM and AM fields are
terized from thez components of the angular momentum and the©PVious: _ _
state occupation and labeled according to the notation of Figs. 4 (i) As drawn, in the FM case both sites havefatcupa-
and 5. tion n;=2.5, whereas in the AM case a small charge dispro-
portionationAn; <1 can be present. The AM configurations

. . ) ) of Fig. 4 are, of course, degenerate due to the symmetry with
valued subscripts give the approximale/,) expectation reqnect to a simultaneous exchange of site index jgnd
value found fortjZ parameters not too close to the phaseH_j

2

boundaries. (i) The FM and AM cases differ with respect to a possible
Overall, the Hartree-Focly,—t3, phase diagram in Fig. quantum phase transition when going fragp<ty, to tg,
3 shows only weak resemblance with the one from the exact-t,,, (compare in Fig. 4 the upper row with the lower row
calculation. The isotropic line is a phase boundary at zergn the AF case, with increasing, the j,= 1/2 electron starts
field. to fluctuate more between the sites, whereag the3/2 elec-
Figure 4 illustrates the occupation pattern of four impor-tron fluctuates less. This is a continuous crossover, which,
tant phases occurring in the phase diagrams shown in Figgowever, takes place rather suddenly becgysel/2 fluc-
1-3 and 7 of the present work as well as Fig. 5 of Ref. 14. Ayations imply charge fluctuations which then supprgss
large angular momentum as implied by Hund's rules is ob-=3/2 flyctuations, and vice versa. In a level diagram such as
the inset of Fig. 4 in Ref. 14, this corresponds to an avoided

N
FMsr2

to, <<t crossing.
32 12 . . . .

Mz AMir In contrast, in the FM case one pf=1/2 orj,= 3/2 is not
Jp— - :‘u\l/lylocrcuplit;d. vTv?tﬁ tgiansnrl]ct)ir:1 is not a;1 c;ossover,nzut r?) i?rlnple
- e vap [ <> | — evel crossing with disco uouscage@‘_a orbita
vip — > — P — R m— occupation. This difference between sharp discontinuities on
mw [ ] ] an ] L] the FM side and smooth crossovers on the AM side will be
a2 [ L] L] . seen repeatedly in this work. We will see below that within
L — — ) E— - the Hartree-Fock approximation the states ;EM FM;7,

3,=1712, JA=0, An=0 3 ~112, JA=1712, 0<An<1 and AM,;, dominate indeed in the phase diagram for finite

fields and not too large hopping.

ta <<t One further cautionary remark is in place: The represen-
FM 152 12 32 2 tation in Fig. 4 shows only the occupation pattern, but does
not reflect the correlations between different configurations.

sz L +sz [ Strongly anisotropic hoppinds,>t,,, leads in the full
a2 p — solution to FMs,, i.e., to ferromagnetic correlations and
g e R 0 e D ing| f the binding,— + 3 state. Th
el ] i N _— single occupancy of the binding,= +; state. The corre-
an ] C w1 . sponding wave function

a2 [ ] L] 2 [ ] ] : )

Can(@)+caq(b)
18 4D, e =12, J1712, 0<Ant |~P>15,2=%c;z(a)cLz(a)cé,z<b>cL2<b>|0>

FIG. 4. Configurations relevant for weakly anisotropic hopping (13

(hybridization in the presence of ferromagnetieM, left column . imple S| d . Th o . h
and antiferromagneticAM, right column) fields for tyy<ty,=te, iIs a simple Slater determinant. Thus, it is not surprising that

(top row) and t;,=te,<ts), (bottom row. Rectangles symbolize HF Works well for this case. The parameter space of the
the j,, orbitals on both sites, with black areas presenting their occuF-M1s/2 phase is, however, much larger in the HF approxima-
pation. The thickness of horizontal arrows between orbitals symboltion than in the exact calculation. It shrinks with increasing
izes their contributions to the kinetic-energy gain. The arrow-antiferromagnetic field and increases with increasing ferro-
shaped background emphasizes the role of the fields. Note th@agnetic field.

charge disproportionation<0An;<1 in the antiferromagnetically Outside the ferromagnetic phases in Fig. 3, the correla-
aligned states. tions are antiferromagnetic ad,) <3/2. A kink separates a

155110-4
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0.0051.01.5
tip=tgn (eV) typ=ts5p (eV)

0.0051.015

FIG. 6. Ratio (&) Tap/ts, and (b) (TyptTsp)/ty, in the
Hartree-Fock approximation in the,-t5,, plane(with t,,=ts, and
h,=0") given as gray-scale plotblack—0, white—1.5 Phase
boundaries of the middle panel of Fig. 3 are included for orienta-
tion.

j -projected kinetic energy; and the bare matrix element

14
FIG. 5. Configurations relevant for large hopping: The upper Iefttiz’

panel (FM,,) shows an overall ferromagnetic arrangement with all
electrons contributing to the kinetic-energy gain. The upper right iy N

panel (AI\/E,Q) presents an overall antiferromagnetic arrangement r:<n%+ <wg.sl(czjz(n)ctjz(m)+H-C-)lqrg.s>.
dominated byt;, hopping which is symmetric with respect to the Iz T 14
site index.ts, hopping dominates also in the lower row. In the (14

lower left panel (FMy,), the overall arrangement is of ferromag- \yith _2$Tj2/t1,z< +2 for two sites. A small ratiOTjZ/tjz

netic type, whereas in the lower right panel (4 it is of antifer- indicates partial suppression of hopping for electrons in the
romagnetic character. As in Fig. 4, black areas symbolize the orbitaf1 . . P PP . PP g
orbitals. For all cases considered in Ref. 14, we found

occupation and the linewidth of the arrows symbolize the corre-iJZ -
sponding contributions to the kinetic-energy gain. Field directionsSmall ratios Oﬂ—jz/tjz for the Sma”ertiz’ and values close to
are not indicated, in order to emphasize the dominant role of th@ne or two for the dominant hopping matrix element.
hopping for the formation of these states. In Fig. 6, we study the same quantity for the Hartree-Fock
solutions. Again ifty,>ty,t55, ratios close to one are

phase with( 7;)~1/2, visualized in Fig. 4 as AM,, froma  found for Tg,/ts,, but much smaller values forTg,
phase with(7,)~1 at or near the isotropic line and7,)  +Ts;)/t;», and vice versa. At first glance, this may look
~3/2 at larger values dof;, which is denoted by AN, in  surprising since the Hartree-Fock method cannot describe the
Fig. 5. In a small bubble bordering the ferromagnetic;EM correlations underlying the dual nature of thelectron in
phase, a phase exists which we denote by;AMsee Fig. 5. our model system. A closer look reveals that the correlations
It can be considered as the symmetrized version of;AM are simulated by symmetry breaking, i.e., by driving the cor-
The binding linear combinations with,=+3/2 and j, responding occupations close to zero or two. In contrast, the
= —3/2 are both half occupied and contribute equally to thefull solution shows a reduced hopping also for intermediately
kinetic-energy gain by hoppin@hybridizatior). Strongly an-  occupied orbitals. We conclude that HF mimics correlations
isotropic hopping witht,,>1t5, leads to AM,,, i.e., to an by overemphasizing occupation differences. Thus, further
antiferromagnetic arrangement with broken left-right sym-studies are needed to gauge the usefulness of HF for bulk
metry, i.e., 6<An;=<1. systems with partially localizedf5electrons.

A region of maximal ferromagnetic moment (ki) is
found for a ferromagnetic field which is still weak compared

to the bare hopping strengths. For larger hopping, the ferro- If the variational HF space is reduced further by requiring

magnetic phase FAb with “intermediate” spin is found . . . : . .
close to isotropic line. In this phase, all five electrons con - diagonal density matrices and self-consistent potentials

tribute to the kinetic-energy gain.

Figure 5 shows also a phase denoted by, FM which is
of overall ferromagnetic nature but dominated ) hop-
ping. It appears in Figs. 1 and 2 as well as in Fig. 8 below.

B. Hartree-Fock with j, eigenstates

véL,’;HF)=§k: Nax (ik|V]jk), (15)

thez axis plays a special rol@uantization axesas it did in

Sec. lll, and the spherical symmetry is broken. Following the

usual nomenclature, we refer to this approximation which
In order to quantify the degree of localization of a given allows different orbitals for different angular momenta but

j, orbital by local correlations, we study the ratio of the prescribes angular momenta as orbital quantum number, as

A. Partial localization

155110-5
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K™ = 0.01 eV h=0 h=0.01 eV Fock treatment. Thus, we take the trend of the HF solution
s 3 AMy, My, AMy towards charge disproportionation only as a hin.t.that it might
32 - Mg Y be worthwhile to look for, e.g., phase transitions driven
3 by charge ordering in systems with partially localizefl 5
4 orbitals.
AMyp AMyp o™ AMyp
0 7 V. GUTZWILLER’S WAVE FUNCTION
0 1 2 30 1 2 30 1 2 3
tip=tsp (8V) typ=tsp (V) tip=tsp (8V) The exact ground states found in Ref. 14 often have a
large overlap with a Gutzwiller-type wave functfdrof the

FIG. 7. Hartree-Fock approximation with variational space re-

. L : . form
stricted toj, eigenstate$UHF): Phase diagram in thig,-t5, plane °

(t1o=tssp) with ferromagnetidright), vanishing(middle), and anti- 5

ferromagnetigleft) fields. The phases are characterized fromzhe R >:75 ) SH T T|0> (16)
components of the angular momentum and the state occupation, cf. G et b B

Figs. 4 and 5.

where the projectoP;zs retains only localf? and f3 con-

the unrestricted Hartree-Fo¢WHF) (Ref. 22—even though  figurations. The single-particle orbitals generatedctlyare
the wave-function space is restricted in comparison to Edsybject only to the orthogonality requirement. In most actual
(9). The resulting phase diagrams, Fig. 7, are not identicalapplications of the Gutzwiller ansatz, simple trial wave func-
but close to those of the full HF solution in Fig. 3. Not tions are used for the single-particle states, e.g., the nonin-
surprisingly, the isotropic line does no longer play a speciateracting, possibly polarized, Fermi sea. Here, we use the
role. The corresponding phase boundary has moved to highghsatz that each orbital hasas a “good quantum number,”
ta, values, a consequence of the variational restriction favor; g
ing the maximally antiferromagnetic alignment witlr,
=1/2. 5

Note that7, is now a good quantum number. In particu- |\PG)=75fzf3H [coso, cj+(y)(a)+sin 0, ch(y)(b)]|0),
lar, the border between Al and AM,, is here easily iden- v=1 z z
tifiable, the kink being replaced by a jump. A noticeable (17
d|fferen%e between the HF and the UHF phase diagram iith variational parameters, . Both, the numerator and the
that AMz),, i.e., the symmetrized version of A4, cannot  genominator of the energy expectation value
be found within the UHF approximation, because all gix
values are partially occupied in this phase, cf., Fig. 5. _ (WgIH|PG)

As an aside, we remark that numerical convergence in E[{ng)}a{i%}]:W (18)
solving the restricted equatiofi5) is obtained in a small GIre
fraction of the time needed for solving the HF equati®®ls  are polynomial expressions in ajsand sirg,. Note that in
and(11). the case of double occupanj:yl)zji”z) the corresponding

_ o variational parametera, drop out of Eq.(18).
C. Charge disproportionation We performed numerical minimizations with respect to

The Hartree-Fock phase diagram is surprisingly rich withPoth the occupation patterfj)”’} and the set of parameters
several phases showing charge disproportionation, i.e., a fl#,}. In practice, the expectation val@8) is obtained ex-
nite expectation value ©An;<1 of the difference of site Pplicitly from the Hamilton matrix in the many-particle site-
occupations. Note, in particular, the phase boundary in Fig. $Pin representation (6060600) in terms of¢, . ThenmATH-
between the closely related phases AMand AMS, at van-  EMATICA’s implementation of Brent's algorithm is used for
ishing or staggered field. one-dimensional, three-dimensional, and five-dimensional

The exact ground states of the small cluster does not shofimerical minimization in the case of 2, 1, and 0 doubly
charge disproportionation, because a suitable superpositigfcupied angular momenta, respectively. Even the five-
of the two symmetry-related configurations will lead to adimensional minimum search is fast. Unfortunately, many
finite-energy gain, completely analogous to the absence diccupation pattern have to be tried and different random ini-
ferromagnetism in small clusters at vanishing external fieldstial conditions yield different answers. This makes an addi-
However, in both cases the energy gain can be extremel{jonal loop over various initial conditions necessary.
small if the configurations are sufficiently different. This fea-  The obtained phase diagram is reproduced in Fig).8
ture of the numerically exact small cluster solution will often Again, J; is a good quantum number because the corre-
not survive the thermodynamic limit. In contrast, mean-fieldsponding operator commutes withz;s. Both panels show a
approaches easily lead to symmetry-broken solutions evetnansition from a strongly polarized,=15/2 phase to the
for small clusters. This is so because they reduce chargatate of lowest possible polarization, i.,=1/2. A small
fluctuations and therefore simulate the effect of electron corpocket with 7,=17/2 is found at finite field. The phase dia-
relations. When symmetry breaking is experimentally ob-gram for small antiferromagnetic fieldeot shown is close
served in bulk samples it is overemphasized in a Hartreeto that for vanishing field with the high-spin phasg
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FIG. 9. Total energies for various approximation as a function of
typ=1s5,, at fixed t3,=1.65 eV: (exac} numerical diagonalization
of the 600< 600 matrix, see Fig. l(diagona) diagonalization keep-
ing only the diagonal interaction matrix elements, see FigHE)
Hartree-Fock approximation, see Fig. 3UHF) unrestricted
Hartree-Fock approximation, see Fig. Gutzwiller) variational
wave function(17), see Fig. 8.

0
0 05 1 15 2 25 30
tip=tsz (eV)

05 1 15
t1/2=tsp2

from one case to the other without crossing a phase bound-
ary. This is interesting in so far as a Gutzwiller wave func-
tion describes this important point without having to intro-
duce phase transitions by symmetry breaking.

VI. SUMMARY AND OUTLOOK

We have studied the interplay and competition of intra-
atomic correlations and an anisotropic kinetic-energy opera-
tor by applying three different approximative many-body

05 1 15 2 25 3
tip=tsp (eV)

0
0 05 1
ti2=ts2 (eV)

FIG. 8. Phase diagram for the Gutzwiller wave function in thetreatments to the model of Ref. 14. None of them leads to

15 2 25 30

fully satisfactory results. But, the diagonal approximation in-
spired by the LDA-U approach, i.e., keeping only the ma-
trix elements(6), gives a reasonable good phase diagram
with most important phases of the exact solutions being
present. This finding should encourage further applications
of LDA+U and related approaches such as SIC-LDA for
ground-state properties of actinide heavy-fermion materials.
=15/2 being slightly reduced. As in the exact solution and inWe mentioned already in the Introduction that some LDA
all other approximation schemes, the energy varies continu+ U calculations indeed show partial localization. However,
ously (not shown. one cannot expect to reproduce within these schemes the

The phase diagram of the Gutwiller wave functid?) is  small energy scale responsible for the heavy-fermion charac-
remarkably close to the exact diagonalization of the Hamilter of the low-energy excitations.
tonian keeping only diagonal matrix elemetsDA +U") The numerically easier UHF approximation with
in Sec. lll. We will see below that this is true for the total j,-diagonal orbitals agrees quite well with the result of the
energies as well. This should not come as an surprise, benost general HF ansatz. However, both yield phase diagrams
cause both approaches effectively reduce charge fluctuationgth only weak resemblance with the one from the exact
but do not include angular correlations equally well. calculation. The substantial suppression of the subdominant
hopping found in Fig. 6 might be somehow fortuitous.

These observations are confirmed by the total energies
) ) given in Fig. 9 for all approximation schemes along a line

In Figs. 8b) and 8c), we study the quantityf; /t; for —1 65 eV in thetyts, plane. The particulats, value
the Gutzwiller-type ansatzl?). If either t3,>tq, or t;,  was chosen such that a large number of phase boundaries is
>1t3,, We find again a clear suppression of the nondominantrossed. Clearly, at some phase boundaries kinks of the total
hopping. Itis interesting that in th&,= 1/2 phase one can go energy are seefrelated to level crossingsvhereas at others

tyo-tan plane (with ty=ts) for vanishing(left) and finite (right)

ferromagnetic fields(@) Phases are characterized by th&irexpec-
tation value. (b) Ratio Tg5,/ts, as gray-scale plotgblack—oO,
white—1.4 and (c¢) the sum of the corresponding ratios fpr

=1/2 and 5/2(black—0, white—2.4. In comparison with Fig. 2,
note the different plot ranges.

A. Partial localization

155110-7



RUNGE et al. PHYSICAL REVIEW B 69, 155110(2004

higher derivatives change more or less discontinuously While the present model was developed with actinide-
(avoided crossings based materials in mind, it seems worthwhile to examine the
We note again that for the exact numerical diagonalizatiorrole of intra-atomic correlations in other materials, most no-
and for the calculation keeping only state-diagonal interacticeable in transition-metal compounds.
tion matrix elements we suppressed configuratibhsvith In conclusion, we find the solutions for the modified
n#2,3, i.e., we worked in the 600-dimensional space ratheHamiltonian containing the diagonal matrix elements only
than the 792-dimensional space. Giving up these restrictiongng the expectation value of the original Hamiltonian with
lowers the corresponding energies slightypt shown. generalized Gutzwiller variational wave functiqd7) are
All curves, except that of the exact solution start with thequite close, because both approaches effectively reduce
same value which is constant for a certain rangé;gfand  charge fluctuations but do not include angular correlations
ts;, values. The corresponding wave function is the Slategqually well. The subtle angular correlations which deter-

determinan{¥),s,, Eq. (13), which completely suppresses mine the magnetic character are accounted for only in limit-
ty1» andtg;, hopping. In contrast, the exact ground state neafng cases.

t3,=1.65 eV, ty,=t5,=0 eV is not|¥),5,, but has inter-
mediate angular momentugi,=5/2 and gains energy from

all hopping processes. This explains the lower energy and its
dependence on all hopping matrix elements.

The solutions of the most general Hartree-Fdtkr) We thank P. Kopietz, B. Marston, W. Nolting, F. Poll-
scheme and the case where the single-particle orbitals wersann, and A. Yaresko for stimulating discussions. D.V.E.
restricted to be diagonal with respectjto(UHF) differ only ~ thanks the Netherlands Foundation for Fundamental Re-
in small parts of the parameter space. search(FOM) for financial support.
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