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Localized U 5f electrons in UPd; from LDA +U calculations

A. N. Yareskd
Max-Planck Institute for the Chemical Physics of Solidsthdiizer StraBe 40, D-01187 Dresden, Germany

V. N. AntonoV/
Ames Laboratory, lowa State University, lowa 50011

P. Fulde
Max-Planck Institute for the Physics of Complex Systems, D-01187 Dresden, Germany
(Received 5 July 2002; revised manuscript received 18 October 2002; published 8 Apil 2003

A generalization of the local-density approximatienU (LDA +U) method which takes into account that
in the presence of spin-orbit coupling the occupation matrix of localized electrons becomes nondiagonal in spin
indices is used to study the electronic structure of YBdd UPd ¢Pt; 5. For both compounds LDAU
calculations give a solution with two localized UF ®lectrons. Their energy position agrees well with the
binding energy ba U 5f peak observed in photoemission experiments. The calculations also reproduce the
shift of the peak position toward the Fermi level upon Pt substitution. TheDAesults are compared to the
results of LDA calculations for ThRdand ThPd ¢Pt; 5 and their dependence on the crystal structure is ana-
lyzed.
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[. INTRODUCTION increase of Pt content andyat-0.9 a second peak is formed
just below the Fermi levelEg), indicating that 5 spectral
An interest in uranium compounds has recently been reweight appears & . To out knowledge, the shift of the U
newed, especially after the discovery of such unusual effectsf peak position is not yet understood.
as heavy fermion superconductivity and coexistence of su- The calculations of the electronic structure of YRubr-
perconductivity and magnetism. To a large extent comformed using the local-density approximatiGrDA) either
pounds exhibit a rich variety of properties because of theor the experimentally observed double Hacp or for fcc
complex behavior of & electrons, which is intermediate be- crystal structures ! place partially occupied U Bstates ex-
tween the itinerant behavior ofd3electrons in transition actly at the Fermi level and, thus, disagree qualitatively with
metals and the localized behavior of £lectrons in rare- the experimental data. Compared to the experimental values
earth compounds. The dual character éfédectrons in ad- calculated cyclotron masses and the coefficient of the elec-
dition to the presence of strong spin-orf80O) coupling  tronic specific heat are too high. On the other hand, a rea-
make the determination of the electronic structure of U comsonably good agreement between calculated and experimen-
pounds a challenging task because in many of them thel angular dependence of dHVA frequencies is found in Ref.
width of 5f bands, their spin-orbit splitting, and the on-site 12 in which two U 5 electrons were treated as core states.
Coulomb repulsion in the partially filledfSshell are of the Recently, the electronic structure of UPHas been calcu-
same order of magnitude and should be taken into accoumdted using self-interaction corrected local spin-density ap-
on the same footing. proximation (LSDA) and a solution with two localized f5
UPd, is the only uranium-based intermetallic compoundelectrons has been fourd.
in which 5f electrons are known to be localized, as deter- The aim of the present work is to study the effect of the
mined by low-temperature specific htaind inelastic neu- Coulomb repulsion in the U shell on the electronic struc-
tron scattering® data. This is also confirmed by de Haas-vanture of UPd and UPd_,Pt,. This is achieved by using the
Alpern (dHvA) measurements in which no orbits with LDA+U method*~*" which has been successfully applied
heavy effective masses were found. According to photoemisto study the electronic structure of many compounds with
sion spectroscopfPES experiment$2localized U 5 elec- strongly correlated @ and 4f electrons. In the conventional
trons form a peak at a binding energy of abeu?.8 eV and LDA+U scheme it is usually supposed that the spin is a
there is no % spectral weight at the Fermi level. The study good quantum number and the occupation matrix of the lo-
of the electronic structure of URds interesting not only calized electrons is diagonal in spin indexes. This approxi-
because of the localized character df &lectrons but also mation is justified for 8 and to a less extentfAcompounds,
because it can help to understand the intriguing properties dh which the spin-orbit coupling is rather strong but still
an isoelectronic uranium compound WPwhich exhibits a much weaker than the on-site Coulomb repulsion. In the case
heavy fermion behavior and becomes superconducting at lowf uranium compounds, however, the relativistic effects are
temperatures. In U(Rd,Pt)5 alloys U 5f electrons remain of the same order of magnitude as the Coulomb interaction
localized forx smaller than 0.9 whereas a heavy quasiparticleand the occupation matrix of localized electrons becomes
peak develops at larger Pt concentrations. PES experifhentsondiagonal in spin indices which should be taken into ac-
show that the U 5 peak shifts to higher energies with the count when constructing the LDAU potential*®*® Evi-
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dently, LDA+U is too crude an approximation to describe  Because of the tere” —E%in Eq. (1) the effective one-

the heavy fermion behavior of UPand we will not discuss €lectron potential acquires an additional orbital-dependent

it in the present work. Instead we refer to Ref. 20. contribution Vi, 5/m,. The Appendix shows the way in
The paper is organized as follows. In Sec. Il we presenivhich the matrix elements o‘f/L,ml,(,,mz enter the Hamil-

the generalization of the LDAU method regarding the case (onjan of the linear-muffin-tin orbitald MTO) method.

of compounds with strong spin-orbit coupling. The details of 14 analyze the results of LDAU calculations based on

the calculations are given in Sec. Ill. The results of the '—DAEqs. (1)=(3) it is helpful to consider the density of states
calculations of the electronic structure of UWRd different (pog) projected onto new local orbitals,

crystal structures are described in Sec. IV. They are also
compared to the results calculated for ThPboh Sec. V we

present the LDA-U band structure of URd The effects of [li >:2n [Imo)dom,i 4
Pt substitution are studied in Sec. VI and a summary is given ”
in Sec. VII. where the matrixd,,; diagonalizes the occupation matrix

for the | shell so that
Il. “RELATIVISTIC” LDA +U METHOD

In order to account better for strong correlations in the E 2 d’;m'in(,m,(,,m,d(,,m,’jzb]jni. 5)
partially filled d or f shell, in the LDA+U method*~" a m o' m’
new total-energy functional is introduced, In this representation the occupation matrix is diagonal and

~ N - the eigenvalues; represent orbital occupation numbers for
LDA+U — EL(S)DA U d !
EFPATE(p,m) =EX O (p) +EY (M —E*(n), (D theIi) local orbitals.
whereE-(®)PA(p) is the LSDA[or LDA (Ref. 14] functional The “relativistic” generalization of the LDA- U method
of the total electron-spin densitieEY(R) is the electron- outlined above is formulated in terms of the occupation ma-

electron interaction energy of the localized electrons, anc?rIX nondiagonal in spin indices and can be used to account

E9C(R) is th lled “doubl tina” t that . Tor the effects of strong electronic correlations betweén 5
(n) is the so-called “double-counting” term that approxi- gjqcons in U compounds in which the value of the screened

mately gancels a_part of an electron-electron energy which i®oulomb integralJ (~2 eV) is of the same order as the SO
already included ifE"°*. The last two terms are functions of coupling strength

the occupation matrixi of the local orbitals{ ¢m,}. In the
conventional LDA+U method the localized orbitals are la-
beled by their spirr and azimuthaim quantum numbers and

it is usually assumed that the occupation mafri‘xn;m, is UPg; crystallizes in the hexagonaldhcp TiNi; type
diagonal in spin indices. The assumption that the occupa- Structure with theP6;/mmc (No. 194 space group: Each

tion matrix is diagonal inr is, however, no longer valid for Of two inequivalent U atoms occupying pseudocubic
compounds containing heavyf 4r 5f elements because a 2a(D3qg) and hexagonal@(D3y,) positions is surrounded by
relatively strong SO coupling in thé shell intermixes 12 Pd atoms, six of them being situated in the same and
majority- and minority-spin states. Then, in the basis of local@nother six in the adjacent UPglanes. The UPgdplanes
orbitals [Imo) the occupation matrix for ah channel be- form a abac sequence in the direction. The calculations
comesn,m oy and additional exchange terms between nonWere also performed for hcp and pseudocubic fcc-derived

diagonal ino elements of the occupation matrix appear incrystal structures withabab and abc stacking of UPd
the expression foEV(R), 181 planes, respectively. In these calculations the in-plane lattice
' constant and interplane spacing were kept the same as in the

IIl. COMPUTATIONAL DETAILS

1 original dhcp structure, which required the application of a
EU=§ 2 (nvml,amzum1m2m3m4n(r’m3,¢r’m4 small trigonal distortion to the fcc structure.
o0’ {m} The calculations were performed for the experimentally
Ny o mgUrmgmymm, Mo mg om,): (2)  observed lattice constaras=5.769 A andc=9.640 A using

the LMTO method? in the atomic sphere approximation
whereU m,m,mgm, are the matrix elements of screened on-site(ASA) with the combined correction term taken into account.

Coulomb interaction. The radii of U and Pd atomic spheresS) were chosen to be
For the double-counting term we adopted the expressiofdual to 3.3794 and 2.9019 a.u., respectively. The LMTO
proposed in Ref. 15 basis functions were constructed by solving the scalar rela-

tivistic radial equation and the matrix elements of the spin-
a1 1 orbit interaction were included in the Hamiltonian matrix at
E =§Un(n— - 5‘]; n,(ny—1), () the variational step. To check the validity of this approxima-
tion the LDA band structure was compared to that calculated
wheren,, is the number of localized electrons with the spinwith the fully relativistic LMTO method?

o given by a partial trace of the occupation matrx We used the von Barth—Hedin parametrizatfofor the
=2 mNemem, N=N;+n;, andU andJ are averaged on-site  exchange-correlation potential. Brillouin-zone integrations
Coulomb and exchange integrals, respectivély. were performed using the improved tetrahedron metfiod.
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Screened Coulomb) and exchangd integrals enter the
LDA +U energy functional as external parameters and have
to be determined independently. In principle, their values can
be obtained from LDA calculations using Slater’s transition
state approach as described in Ref. 26. For )®ith the
specified above AS radii such calculations, in whichfan
configuration of the U ion is assumed and the hoppingsfof 5
states to all other states are suppressed, give the values of
U=4.4 eV andJ=0.5 eV. The same value d&f was also
obtained from constrained LDA calculations using the
scheme proposed in Ref. 27. This value of averaged Cou-
lomb interaction is significantly higher thed of ~2 eV
estimated from x-ray photoemission spectroscofyS and
bremsstrahlung isochromat spectroscopiS) experiment$
and those extracted from optical data for various U ions in
Ref. 28. If, however, in the transition state calculations un-
occupied U 5 states are kept in the basis and allowed to
take part in the screening the valuelddecreases to 2.6 eV.
Because of the screening by two corelike ©) &ectrons %
derived bands are found well above the Fermi level in this
case. As, according to the transition state procedure, the
number of the former is varied the latter remain ab&e
but their energy position changes. As a result theflcén-
tribution to the wave functions of the occupied states formed
predominantly by Pd 4 electrons also changes and this
change off-electron density in U atomic spheres provides
additional screening of the corelike U ®lectrons. In order
to model the conditions which occur in LDAU calcula-
tions, U of 4.4 eV was applied to the unoccupiédctates.
Then, the calculations were repeated until “self-consistency”
in U was achieved withJ obtained on the previous step ; - . .
acting on the unoccupied states. The exchange intdgvak Energy (eV)
not affected by the additional screening. This procedure im-
plies that U 5§ states can be subdivided into localized and FIG. 1. Partial DOS for Pd and two inequivalent pseudocubic
delocalized ones. Recently, such a possibility has beefPsq) and hexagonals,) U sites calculated within the LDA for
widely discussed in connection with another U intermetallicUPd-
compound UPgAl; which displays both pronounced local-

moment and heavy-mass itinerant beha%foOf course, X
there is no experimental evidence that some fUetectrons and Pd states calculated for dhcp YPhe occupied part of
the valence band is formed predominantly by Rt states.

in UPd; are delocalized and the results of the above The ch stic f f the LDA band ;
mentioned calculations using Slater's transition state ap) '€ characteristic feature of the and structure Is a

proach should only be considered as an indication that thB2TOW peak of U B, states situated just at the Fermi level
screening of localized U 5electrons by delocalizefiden- 1.5-eV above the top of Pddistates. U 3, states are split

sity can bring the calculated value df=4.4 eV closer to the ©ff DY strong SO coupling and form another narrow peak

value of 2 eV derived from photoemission experiments.1 €Y ago_veEFI. It is important tobnote that 5553&65 gjre
Since in this work we focus our attention on comparisonSituatéd in a low DOS region between Pd and U

with PES spectra we present in the following sections LDAStateé af‘d hybr|d|ze_o_nly_weakly W'th the former. Be-
+ U results calculated fod =2 eV derived from XPS mea- cause of this weak hybridization the width of the k5 and
surements and=0.5 eV 5f,, peaks is~0.5 eV which is smaller than both the SO
. - litting and the value of their on-site Coulomb repulsion
In order to determinéJ,, . m.m. We first calculated the SP .
. 12sa . . U=2 eV derived from XPS and BIS specftaDA calcula-
ratios F4/F? and F8/F* of Slater’s integrals directly using . ‘ d for UPdin f dh P 150 bl
the radial solutionp,(r) of the Schrdinger equation for & tions performed for UPgiin fcc and hep structures also place

h . the U 5fc,, states just aEg, the width of the peak bein
electrons. Then, these ratios were fixed &fd F4, andF® 52 U ¢ i P ng

th | determined f th -k almost the same as for dhcp UPdt seems that from the
1emselves were determined from ,e WEII-KNOWN EXpresy pa point of view the localized behavior of felectrons in
sion for the averagd in terms of Slater’s integrafé

UPd; is mainly caused by their very peculiar energy position
which results in the weak hybridization with other conduc-
tion states.

The LDA band structures calculated for URd different The calculated occupation of Uf5states(2.924 for
crystal structures agree well with the results of previouspseudocubic and 2.955 for hexagonal sites; see Tahie |

AT o e P A
¥ T ¥ ¥ T

DOS (1/eV/atom)

calculations’™! Figure 1 showd projected densities of U

IV. LDA RESULTS
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TABLE I. The comparison ofd and f charges in U and Th ]
atomic spheres calculated for UPdnd ThPd in different crystal { hep !
structures. !
Structure Thd Thf Ud Uf Uf- Thf 1T ,-" -2
fcc 1.759 0.900 1.723 2.997 2.097
dhcp (cubic) 1.802 0.877 1.804 2.924 2.046
dhcp(hexagonal 1.778 0.886 1.756 2.955 2.069
hcp 1.824 0.879 1.824 2.893 2.014

0 0
significantly larger than one would expect fa U ion with 1 dhep (hex)

an f2 configuration. From Fig. 1 one can notice, however,
that apart from the two peaks of U States aEg there is a
significant U 5 contribution to the DOS in the energy range
between—6 and—2 eV which shows an energy dependence
similar to that of Pd 4 DOS. These states are apparently the
so-called “tails” of Pd 4d states and arise as a result of the
decomposition of the wave function centered at Pd atoms
inside U atomic spheres. It is worth recalling that in ASA-
based calculations partial charges are defined as integrals of
electron density over the volume of the AS surrounding the
atom. In order to estimate the share of the Rd“tils” in

the calculated U 6 charges we performed calculations of the 11
electronic structure of a model ThPPdompound keeping the
lattice parameters and atomic sphere radii the same as for
UPd;. The band structure of ThRdeems to provide a rea-
sonable approximation for that of UPdavith two localized

5f electrons because the Th atom has two valence electrons
less than U and Th Bstates in ThPglare aboveEr.

Calculated Th and U partial charges are summarized in
Table | and the densities of Thddand 5 and Pd 4 states
calculated for ThPglin distorted fcc, dhcp, and hcp crystal
structures are shown in Fig. 2. Note that Pd BOS is
multiplied by a factor of 0.5 and its scale is shown at the
right-hand side of Fig. 2. The energies are given with respect
to the muffin-tin zero. For all three structures the peak of
atomiclike Th ¥ states appears abotz# whereas the occu-
pied Th states of character are the above-mentioned “tails” 0
of predominantly Pd 4 states. Nevertheless, they sum up to 2
give the ¥ occupation of 0.9 electrons inside the Th sphere,
most of it acquired in the energy range below 8 eV, corre- £, 2. DA partial DOS of calculated for ThRdn different
sponding to the top of PAdDOS. It is interesting to note  crystal structures.
that the difference betwedrcharges in U and Th spheres is
only slightly larger than 2, i.e., the occupied part of the Ualloy for 1.0<x< 2.0 which then becomes hcp fer-2.0.53°
5fs;, peak found aEg in UPd; contains exactly the number We can speculate that the shift of the © peak observed in
of 5f electrons which, according to available experimentalresonant photoemission experiments on YUREt, (Refs. 31
data, is supposed to be localized. and 6 can be partially caused by different positions of the

Comparing the DOS curves calculated for different strucFermi level in the hcp and dhcp phases. However, this
tural modifications of ThPgone can note that the strongest change of thé=g position is not sufficient to account for the
changes are observed in the low DOS region lying above theshole shift, nor can the shift of the Uf5peak forx<1.0 be
top of Pd 4 and below the steep slope of unoccupiedexplained where the alloy has dhcp structure.

“atomiclike” Th 5 f states. Because of the low DOS in this  The lowest DOS in the energy range 8—10 eV is found for
energy range the position of the Fermi level is found to bethe fcc structure. The density of Thi6tates increases in the
very sensitive to the crystal structure. When going from fccdhcp one and, finally, a peak of TliGtates develops at 8.5
to dhep, Eg shifts downward by as much as0.73 eV and eV in hcp ThPg. These changes of DOS are reflected in a
the transition from dhcp to hcp causes a further shift of small increase of the Thdscharge(see Table)l The density
—0.31 eV. A structure consisting of a mixture of dhcp andof 5f “tails” in the vicinity of the Fermi level also increases
hcp phases was experimentally determined in adJE®t,  upon a transition from the dhcp to the hcp structure. This can

DOS (states/eV)
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FIG. 3. U 5f DOS projected
onto the states which diagonalize
the 5f occupation matrixa) and
(b) and the U and Pd partial DOS
(c) and (d) calculated for hcp
UPd; using the LDA+U method.
DOS curves ina) and(c) are cal-
culated with nonspherical correc-
tions to Coulomb matrix elements
whereas those irtb) and (d) are
calculated with averaged andJ.

DOS (states/eV)

DOS (states/eV)

Energy (eV) Energy (eV)

lead to an increase of the hybridization between the localizedtates can be determined by diagonalization of theécu-
5f and conduction electrons and may therefore be resporpation matrix as described in Sec. Il. From the analysis of the

sible for the delocalization of the former in hcp WPt matrix d,n,; [see Eq.(5)] it follows that each of the six
orbitals with largest occupation numbers is predominantly
V. LDA +U RESULTS formed by one of th¢3,m;) stategsee Table ) in which we

) ) ) use the notatiofij,m;) for the state with the total momentum
The results of LDA calculationgsee Fig. 1, with U 5f  j and its projectiorm; . Since the states with; =+ 3 and
states forming the huge peak justB¢, contradict drasti- m;= =3 transform according to different irreducible repre-
cally the available experimental data which show that thesentations of th® g, symmetry group the expectation value
electronic states at the Fermi level have relatively low effecof the z projection of the total momentuxij,) calculated for
tlvedmasseg Whereahs the g ggalfges arilocacl)IZEd anbd |SItU- these orbitals is equal tm; . The spin-dependent part of the
ated according to the XP at about 0.7-eV below . : 1 5 .3
. . .exchange-correlation potential couplgs*3) and|3,%3
Er. This discrepancy between the calculations and experl—x g 'on p ! uplgs = ) 2.2

mental data is apparently due to the underestimation of thg'ﬁ;ﬁs ;OfiZ]l-zofl;?[t?ritevgchtiézethsear:omn![rigzttic?ne%?uz(:agstihse
Coulomb repulsion between rather localizedédectrons. In gsp 12

. cuee 5 45
order to account for the electronic correlations in thesell ~ Very small. As for|3,+ 3) states, the local symmetry of the

we calculated the band structure of YResing the modifi- U site allows their mixing not only witH3,=3) but also
cation of the LDA+U approach outlined in Sec. Il with the \yitp 12,%1). However, a substantial contribution df,
averaged Coulomb and exchange integrals being equal to

U=2eVandJ=05evV. TABLE Il. The occupation numbens and the expectation val-

The density of U 5 and & and Pd 4l states calculated - : )
for hep UP h in Ei The Coulomb Isi ues of thez projection of the total {j,)) momentum, spin{s,)),
Orl. cp .Q" are s O\.Nn in Fig. ). The Olﬁlom repu Sllon and angular {I,)) momentum calculated for the local orbitals di-
splits partially occupied U &, states and the LDAU cal- agonalizing the U 5 occupation matrix. The states that provide the

culations give a solution with two localizedf Selectrons.  gominant contribution to the orbitals are listed in the rightmost
These localized b states are situated in the region of Iow column.

DOS above the top of Pdddand form a rather narrow peak
at 0.8 eV belowEg. The position of the peak agrees well n (i) (s,) {,)
with the results of recent resonant PE®ef. 6 and angle-
resolved PES(ARPES measurements.U 5f states just 0-988 ~ 2.497  -0.416 2913 099%,+3)+0.09%,+3)
above the Fermi level are formed by the remaininig, 5  0.982 32 -0.298 1.798 0993, +2)+0.10%,+3)
states whereas the peak of;p states is pushed from its ¢ 152 -2 -0219  -0.281 9g3,— 1)+0.29%, 1)
LDA position at 1-eV abovéE to 2.2 eV. This shift brings 12 0264 0764 n o A 2
the DOS of unoccupied UfSstates to a much better agree- ' 0% 0.983,+3)+0.243,+3)
ment with the BIS spectrum of URavhich has a maximum 0081 -3/2 0212 -1.288 0,933 —$)+0.437,+3)
at~2.6 ev® 0072  -1.947 0375 -2.322 0953 —3)-0.303%,+2)
The orbital character and occupation of the localizedfU 5
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states is found only for the local orbital originating from a angular momenturd=4 is formed by linear combinations
$,— %) state for which(j,)=—1.95 deviates strongly from Of products of allfs, states and results in more or less uni-

the correspondingn; value. The admixture of thil, — 1) form occupation of one-electroh?,*3) states. In the
state to thd$,3) orbital turns out to be very small so that I'; fr;lrftreeS-tFa ?g:'quilgD:: duméflg ;uc;rrl(,a ho?:chsvgc,j t\\llvvr?ic%alr(telgg-s
(jp)=~3% in this case. In the following we will refer to these o (i)5/I2ar os in](124 ) and orbital Ca gm ) magnetic
orbitals by theirm; value. It is worth pointing out that the mom ntg th)h U. %Bm ndi) strongl ' ni Btr ig Cou-
fact that the orbitals which diagonalize thd ®ccupation oments of the L atom angl) strongly anisotropic t.ou
matrix almost coincide with the eigenfunctions joénd j, Iom_b interaction of the remammnggIectrons with the_ oc-
shows the importance of taking into account the nondiagond upied ones. The fact that there exists another solution with

i e =2 =1
in spin terms of the occupation matrix when constructing the"'€ ¢lose total energy with occupieqj =3 andm; =3 states
LDA +U potential. suggests that the “true” ground state should be a superposi-

tion of these two solutions and of another two with—
—m;. If it were possible to construct such a solution then
unoccupied U 5 electrons would feel a much more isotropic
repulsive potential. The effect of a less asymmetric density
of the localized % electrons can be simulated by replacing in
Eq. (2) the matrix element¥) i m: @NAU oy mrm by aver-
aged CoulomhiJ and exchangd integrals, respectively, and
éetting all other matrix elements to zero. In the nonrelativis-
tic limit this would correspond, except for the approximation
to the double-counting term, to the original version of the
LDA +U method proposed in Ref. 32. In this case all unoc-
A peak of U 5 states just above the Fermi level is formed cupied U & elgctrons independently of their angular mo-

i : mentum, experience the same Coulomb repulsion as the lo-
predominantly by 3,+ 3) states withny;,=0.125 andh_1,  calized ones.
=0.152. Two remas|n|ngf5,2 states with mj:_% (N3 DOS curves calculated for hcp UPdising spherically
=0.081) andm;=—3 (n_5,=0.072; not shown in Fig.)3  averagedJ andJ are shown in Figs.(®) and 3d). The main
are shifted to~1-eV aboveEr . This rather large splitting of  effect of this approximation on the electronic structure is that

the unoccupieds,, states is caused by strong anisotropy of : 1 :
. . . . he low n i *3 feel a more r Isiv
the on-site Coulomb interaction because of which the statet e lowest unoccup eb&, 2) states feel a more repulsive

. A : : PDA+U potential. As a result they are shifted further away
having the sammll as the occupied ones experience mUChfrom Er and their contribution to the bands crossing the

stronger repulsion thai’g,i 3) states. _ _ Fermi level decreases.

It should be mentioned that depending on the starting con- The site and orbital resolved densities of state for two
ditionS another Self'ConSiStent LDAU Solution W|th Close inequiva'ent U sites with pseudocubic and hexagona| Sym_
total energy can be obtained for hcp WPdihis solution also  metries calculated for URdn an experimentally observed
results in two localized U b electrons but in this case the dhcp Crysta| structure using Spherica”y averaged Coulomb
occupied states ang,3) and|3,3). The existence of two matrix elements are shown in Fig. 4. Occupied & Sates
almost degenerated solutions can be understood if one cormith m,—=§ and 3 produce almost dispersionless bands at
pares the matrix elements of Coulomb interactldg|j o about—0.8 eV Whic_:h is close to the.binding energy of_one
calculated betweefis;, states with differentn; . The matrix of the bands ascrlbe7td to the localized U Blectrons in
elementsUs, 5pandUsgj, 10 are equal and the energy differ- ARPES measuremen dHowever, in contrast to the experi-
ence is caused not by the on-site Coulomb interaction buf"€Nntal data in which three groups of flat bands separated by
instead by the difference in the hybridization betweems}J ~03 e,V were obseryed, only one bunch df5/§ bands is
and conduction electrons. Also, the lowest unoccupiéd 5found in the calculations. The bands located in the energy

hich is eithdi® L 53\ feels th Coulomb window between the split by the on-site Coulomb interaction
state, which is eithelrz, 3) or|3,2), feels the same Coulom 5fs, states show that the dispersion is very similar to the

repulsion of the localized electrons. dispersion of the bands crossing the Fermi level in dhcp
From Fig. 3 one can notice that[§, = ;) states are situ- ThPd. It is worth mentioning that the Fermi-surface cross

ated very close to the Fermi level and are partially occupiedections obtained from LDA calculations for dhcp ThPe-

due to hybridization with the delocalized states. Unfortu-produce very well those derived from the ARPES

nately, because of the presence of the narrdwpBak just experiment.

aboveEr we could not obtain a stable self-consistent LDA  The above-mentioned self-consistent LBA solutions

+ U solution for dhcp UPg with two inequivalent U atoms are magnetic with a rather large U magnetic moment. This

per unit cell. It seems, however, that the splitting betweercontradicts the experimental data which show that the or-

unoccupied U, states withm; = +1 andm; = —2and3is dered magnetic moment in UPds only 0.0ug per U

overestimated in the LDAU calculations. The arguments atom?® This extremely small U magnetic moment is ex-

for this are the following: the wave function of the ground- plained by the fact that according to a crystalline electric-

state multiplet 6a U ion in anf? configuration with the total field (CEP levels scheme derived from neutron-scattering

An orbital resolved DOS corresponding to the orbitals
with the largest occupation numbers is shown in Fi@).3
From the comparison to UfSDOS shown in the lower panel
one can see that the peak ai0.8 eV is formed by 5g»
states withm, =32 and m; = 3. Their occupation numbers are
ns,=0.988 andh,,=0.982, which corresponds tofa con-
figuration of the U ion. The total 6charge in the U atomic
sphere is, however, equal to 2.881 which is very close to th
LDA value of 2.893. The excessivef charge of 0.9 elec-
trons comes mainly from the “tails” of Pdd!electrons dis-
tributed over the energy range6 to —2 eV.
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dhcp and hep crystal structures. The lattice constants and
sphere radii in these calculations were kept the same as that
for UPd;. The desired composition was obtained by replac-
ing one of the inequivalent Pd atoms with Pt accompanied in
the case of the hcp structure by a lowering of the crystal

symmetry toP6m2. This results in an alloy which consists
of alternating UP¢l and UP% planes, formingabc or abab
sequences along the crystallograpbidirection. Two differ-
ent compounds with the dhcp structure can be produced in
this way. From the comparison of the LDA total energies it
' was found that Pt substitution into the planes containing U
atoms with the hexagonal local symmetry is more favorable
and in the following only this compound will be considered.
The LDA density of U § states in dhcp URGPY, 5 is
similar to that of UP¢d. However, Thf charges calculated for
a reference ThRdPt, s compound show an average increase
of 0.09 electrons as compared to ThPecause of the larger
spatial extent of Pt & states. In UPgl ,Pt, alloys this leads
to increased screening of the localized © éectrons which
is confirmed by LDA+U calculations for dhcp and hcp
UPd, 5Pt 5. These calculations were performed using the
; same valuet) =2.0 eV and]=0.5 eV of the averaged Cou-
............... s lomb and exchange matrix elements as were used for the
-------- | E calculations of UPgldescribed in Sec. V. Figure 5 shows U
i 5f, Pd 4d, and Pt 5 DOS (lower panels together with
orbital resolved DOS projected onto the orbitals with the
dominating contribution of U &, states withm;=3, 3, and
+ 2 (middle and upper panglsComparing these results to
those calculated for dhcp URP@nd presented in Fig. 4 one
} notices a shift of two localized U f5states from—0.8 to
R LN oDy —0.6 eV in dhcp UPgsPt; 5. This shift is apparently caused
5 4 =2 0 2 by stronger screening of the localized states by a part of the
Energy (eV) f-electron density coming from thee“tails,” which increases
due to the larger contribution of extended Rt States. The
FIG. 4. Partial DOS calculated for dhcp UPdsing LDA+U  increased screening manifests itself in a 0.5-eV increase of
method with spherically averagdd andq (Iovyer panel. Orbital g, for U 5f electrons upon Pt substitution. Thefltharge
resolved dgns!ty of b states for two inequivalent U atoms in - aiculated for dhcp URGPY, s is 0.06 of an electron larger
pseudocubidmiddie panel and hexagonalupper panglenviron-  yha 1 that in UPG The excessive charge is provided by the
ment. . . .
small increase of the occupation numbers dfsbates lying
above the Fermi level. These unoccupied states participate in
the augmentation of the “tails” in the energy rangeb to
—2eV and, as a consequence, have nonzero occupation
numbers which sum up to a difference of about 0.9 electrons

~
1
}

U Sty (hex)

0 T =

47T U 515, (cub)

mj=+5/2

34 e - m=+3/2
.............. m

i
-------- i
=-3/2

DOS (states/eV)

experiments the lowest CEF level of théUion in both
hexagonal and quasicubic sites is a sirghethich leads to a
nonmagnetic ground state of UdThe LDA+U is still a
one-electron approximation and cannot fully account for th etween the totd charge in U AS and the sum of the occu-
subtle many-body effects responsible for the small value ot _ 5 s 5 3

the U magnetic moment in URdIt tries to obey the Hund's Pations of localizedz,3) and|3,3) states. _
rules in the only way that it is allowed, i.e., by producing a From the comparison of the left and right panels of Fig. 5
magnetic solution. A possible way to overcome this discrep®n€ can notice that the change of the WER, 5 crystal
ancy between the calculations and the experiment is to forcetructure from dhcp to hep results in an additional shift of the
a nonmagnetic ground state in LBAU calculations as was localized U S, states towardse which places them at
done by Harimaet al. in Refs. 19 and 33. We have verified, @bout—0.4 eV. However, keeping in mind the strong depen-
however, that this leads to an increase of the total energy gieénce of the Fermi-level position on the crystal structure

compared to magnetic calculations. found for both ThP¢ and ThPd Pt 5, it seems better to
associate the change in the relative position of the localized
VI. THE EFFECT OF Pt DOPING U 5fg, states with the downward shift dr caused by

modification of delocalized nofh-states. The width of the
In order to study the effect of Pt doping on the electronicoccupied U 55, states is slightly larger in hcp UPRgPt, 5
structure of UPgl,Pt, alloys we performed LDA and which is probably a consequence of the higher density of
LDA + U calculations for the model UR@Pt; scompound in  delocalized band states in this energy range.
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dhep hep

ipporer 1111

FIG. 5. Partial DOS and orbital resolved den-
sities of U 5, states calculated for URgPY; 5
in dhcp(left panels and hep(right panel$ crystal
structures using the LDAU method with
spherically averagetdd =2 eV andJ=0.5 eV.
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B e

] #Agﬂ%:-._-_:i
?

- - 4 2 0 2
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Substitution of all Pd atoms by Pt leads to a further in-nant PES experimenftsBecause of the larger spatial extent
crease of the THi charge up to 1.061 in hcp ThPtDue to  of the Pt & wave function, an increase in the number of Pt
stronger screening by the density of the “tail”-likeelec-  nearest neighbors surrounding the U atom upon Pt substitu-
trons, the center of gravity of the occupied Wb states in  tion causes a proportional increase of the part-efectron
UPt; obtained from LDA+U calculations is pushed even density at the U site provided by the “tails” of Pd and @t
closer toEg as compared to hcp UPgPt; 5. As a result of — states. The screening of the localized @ $tates by this
the shift the bands originating from (3,2) states start to delocalized density becomes stronger and they shift to higher
cross the Fermi level and these states become only partial§€r9y- The change of the structure from dhcp to hep, which
occupied with the occupation equal to 0.894. This work isCccurs gradually fox between 1 and 2, provokes the in-

not aimed at the description of the heavy fermion behavior of"€@se of the density of band states belb, clearly seen
UPt,%° and we will not go into further details of the calcu- Tom the results of the LDA calculation for ThRd,Pt,, and

lations. a downward shift of the Fermi energy. In the PES experiment
In order to check the extent to which the results of thethiS manifest itself in an additional decrease of the binding

LDA+U calculations depend on the value of we also  €N€rgy of U § electrons. In Fig6 U 5f densities of states
performed calculations with)=2.6 eV andU=4.4 eV ob-  calculated for UPgP_, with x=0, 1.5, and 3 using the
tained from LDA calculations using Slater’s transition stateLPA+U method are compared to the resonant PES spectra
technique as described in Sec. Ill. The uselbf 2.6 eV from Ref. 6._The LDA+U results rgproduce quite well the_
affects the results only slightly. The DOS peak originating®Pserved shift of the U tpeak position towards the Fermi
from occupied 5§ states shifts to lower energies and thelevel with mcregsed Pt content in the alloy. Considering the
agreement with the PES peak position worsens.UA#- caICL_llated density of unoccupled _U States we can suppose
creases to 4.4 eV, occupied U States in UPgimove down  that if the proposed mechanism is correct a shifadJ 5f

to —3-eV belowEr and become much wider because of derived peak away frorg should be observed in BIS spec-
strong hybridization with Pdl states. Unoccupiedfsstates,  tra-

however, shift only 0.5-eV upward and remain “pinned” to

thg Fermi level. Upo.n Pt substit.ution split by, 5f states VII. SUMMARY AND CONCLUSIONS
shift as a whole to higher energies.
Summarizing the results of LDAU calculations, the fol- The relativistic generalization of the LDAU method

lowing scenario seems to provide a plausible explanation fowhich takes into account that in the presence of spin-orbit
the dependence of the binding energy of thedérived peak coupling the occupation matrix of localized electrons is not
in the UPd_,Pt, alloy on the Pt content observed in reso- diagonal in spin indices is used to calculate the electronic
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dhecp

Intensity (arb. units)

Energy (eV)

FIG. 6. The comparison of U f5densities of states calculated
for UPdPt;_, using the LDA+U method to the resonant PES
spectra(dotted lineg from Ref. 6. Densities of states calculated for

hcp and dhep structures are shown by solid and dash-dotted line

respectively.

structure of UPg, one of a few U compounds with localized
5f electrons. In contrast to the LDA, which places W5
bands just at the Fermi level, LDAU calculations with
reasonable values of screened Coulobhs2 eV and ex-
changeJ=0.5 eV integrals give a solution with two local-
ized 5f electrons. The localized Uf5,, states form almost
dispersionless bands at about 0.8-eV belBw in good

agreement with recent resonant PES and ARPES measure-

ments. The remaining Uf3, states form a rather wide peak
centered at about 0.5-eV abofg whereas %, states are
pushed by the on-site Coulomb repulsion+® eV. This
improves significantly the agreement with the YPBIS

PHYSICAL REVIEW B 67, 155103 (2003

f-electron density at the U site originating from the “tails.”
This leads to more effective screening of the localizedfU 5
electrons and to a shift of their energy position to higher
energies. This mechanism, possibly amplified by the shift of
the Fermi level upon the change of the crystal structure,
seems to be responsible for the shift of the ¥ feak to-
wards Ex with increased Pt content observed in resonant
PES experiments.

APPENDIX: VARIATIONAL PRINCIPLE

In order to determine the way in which the LBAU po-
tential acts on the LMTO basis functions we follow a deri-
vation similar to the one given in Ref. 17. The LMTO wave
functions can be written as a one-center expariéion

WaN)= 2 (@l (1) + B, b (1) IYim(T) Xor
(A1)

Wheren is the band indexg,,(r) and ¢, (r,) are the radial
solution of the one-electron equation inside the atomic
sphere centered at a sitend its energy derivative, respec-
tively, and the matricea)<, andbf}< can be expressed in
terms of the eigenvectors obtained from the solution of the
LMTO eigenvalue problem. Then, the diagonal tiand |

index elements of the occupation matrix is given by

* nk nk

— nk * nk
nm(r,m’(r’_zk fnk(almualm’(r’+b|ma'b
n

Im’o’

(o)),
(A2)

where f,,, is the occupation of thenk) state and(¢?)
=[¢?(r)r?dr. Here we have taken into account thay is

spectrum as compared to LDA calculations. _ _normalized to unity inside its sphere and we dropped the site
The dispersion of the bands crossing the Fermi level inndext. In order to use the variational principle it is conve-
the LDA+U calculations resembles strongly that within the pient to rewrite Eq(A2) as

LDA for ThPd; which suggests that the Fermi surface of
ThPd;, derived from LDA calculations can provide quite a
reasonable approximation to the Fermi surface of {JPd
Also, comparing the band structures of YRohd ThPd one
notes that U % states are situated in the region of a very low
DOS, well above the top of Pddstates. This seems to cause
their localized nature.

The comparison of the band structures and densities of
states calculated for ThRdn pseudocubic, dhcp, and hcp
crystal structures shows that the states in the vicinit§ pf U ede: . .
and the position of the Fermi level itself are rather sensitivel "€ termE~—E™ in the total-energy functional defined by
to the crystal structure. The increase of the DOS found foEQ- (1) give rise to the appearance of an additional term in
the hcp structure can be one of the reasons for partial deldh® Kohn-Sham equations,
calization of U 5 electrons in UPgl_ ,Pt, alloys with high Pt

Nmem/ o' = % fnk <¢vIYImX(r|Wnk><Wnk| ¢v|Y|m’X0">

1 . .
+®<¢V|Y|mXU|\I’nk><\Pnkl¢V|Y|m’XU’> .

(A3)

content. They undergo a dhcp-to-hcp structural transition at S(EY—E%) 5n(rm1'0,m2
large x. — = 2 omy o' m, T (Ad)
The analysis of thé charges in Th and U atomic spheres owy om0’ my )

shows that about 0.9 of the total of 2.8lectrons in U comes . . ] o

from the “tails” of Pd 4d states as a result of their decom- WhereV,n, ,m, is obtained by taking the derivative of Egs.
position inside U AS. Substitution of Pd atoms by Pt with (2) and (3) with respect to the elements of the occupation
more extended & states results in an increase on the part ofmatrix. Finally, using Eq(A3) one can write
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on

O'ml,o’mz 1 . .
P =[ |¢V|Y|m2Xo'><¢V|Y|m1XU|+%|¢V|Y|m2Xa'><¢y|Yllea|)]‘I’n- (A5)

Equations(A4) and (A5) specify the way in which the additional LDAU potential acts on the projections of the wave
function ', onto [Ima) subspace.

*Electronic address: yaresko@cpfs.mpg.de 16A. 1. Liechtenstein, V. I. Anisimov, and J. Zaanen, Phys. Rev. B
TPermanent address: Institute of Metal Physics, Vernadskii Street, 52, R5467(1995.
03142 Kiev, Ukraine. 7A. B. Shick, A. I. Liechtenstein, and W. E. Pickett, Phys. Rev. B
1K. Anders, D. Davidov, P. Dernier, F. Hsu, W. Reed, and G. Nieu- 60, 10 763(1999.

wenhuys, Solid State CommuR8, 405(1978. 18], V. Solovyev, A. I. Liechtenstein, and K. Terakura, Phys. Rev.
M. Bull, K. McEwen, R. Osborn, and R. Eccleston, Physica B Lett. 80, 5758(1998.

224, 175(1996 194, Harima, J. Magn. Magn. Mate226-23Q 83 (2001).

! ’ 20 ;

3N. Shamir, M. Melamud, H. Shaked, and M. Weger, Physica B & - ZWwicknagl, A. N. Yaresko, and P. Fulde, Phys. Rev68

C 94, 225(1978. 081103(2002.

4S. Yun, H. Sugawara, J. Itoh, M. Takashita, T. Ebihara, N-zzg i?lzle?;fnebx\"!'a;n; gtagocé)(;?tlag?g& 494 (1953.

Kimura, P. Svoboda, R. Settai, Y. Onuki, and H. Sato, J. Phy523v'v Nemos,hkalzlan.ko A E' Krasovskii ’ V. N. Antonov. V. N
5 Soc. Jpn63, 1518(1994. . Antonov, U. Fleck, H. Wonn, and P. Ziesche, Phys. Status Solidi
W. Ubachs, A. van Deursen, A. de Vroomen, and A. Arko, Solid B 120, 283 (1983
, State Commun60, 7 (1986. 244, von Barth and L. Hedin, J. Phys. & 1629(1972.
J. W. Allen, J. D. Denlinger, Y. X. Zhang, G.-H. Gweon, S. H. 25p E. Biachl, O. Jepsen, and O. K. Andersen, Phys. RevdB
Yang, S.-J. Oh, E.-J. Cho, W. P. Ellis, D. A. Gajewski, R. Chau, 16 223(1994).

and M. B. Maple, Physica 281-282 725(2000. 26y, 1. Anisimov and O. Gunnarsson, Phys. Revd8 7570(1997).
T. Ito, H. Kumigashira, S. Souma, T. Takahashi, Y. Tokiwa, Y. 27p H_ Dederichs, S. Blyel, R. Zeller, and H. Akai, Phys. Rev.

Haga, and Y. Onuki, Physica 812-313 653 (2002. Lett. 53, 2512(1984).
8Y. Baer, H. Ott, and K. Anders, Solid State Comm@6, 387 28D van der Marel and G. A. Sawatzky, Phys. Rev3B 10 674
(1980. (1988.
9T, Nautiyal, S. Auluck, P. Blaha, and C. Ambrosch-Draxl, Phys.?°N. Sato, N. Aso, K. Miyake, R. Shiina, P. Thalmeier, G. Varelo-
Rev. B62, 15 547(2000. giannis, C. Geibel, F. Steglich, P. Fulde, and T. Komatsubara,
100, Eriksson, B. Johansson, M. S. S. Brooks, and H. L. Skriver, Nature(London 410, 340 (2001).
Phys. Rev. B38, 12 858(1988. 30K. McEwen, W. Stirling, C. Loong, G. Lander, and D. Fort, J.
1T, Oguchi and A. Freeman, J. Magn. Magn. Matéf, 233 Magn. Magn. Mater76-77, 426 (1988.
(1986. 3IA. J. Arko, D. D. Koelling, B. D. Dunlap, A. W. Mitchell, C.
2M. Norman, T. Oguchi, and A. Freeman, J. Magn. Magn. Mater. ~ Capasso, and M. del Giudice, J. Appl. Ph§8, 3680(1988.
69, 27 (1987). 32\ 1. Anisimov, J. Zaanen, and O. K. Andersen, Phys. Re¥4B
BBL. Petit, A. Svane, W. M. Temmerman, and Z. Szotek, Phys. Rev. 943 (1991).
Lett. 88, 216403(2002. 33Y. Tokiwa, K. Sugiyama, T. Takeuchi, M. Nakashima, R. Settai,
14V 1. Anisimov, I. V. Solovyev, M. A. Korotin, M. T. Czygk, and Y. Inada, Y. Haga, E. Yamamoto, K. Kindo, H. Harima, and Y.
G. A. Sawatzky, Phys. Rev. B8, 16 929(1993. Onuki, J. Phys. Soc. Jpi0, 1731(2002.
M. T. Czyzk and G. A. Sawatzky, Phys. Rev. 89, 14211  34W. J. L. Buyers, A. F. Murray, T. M. Holden, and E. C. Svensson,
(1994. Physica B & C102, 291(1980.

155103-10



