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Localized U 5f electrons in UPd3 from LDA ¿U calculations
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A generalization of the local-density approximation1 U (LDA1U) 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 UPd3 and UPd1.5Pt1.5. For both compounds LDA1U
calculations give a solution with two localized U 5f electrons. Their energy position agrees well with the
binding energy of a U 5f peak observed in photoemission experiments. The calculations also reproduce the
shift of the peak position toward the Fermi level upon Pt substitution. The LDA1U results are compared to the
results of LDA calculations for ThPd3 and ThPd1.5Pt1.5 and their dependence on the crystal structure is ana-
lyzed.
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I. INTRODUCTION

An interest in uranium compounds has recently been
newed, especially after the discovery of such unusual eff
as heavy fermion superconductivity and coexistence of
perconductivity and magnetism. To a large extent co
pounds exhibit a rich variety of properties because of
complex behavior of 5f electrons, which is intermediate be
tween the itinerant behavior of 3d electrons in transition
metals and the localized behavior of 4f electrons in rare-
earth compounds. The dual character of 5f electrons in ad-
dition to the presence of strong spin-orbit~SO! coupling
make the determination of the electronic structure of U co
pounds a challenging task because in many of them
width of 5f bands, their spin-orbit splitting, and the on-s
Coulomb repulsion in the partially filled 5f shell are of the
same order of magnitude and should be taken into acc
on the same footing.

UPd3 is the only uranium-based intermetallic compou
in which 5f electrons are known to be localized, as det
mined by low-temperature specific heat1 and inelastic neu-
tron scattering2,3 data. This is also confirmed by de Haas-v
Alpern ~dHvA! measurements4,5 in which no orbits with
heavy effective masses were found. According to photoem
sion spectroscopy~PES! experiments6–8 localized U 5f elec-
trons form a peak at a binding energy of about20.8 eV and
there is no 5f spectral weight at the Fermi level. The stud
of the electronic structure of UPd3 is interesting not only
because of the localized character of 5f electrons but also
because it can help to understand the intriguing propertie
an isoelectronic uranium compound UPt3, which exhibits a
heavy fermion behavior and becomes superconducting at
temperatures. In U(Pd12xPtx)3 alloys U 5f electrons remain
localized forx smaller than 0.9 whereas a heavy quasipart
peak develops at larger Pt concentrations. PES experime6

show that the U 5f peak shifts to higher energies with th
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-
ts
u-
-
e

-
e

nt

-

s-

of

w

e
ts

increase of Pt content and atx.0.9 a second peak is forme
just below the Fermi level (EF), indicating that 5f spectral
weight appears atEF . To out knowledge, the shift of the U
5 f peak position is not yet understood.

The calculations of the electronic structure of UPd3 per-
formed using the local-density approximation~LDA ! either
for the experimentally observed double hcp~dhcp! or for fcc
crystal structures9–11 place partially occupied U 5f states ex-
actly at the Fermi level and, thus, disagree qualitatively w
the experimental data. Compared to the experimental va
calculated cyclotron masses and the coefficient of the e
tronic specific heat are too high. On the other hand, a r
sonably good agreement between calculated and experim
tal angular dependence of dHvA frequencies is found in R
12 in which two U 5f electrons were treated as core stat
Recently, the electronic structure of UPd3 has been calcu-
lated using self-interaction corrected local spin-density
proximation ~LSDA! and a solution with two localized 5f
electrons has been found.13

The aim of the present work is to study the effect of t
Coulomb repulsion in the U 5f shell on the electronic struc
ture of UPd3 and UPd32xPtx . This is achieved by using the
LDA1U method14–17 which has been successfully applie
to study the electronic structure of many compounds w
strongly correlated 3d and 4f electrons. In the conventiona
LDA1U scheme it is usually supposed that the spin is
good quantum number and the occupation matrix of the
calized electrons is diagonal in spin indexes. This appro
mation is justified for 3d and to a less extent 4f compounds,
in which the spin-orbit coupling is rather strong but st
much weaker than the on-site Coulomb repulsion. In the c
of uranium compounds, however, the relativistic effects
of the same order of magnitude as the Coulomb interac
and the occupation matrix of localized electrons becom
nondiagonal in spin indices which should be taken into
count when constructing the LDA1U potential.18,19 Evi-
©2003 The American Physical Society03-1
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dently, LDA1U is too crude an approximation to describ
the heavy fermion behavior of UPt3 and we will not discuss
it in the present work. Instead we refer to Ref. 20.

The paper is organized as follows. In Sec. II we pres
the generalization of the LDA1U method regarding the cas
of compounds with strong spin-orbit coupling. The details
the calculations are given in Sec. III. The results of the LD
calculations of the electronic structure of UPd3 in different
crystal structures are described in Sec. IV. They are a
compared to the results calculated for ThPd3. In Sec. V we
present the LDA1U band structure of UPd3. The effects of
Pt substitution are studied in Sec. VI and a summary is gi
in Sec. VII.

II. ‘‘RELATIVISTIC’’ LDA ¿U METHOD

In order to account better for strong correlations in t
partially filled d or f shell, in the LDA1U method14–17 a
new total-energy functional is introduced,

ELDA1U~r,n̂!5EL(S)DA~r!1EU~ n̂!2Edc~ n̂!, ~1!

whereEL(S)DA(r) is the LSDA@or LDA ~Ref. 14!# functional
of the total electron-spin densities,EU(n̂) is the electron-
electron interaction energy of the localized electrons, a
Edc(n̂) is the so-called ‘‘double-counting’’ term that approx
mately cancels a part of an electron-electron energy whic
already included inELDA. The last two terms are functions o
the occupation matrixn̂ of the local orbitals$fms%. In the
conventional LDA1U method the localized orbitals are la
beled by their spins and azimuthalm quantum numbers an
it is usually assumed that the occupation matrixn̂5nm,m8

s is
diagonal in spin indicess. The assumption that the occup
tion matrix is diagonal ins is, however, no longer valid fo
compounds containing heavy 4f or 5f elements because
relatively strong SO coupling in thef shell intermixes
majority- and minority-spin states. Then, in the basis of lo
orbitals u lms& the occupation matrix for anl channel be-
comesnsm,s8m8 and additional exchange terms between n
diagonal ins elements of the occupation matrix appear
the expression forEU(n̂),18,19

EU5
1

2 (
s,s8,$m%

~nsm1 ,sm2
Um1m2m3m4

ns8m3 ,s8m4

2nsm1 ,s8m2
Um1m4m3m2

ns8m3 ,sm4
!, ~2!

whereUm1m2m3m4
are the matrix elements of screened on-s

Coulomb interaction.
For the double-counting term we adopted the express

proposed in Ref. 15

Edc5
1

2
Un~n21!2

1

2
J(

s
ns~ns21!, ~3!

wherens is the number of localized electrons with the sp
s given by a partial trace of the occupation matrixns

5(mnsm,sm , n5n↑1n↓ , andU andJ are averaged on-sit
Coulomb and exchange integrals, respectively.14
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Because of the termEU2Edc in Eq. ~1! the effective one-
electron potential acquires an additional orbital-depend
contribution Vsm1 ,s8m2

. The Appendix shows the way in

which the matrix elements ofVsm1 ,s8m2
enter the Hamil-

tonian of the linear-muffin-tin orbitals~LMTO! method.
To analyze the results of LDA1U calculations based on

Eqs. ~1!–~3! it is helpful to consider the density of state
~DOS! projected onto new local orbitals,

u l i &5(
s,m

u lms&dsm,i , ~4!

where the matrixdsm,i diagonalizes the occupation matr
for the l shell so that

(
sm

(
s8m8

dsm,i* nsm,s8m8ds8m8, j5d i j ni . ~5!

In this representation the occupation matrix is diagonal a
the eigenvaluesni represent orbital occupation numbers f
the u l i & local orbitals.

The ‘‘relativistic’’ generalization of the LDA1U method
outlined above is formulated in terms of the occupation m
trix nondiagonal in spin indices and can be used to acco
for the effects of strong electronic correlations betweenf
electrons in U compounds in which the value of the scree
Coulomb integralU(;2 eV) is of the same order as the S
coupling strength.

III. COMPUTATIONAL DETAILS

UPd3 crystallizes in the hexagonal~dhcp! TiNi3 type
structure with theP63 /mmc ~No. 194! space group.21 Each
of two inequivalent U atoms occupying pseudocub
2a(D3d) and hexagonal 2c (D3h) positions is surrounded by
12 Pd atoms, six of them being situated in the same
another six in the adjacent UPd3 planes. The UPd3 planes
form a abac sequence in thec direction. The calculations
were also performed for hcp and pseudocubic fcc-deri
crystal structures withabab and abc stacking of UPd3
planes, respectively. In these calculations the in-plane lat
constant and interplane spacing were kept the same as in
original dhcp structure, which required the application o
small trigonal distortion to the fcc structure.

The calculations were performed for the experimenta
observed lattice constantsa55.769 Å andc59.640 Å using
the LMTO method22 in the atomic sphere approximatio
~ASA! with the combined correction term taken into accou
The radii of U and Pd atomic spheres~AS! were chosen to be
equal to 3.3794 and 2.9019 a.u., respectively. The LM
basis functions were constructed by solving the scalar r
tivistic radial equation and the matrix elements of the sp
orbit interaction were included in the Hamiltonian matrix
the variational step. To check the validity of this approxim
tion the LDA band structure was compared to that calcula
with the fully relativistic LMTO method.23

We used the von Barth–Hedin parametrization24 for the
exchange-correlation potential. Brillouin-zone integratio
were performed using the improved tetrahedron method.25
3-2
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LOCALIZED U 5 f ELECTRONS IN UPd3 FROM LDA1U . . . PHYSICAL REVIEW B67, 155103 ~2003!
Screened CoulombU and exchangeJ integrals enter the
LDA1U energy functional as external parameters and h
to be determined independently. In principle, their values
be obtained from LDA calculations using Slater’s transiti
state approach as described in Ref. 26. For UPd3 with the
specified above AS radii such calculations, in which anf 2

configuration of the U ion is assumed and the hoppings off
states to all other states are suppressed, give the valu
U54.4 eV andJ50.5 eV. The same value ofU was also
obtained from constrained LDA calculations using t
scheme proposed in Ref. 27. This value of averaged C
lomb interaction is significantly higher thenU of '2 eV
estimated from x-ray photoemission spectroscopy~XPS! and
bremsstrahlung isochromat spectroscopy~BIS! experiments8

and those extracted from optical data for various U ions
Ref. 28. If, however, in the transition state calculations u
occupied U 5f states are kept in the basis and allowed
take part in the screening the value ofU decreases to 2.6 eV
Because of the screening by two corelike U 5f electrons 5f
derived bands are found well above the Fermi level in t
case. As, according to the transition state procedure,
number of the former is varied the latter remain aboveEF
but their energy position changes. As a result the U 5f con-
tribution to the wave functions of the occupied states form
predominantly by Pd 4d electrons also changes and th
change off-electron density in U atomic spheres provid
additional screening of the corelike U 5f electrons. In order
to model the conditions which occur in LDA1U calcula-
tions, U of 4.4 eV was applied to the unoccupiedf states.
Then, the calculations were repeated until ‘‘self-consisten
in U was achieved withU obtained on the previous ste
acting on the unoccupied states. The exchange integralJ was
not affected by the additional screening. This procedure
plies that U 5f states can be subdivided into localized a
delocalized ones. Recently, such a possibility has b
widely discussed in connection with another U intermeta
compound UPd2Al3 which displays both pronounced loca
moment and heavy-mass itinerant behavior.29 Of course,
there is no experimental evidence that some U 5f electrons
in UPd3 are delocalized and the results of the abo
mentioned calculations using Slater’s transition state
proach should only be considered as an indication that
screening of localized U 5f electrons by delocalizedf den-
sity can bring the calculated value ofU54.4 eV closer to the
value of 2 eV derived from photoemission experimen
Since in this work we focus our attention on comparis
with PES spectra we present in the following sections LD
1U results calculated forU52 eV derived from XPS mea
surements andJ50.5 eV.

In order to determineUm1m2m3m4
we first calculated the

ratios F4/F2 and F6/F4 of Slater’s integrals directly using
the radial solutionfn(r ) of the Schro¨dinger equation for 5f
electrons. Then, these ratios were fixed andF2, F4, andF6

themselves were determined from the well-known expr
sion for the averageJ in terms of Slater’s integrals.28

IV. LDA RESULTS

The LDA band structures calculated for UPd3 in different
crystal structures agree well with the results of previo
15510
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calculations.9–11 Figure 1 showsl projected densities of U
and Pd states calculated for dhcp UPd3. The occupied part of
the valence band is formed predominantly by Pd 4d states.
The characteristic feature of the LDA band structure is
narrow peak of U 5f 5/2 states situated just at the Fermi lev
1.5-eV above the top of Pd 4d states. U 5f 7/2 states are split
off by strong SO coupling and form another narrow pe
1-eV aboveEF . It is important to note that U 5f states are
situated in a low DOS region between Pd 4d and U 6d
states11,10 and hybridize only weakly with the former. Be
cause of this weak hybridization the width of the U 5f 5/2 and
5 f 7/2 peaks is;0.5 eV which is smaller than both the S
splitting and the value of their on-site Coulomb repulsi
U52 eV derived from XPS and BIS spectra.8 LDA calcula-
tions performed for UPd3 in fcc and hcp structures also plac
the U 5f 5/2 states just atEF , the width of the peak being
almost the same as for dhcp UPd3. It seems that from the
LDA point of view the localized behavior of Uf electrons in
UPd3 is mainly caused by their very peculiar energy positi
which results in the weak hybridization with other condu
tion states.

The calculated occupation of U 5f states ~2.924 for
pseudocubic and 2.955 for hexagonal sites; see Table! is

FIG. 1. Partial DOS for Pd and two inequivalent pseudocu
(D3d) and hexagonal (D3h) U sites calculated within the LDA for
UPd3.
3-3
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significantly larger than one would expect for a U ion with
an f 2 configuration. From Fig. 1 one can notice, howev
that apart from the two peaks of U 5f states atEF there is a
significant U 5f contribution to the DOS in the energy rang
between26 and22 eV which shows an energy dependen
similar to that of Pd 4d DOS. These states are apparently t
so-called ‘‘tails’’ of Pd 4d states and arise as a result of t
decomposition of the wave function centered at Pd ato
inside U atomic spheres. It is worth recalling that in AS
based calculations partial charges are defined as integra
electron density over the volume of the AS surrounding
atom. In order to estimate the share of the Pd 4d ‘‘tails’’ in
the calculated U 5f charges we performed calculations of t
electronic structure of a model ThPd3 compound keeping the
lattice parameters and atomic sphere radii the same as
UPd3. The band structure of ThPd3 seems to provide a rea
sonable approximation for that of UPd3 with two localized
5 f electrons because the Th atom has two valence elect
less than U and Th 5f states in ThPd3 are aboveEF .

Calculated Th and U partial charges are summarized
Table I and the densities of Th 4d and 5f and Pd 4d states
calculated for ThPd3 in distorted fcc, dhcp, and hcp cryst
structures are shown in Fig. 2. Note that Pd 4d DOS is
multiplied by a factor of 0.5 and its scale is shown at t
right-hand side of Fig. 2. The energies are given with resp
to the muffin-tin zero. For all three structures the peak
atomiclike Th 5f states appears aboveEF whereas the occu
pied Th states off character are the above-mentioned ‘‘tail
of predominantly Pd 4d states. Nevertheless, they sum up
give the 5f occupation of 0.9 electrons inside the Th sphe
most of it acquired in the energy range below 8 eV, cor
sponding to the top of Pd 4d DOS. It is interesting to note
that the difference betweenf charges in U and Th spheres
only slightly larger than 2, i.e., the occupied part of the
5 f 5/2 peak found atEF in UPd3 contains exactly the numbe
of 5f electrons which, according to available experimen
data, is supposed to be localized.

Comparing the DOS curves calculated for different str
tural modifications of ThPd3 one can note that the stronge
changes are observed in the low DOS region lying above
top of Pd 4d and below the steep slope of unoccupi
‘‘atomiclike’’ Th 5 f states. Because of the low DOS in th
energy range the position of the Fermi level is found to
very sensitive to the crystal structure. When going from
to dhcp,EF shifts downward by as much as20.73 eV and
the transition from dhcp to hcp causes a further shift
20.31 eV. A structure consisting of a mixture of dhcp a
hcp phases was experimentally determined in a UPd32xPtx

TABLE I. The comparison ofd and f charges in U and Th
atomic spheres calculated for UPd3 and ThPd3 in different crystal
structures.

Structure Thd Th f U d U f U f 2 Th f

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
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alloy for 1.0,x,2.0 which then becomes hcp forx.2.0.6,30

We can speculate that the shift of the U 5f peak observed in
resonant photoemission experiments on UPd32xPtx ~Refs. 31
and 6! can be partially caused by different positions of t
Fermi level in the hcp and dhcp phases. However, t
change of theEF position is not sufficient to account for th
whole shift, nor can the shift of the U 5f peak forx,1.0 be
explained where the alloy has dhcp structure.

The lowest DOS in the energy range 8–10 eV is found
the fcc structure. The density of Th 6d states increases in th
dhcp one and, finally, a peak of Th 6d states develops at 8.
eV in hcp ThPd3. These changes of DOS are reflected in
small increase of the Th 6d charge~see Table I!. The density
of 5f ‘‘tails’’ in the vicinity of the Fermi level also increase
upon a transition from the dhcp to the hcp structure. This

FIG. 2. LDA partial DOS of calculated for ThPd3 in different
crystal structures.
3-4
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FIG. 3. U 5f DOS projected
onto the states which diagonaliz
the 5f occupation matrix~a! and
~b! and the U and Pd partial DOS
~c! and ~d! calculated for hcp
UPd3 using the LDA1U method.
DOS curves in~a! and~c! are cal-
culated with nonspherical correc
tions to Coulomb matrix elements
whereas those in~b! and ~d! are
calculated with averagedU andJ.
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lead to an increase of the hybridization between the locali
5 f and conduction electrons and may therefore be resp
sible for the delocalization of the former in hcp UPt3.

V. LDA¿U RESULTS

The results of LDA calculations~see Fig. 1!, with U 5f
states forming the huge peak just atEF , contradict drasti-
cally the available experimental data which show that
electronic states at the Fermi level have relatively low eff
tive masses whereas the U 5f states are localized and situ
ated according to the XPS data6,31 at about 0.7-eV below
EF . This discrepancy between the calculations and exp
mental data is apparently due to the underestimation of
Coulomb repulsion between rather localized 5f electrons. In
order to account for the electronic correlations in the 5f shell
we calculated the band structure of UPd3 using the modifi-
cation of the LDA1U approach outlined in Sec. II with th
averaged Coulomb and exchange integrals being equa
U52 eV andJ50.5 eV.

The density of U 5f and 6d and Pd 4d states calculated
for hcp UPd3 are shown in Fig. 3~c!. The Coulomb repulsion
splits partially occupied U 5f 5/2 states and the LDA1U cal-
culations give a solution with two localized 5f electrons.
These localized 5f states are situated in the region of lo
DOS above the top of Pd 4d and form a rather narrow pea
at 0.8 eV belowEF . The position of the peak agrees we
with the results of recent resonant PES~Ref. 6! and angle-
resolved PES~ARPES! measurements.7 U 5 f states just
above the Fermi level are formed by the remaining 5f 5/2
states whereas the peak of 5f 7/2 states is pushed from it
LDA position at 1-eV aboveEF to 2.2 eV. This shift brings
the DOS of unoccupied U 5f states to a much better agre
ment with the BIS spectrum of UPd3 which has a maximum
at ;2.6 eV.8

The orbital character and occupation of the localized Uf
15510
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states can be determined by diagonalization of the 5f occu-
pation matrix as described in Sec. II. From the analysis of
matrix dsm,i @see Eq.~5!# it follows that each of the six
orbitals with largest occupation numbers is predominan

formed by one of theu 5
2 ,mj& states~see Table II! in which we

use the notationu j ,mj& for the state with the total momentum
j and its projectionmj . Since the states withmj56 1

2 and
mj56 3

2 transform according to different irreducible repr
sentations of theD3h symmetry group the expectation valu
of thez projection of the total momentum̂j z& calculated for
these orbitals is equal tomj . The spin-dependent part of th

exchange-correlation potential couplesu 5
2 ,6 1

2 & and u 5
2 ,6 3

2 &
states tof 7/2 states with the samemj but because of the
strong spin-orbit interaction the contribution off 7/2 states is

very small. As foru 5
2 ,6 5

2 & states, the local symmetry of th

U site allows their mixing not only withu 7
2 ,6 5

2 & but also

with u 7
2 ,7 7

2 &. However, a substantial contribution off 7/2

TABLE II. The occupation numbersn and the expectation val
ues of thez projection of the total (̂j z&) momentum, spin (̂sz&),
and angular (̂l z&) momentum calculated for the local orbitals d
agonalizing the U 5f occupation matrix. The states that provide t
dominant contribution to the orbitals are listed in the rightmo
column.

n ^ j z& ^sz& ^ l z&

0.988 2.497 -0.416 2.913 0.99u 5
2 ,1 5

2 &10.09u 7
2 ,1 5

2 &
0.982 3/2 -0.298 1.798 0.99u 5

2 ,1 3
2 &10.10u 7

2 ,1 3
2 &

0.152 -1/2 -0.219 -0.281 0.96u 5
2 ,2 1

2 &10.29u 7
2 ,2 1

2 &
0.125 1/2 -0.264 0.764 0.98u 5

2 ,1 1
2 &10.21u 7

2 ,1 1
2 &

0.081 -3/2 -0.212 -1.288 0.91u 5
2 ,2 3

2 &10.43u 7
2 ,1 3

2 &
0.072 -1.947 0.375 -2.322 0.95u 5

2 ,2 5
2 &20.30u 7

2 ,1 7
2 &
3-5
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states is found only for the local orbital originating from

u 5
2 ,2 5

2 & state for whicĥ j z&521.95 deviates strongly from

the correspondingmj value. The admixture of theu 7
2 ,2 7

2 &

state to theu 5
2 , 5

2 & orbital turns out to be very small so tha
^ j z&'

5
2 in this case. In the following we will refer to thes

orbitals by theirmj value. It is worth pointing out that the
fact that the orbitals which diagonalize the 5f occupation
matrix almost coincide with the eigenfunctions ofj and j z
shows the importance of taking into account the nondiago
in spin terms of the occupation matrix when constructing
LDA1U potential.

An orbital resolved DOS corresponding to the orbita
with the largest occupation numbers is shown in Fig. 3~a!.
From the comparison to U 5f DOS shown in the lower pane
one can see that the peak at20.8 eV is formed by 5f 5/2
states withmj5

5
2 andmj5

3
2 . Their occupation numbers ar

n5/250.988 andn3/250.982, which corresponds to af 2 con-
figuration of the U ion. The total 5f charge in the U atomic
sphere is, however, equal to 2.881 which is very close to
LDA value of 2.893. The excessive 5f charge of 0.9 elec-
trons comes mainly from the ‘‘tails’’ of Pd 4d electrons dis-
tributed over the energy range26 to 22 eV.

A peak of U 5f states just above the Fermi level is form

predominantly byu 5
2 ,6 1

2 & states withn1/250.125 andn21/2

50.152. Two remainingf 5/2 states with mj52 3
2 (n23/2

50.081) andmj52 5
2 (n25/250.072; not shown in Fig. 3!

are shifted to;1-eV aboveEF . This rather large splitting of
the unoccupiedf 5/2 states is caused by strong anisotropy
the on-site Coulomb interaction because of which the st
having the sameumj u as the occupied ones experience mu

stronger repulsion thanu 5
2 ,6 1

2 & states.
It should be mentioned that depending on the starting c

ditions another self-consistent LDA1U solution with close
total energy can be obtained for hcp UPd3. This solution also
results in two localized U 5f electrons but in this case th

occupied states areu 5
2 , 5

2 & and u 5
2 , 1

2 &. The existence of two
almost degenerated solutions can be understood if one c
pares the matrix elements of Coulomb interactionUmj ,m

j8

calculated betweenf 5/2 states with differentmj . The matrix
elementsU5/2,3/2 andU5/2,1/2 are equal and the energy diffe
ence is caused not by the on-site Coulomb interaction
instead by the difference in the hybridization between Uf 5/2
and conduction electrons. Also, the lowest unoccupiedf

state, which is eitheru 5
2 , 1

2 & or u 5
2 , 3

2 &, feels the same Coulom
repulsion of the localized electrons.

From Fig. 3 one can notice that Uu 5
2 ,6 1

2 & states are situ-
ated very close to the Fermi level and are partially occup
due to hybridization with the delocalized states. Unfor
nately, because of the presence of the narrow 5f peak just
aboveEF we could not obtain a stable self-consistent LD
1U solution for dhcp UPd3 with two inequivalent U atoms
per unit cell. It seems, however, that the splitting betwe
unoccupied Uf 5/2 states withmj56 1

2 andmj52 3
2 and 5

2 is
overestimated in the LDA1U calculations. The argument
for this are the following: the wave function of the groun
state multiplet of a U ion in anf 2 configuration with the total
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angular momentumJ54 is formed by linear combination
of products of allf 5/2 states and results in more or less un

form occupation of one-electronu 5
2 ,6 1

2 & states. In the
Hartree-Fock-like LDA1U solution, however, two particu
lar f 5/2 states (mj5

5
2 andmj5

3
2 ) are occupied which lead

to ~i! large spin (1.45mB) and orbital (24.33mB) magnetic
moments of the U atom and~ii ! strongly anisotropic Cou-
lomb interaction of the remaining 5f electrons with the oc-
cupied ones. The fact that there exists another solution w
the close total energy with occupiedmj5

5
2 andmj5

1
2 states

suggests that the ‘‘true’’ ground state should be a superp
tion of these two solutions and of another two withmj→
2mj . If it were possible to construct such a solution th
unoccupied U 5f electrons would feel a much more isotrop
repulsive potential. The effect of a less asymmetric den
of the localized 5f electrons can be simulated by replacing
Eq. ~2! the matrix elementsUmmm8m8 andUmm8m8m by aver-
aged CoulombU and exchangeJ integrals, respectively, and
setting all other matrix elements to zero. In the nonrelativ
tic limit this would correspond, except for the approximatio
to the double-counting term, to the original version of t
LDA1U method proposed in Ref. 32. In this case all uno
cupied U 5f electrons independently of their angular m
mentum, experience the same Coulomb repulsion as the
calized ones.

DOS curves calculated for hcp UPd3 using spherically
averagedU andJ are shown in Figs. 3~b! and 3~d!. The main
effect of this approximation on the electronic structure is t

the lowest unoccupiedu 5
2 ,6 1

2 & states feel a more repulsiv
LDA1U potential. As a result they are shifted further aw
from EF and their contribution to the bands crossing t
Fermi level decreases.

The site and orbital resolved densities of state for t
inequivalent U sites with pseudocubic and hexagonal sy
metries calculated for UPd3 in an experimentally observe
dhcp crystal structure using spherically averaged Coulo
matrix elements are shown in Fig. 4. Occupied U 5f states
with mj5

5
2 and 3

2 produce almost dispersionless bands
about20.8 eV which is close to the binding energy of on
of the bands ascribed to the localized U 5f electrons in
ARPES measurements.7 However, in contrast to the exper
mental data in which three groups of flat bands separated
;0.3 eV were observed, only one bunch of 5f 5/2 bands is
found in the calculations. The bands located in the ene
window between the split by the on-site Coulomb interact
5 f 5/2 states show that the dispersion is very similar to
dispersion of the bands crossing the Fermi level in dh
ThPd3. It is worth mentioning that the Fermi-surface cro
sections obtained from LDA calculations for dhcp ThPd3 re-
produce very well those derived from the ARPE
experiment.7

The above-mentioned self-consistent LDA1U solutions
are magnetic with a rather large U magnetic moment. T
contradicts the experimental data which show that the
dered magnetic moment in UPd3 is only 0.01mB per U
atom.33 This extremely small U magnetic moment is e
plained by the fact that according to a crystalline electr
field ~CEF! levels scheme derived from neutron-scatteri
3-6
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experiments the lowest CEF level of the U41 ion in both
hexagonal and quasicubic sites is a singlet34 which leads to a
nonmagnetic ground state of UPd3. The LDA1U is still a
one-electron approximation and cannot fully account for
subtle many-body effects responsible for the small value
the U magnetic moment in UPd3. It tries to obey the Hund’s
rules in the only way that it is allowed, i.e., by producing
magnetic solution. A possible way to overcome this discr
ancy between the calculations and the experiment is to fo
a nonmagnetic ground state in LDA1U calculations as was
done by Harimaet al. in Refs. 19 and 33. We have verified
however, that this leads to an increase of the total energ
compared to magnetic calculations.

VI. THE EFFECT OF Pt DOPING

In order to study the effect of Pt doping on the electro
structure of UPd32xPtx alloys we performed LDA and
LDA1U calculations for the model UPd1.5Pt1.5 compound in

FIG. 4. Partial DOS calculated for dhcp UPd3 using LDA1U
method with spherically averagedU and J ~lower panel!. Orbital
resolved density of 5f states for two inequivalent U atoms i
pseudocubic~middle panel! and hexagonal~upper panel! environ-
ment.
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dhcp and hcp crystal structures. The lattice constants
sphere radii in these calculations were kept the same as
for UPd3. The desired composition was obtained by repla
ing one of the inequivalent Pd atoms with Pt accompanied
the case of the hcp structure by a lowering of the crys

symmetry toP6̄m2. This results in an alloy which consist
of alternating UPd3 and UPt3 planes, formingabc or abab
sequences along the crystallographicc direction. Two differ-
ent compounds with the dhcp structure can be produce
this way. From the comparison of the LDA total energies
was found that Pt substitution into the planes containing
atoms with the hexagonal local symmetry is more favora
and in the following only this compound will be considere

The LDA density of U 5f states in dhcp UPd1.5Pt1.5 is
similar to that of UPd3. However, Thf charges calculated fo
a reference ThPd1.5Pt1.5 compound show an average increa
of 0.09 electrons as compared to ThPd3 because of the large
spatial extent of Pt 5d states. In UPd32xPtx alloys this leads
to increased screening of the localized U 5f electrons which
is confirmed by LDA1U calculations for dhcp and hcp
UPd1.5Pt1.5. These calculations were performed using t
same valuesU52.0 eV andJ50.5 eV of the averaged Cou
lomb and exchange matrix elements as were used for
calculations of UPd3 described in Sec. V. Figure 5 shows
5 f , Pd 4d, and Pt 5d DOS ~lower panels! together with
orbital resolved DOS projected onto the orbitals with t
dominating contribution of U 5f 5/2 states withmj5

5
2 , 3

2 , and
6 1

2 ~middle and upper panels!. Comparing these results t
those calculated for dhcp UPd3 and presented in Fig. 4 on
notices a shift of two localized U 5f states from20.8 to
20.6 eV in dhcp UPd1.5Pt1.5. This shift is apparently cause
by stronger screening of the localized states by a part of
f-electron density coming from thed ‘‘tails,’’ which increases
due to the larger contribution of extended Pt 5d states. The
increased screening manifests itself in a 0.5-eV increas
«n for U 5f electrons upon Pt substitution. The Uf charge
calculated for dhcp UPd1.5Pt1.5 is 0.06 of an electron large
than that in UPd3. The excessive charge is provided by t
small increase of the occupation numbers of 5f states lying
above the Fermi level. These unoccupied states participa
the augmentation of the ‘‘tails’’ in the energy range26 to
22 eV and, as a consequence, have nonzero occupa
numbers which sum up to a difference of about 0.9 electr
between the totalf charge in U AS and the sum of the occ

pations of localizedu 5
2 , 5

2 & and u 5
2 , 3

2 & states.
From the comparison of the left and right panels of Fig

one can notice that the change of the UPd1.5Pt1.5 crystal
structure from dhcp to hcp results in an additional shift of t
localized U 5f 5/2 states towardsEF which places them a
about20.4 eV. However, keeping in mind the strong depe
dence of the Fermi-level position on the crystal structu
found for both ThPd3 and ThPd1.5Pt1.5, it seems better to
associate the change in the relative position of the locali
U 5 f 5/2 states with the downward shift ofEF caused by
modification of delocalized non-f states. The width of the
occupied U 5f 5/2 states is slightly larger in hcp UPd1.5Pt1.5
which is probably a consequence of the higher density
delocalized band states in this energy range.
3-7
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FIG. 5. Partial DOS and orbital resolved de
sities of U 5f 5/2 states calculated for UPd1.5Pt1.5

in dhcp~left panels! and hcp~right panels! crystal
structures using the LDA1U method with
spherically averagedU52 eV andJ50.5 eV.
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Substitution of all Pd atoms by Pt leads to a further
crease of the Thf charge up to 1.061 in hcp ThPt3. Due to
stronger screening by the density of the ‘‘tail’’-likef elec-
trons, the center of gravity of the occupied U 5f 5/2 states in
UPt3 obtained from LDA1U calculations is pushed eve
closer toEF as compared to hcp UPd1.5Pt1.5. As a result of

the shift the bands originating from Uu 5
2 , 3

2 & states start to
cross the Fermi level and these states become only part
occupied with the occupation equal to 0.894. This work
not aimed at the description of the heavy fermion behavio
UPt3,20 and we will not go into further details of the calcu
lations.

In order to check the extent to which the results of t
LDA1U calculations depend on the value ofU we also
performed calculations withU52.6 eV andU54.4 eV ob-
tained from LDA calculations using Slater’s transition sta
technique as described in Sec. III. The use ofU52.6 eV
affects the results only slightly. The DOS peak originati
from occupied 5f states shifts to lower energies and t
agreement with the PES peak position worsens. AsU in-
creases to 4.4 eV, occupied U 5f states in UPd3 move down
to 23-eV below EF and become much wider because
strong hybridization with Pdd states. Unoccupied 5f states,
however, shift only 0.5-eV upward and remain ‘‘pinned’’
the Fermi level. Upon Pt substitution split byU, 5f states
shift as a whole to higher energies.

Summarizing the results of LDA1U calculations, the fol-
lowing scenario seems to provide a plausible explanation
the dependence of the binding energy of the Uf-derived peak
in the UPd32xPtx alloy on the Pt content observed in res
15510
-

lly
s
f

f

r

nant PES experiments.6 Because of the larger spatial exte
of the Pt 5d wave function, an increase in the number of
nearest neighbors surrounding the U atom upon Pt subs
tion causes a proportional increase of the part off-electron
density at the U site provided by the ‘‘tails’’ of Pd and Ptd
states. The screening of the localized U 5f states by this
delocalized density becomes stronger and they shift to hig
energy. The change of the structure from dhcp to hcp, wh
occurs gradually forx between 1 and 2, provokes the in
crease of the density of band states belowEF , clearly seen
from the results of the LDA calculation for ThPd32xPtx , and
a downward shift of the Fermi energy. In the PES experim
this manifest itself in an additional decrease of the bind
energy of U 5f electrons. In Fig. 6 U 5f densities of states
calculated for UPdxPt32x with x50, 1.5, and 3 using the
LDA1U method are compared to the resonant PES spe
from Ref. 6. The LDA1U results reproduce quite well th
observed shift of the U 5f peak position towards the Ferm
level with increased Pt content in the alloy. Considering
calculated density of unoccupied U 5f states we can suppos
that if the proposed mechanism is correct a shift of a U 5f
derived peak away fromEF should be observed in BIS spec
tra.

VII. SUMMARY AND CONCLUSIONS

The relativistic generalization of the LDA1U method
which takes into account that in the presence of spin-o
coupling the occupation matrix of localized electrons is n
diagonal in spin indices is used to calculate the electro
3-8
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structure of UPd3, one of a few U compounds with localize
5 f electrons. In contrast to the LDA, which places U 5f 5/2
bands just at the Fermi level, LDA1U calculations with
reasonable values of screened CoulombU52 eV and ex-
changeJ50.5 eV integrals give a solution with two loca
ized 5f electrons. The localized U 5f 5/2 states form almos
dispersionless bands at about 0.8-eV belowEF in good
agreement with recent resonant PES and ARPES mea
ments. The remaining U 5f 5/2 states form a rather wide pea
centered at about 0.5-eV aboveEF whereas 5f 7/2 states are
pushed by the on-site Coulomb repulsion to;2 eV. This
improves significantly the agreement with the UPd3 BIS
spectrum as compared to LDA calculations.

The dispersion of the bands crossing the Fermi leve
the LDA1U calculations resembles strongly that within t
LDA for ThPd3 which suggests that the Fermi surface
ThPd3 derived from LDA calculations can provide quite
reasonable approximation to the Fermi surface of UP3.
Also, comparing the band structures of UPd3 and ThPd3 one
notes that U 5f states are situated in the region of a very lo
DOS, well above the top of Pd 4d states. This seems to cau
their localized nature.

The comparison of the band structures and densitie
states calculated for ThPd3 in pseudocubic, dhcp, and hc
crystal structures shows that the states in the vicinity ofEF
and the position of the Fermi level itself are rather sensit
to the crystal structure. The increase of the DOS found
the hcp structure can be one of the reasons for partial d
calization of U 5f electrons in UPd32xPtx alloys with high Pt
content. They undergo a dhcp-to-hcp structural transition
largex.

The analysis of thef charges in Th and U atomic spher
shows that about 0.9 of the total of 2.9f electrons in U comes
from the ‘‘tails’’ of Pd 4d states as a result of their decom
position inside U AS. Substitution of Pd atoms by Pt w
more extended 5d states results in an increase on the part

FIG. 6. The comparison of U 5f densities of states calculate
for UPdxPt32x using the LDA1U method to the resonant PE
spectra~dotted lines! from Ref. 6. Densities of states calculated f
hcp and dhcp structures are shown by solid and dash-dotted l
respectively.
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f-electron density at the U site originating from the ‘‘tails
This leads to more effective screening of the localized Uf
electrons and to a shift of their energy position to high
energies. This mechanism, possibly amplified by the shif
the Fermi level upon the change of the crystal structu
seems to be responsible for the shift of the U 5f peak to-
wards EF with increased Pt content observed in reson
PES experiments.

APPENDIX: VARIATIONAL PRINCIPLE

In order to determine the way in which the LDA1U po-
tential acts on the LMTO basis functions we follow a de
vation similar to the one given in Ref. 17. The LMTO wav
functions can be written as a one-center expansion22

Cnk~r!5 (
t lms

@atlms
nk fn l~r t!1btlms

nk ḟn l~r t!#Ylm~ r̂ t!xs ,

~A1!

wheren is the band index,fn l(r t) andḟn l(r t) are the radial
solution of the one-electron equation inside the atom
sphere centered at a sitet and its energy derivative, respec
tively, and the matricesatlms

nk andbtlms
nk can be expressed in

terms of the eigenvectors obtained from the solution of
LMTO eigenvalue problem. Then, the diagonal int and l
index elements of the occupation matrix is given by

nms,m8s85(
nk

f nk~alms
nk alm8s8

* nk
1blms

nk blm8s8
* nk ^ḟn l

2 &!,

~A2!

where f nk is the occupation of theunk& state and^ḟn l
2 &

5*ḟn l
2 (r )r 2dr. Here we have taken into account thatfn l is

normalized to unity inside its sphere and we dropped the
index t. In order to use the variational principle it is conv
nient to rewrite Eq.~A2! as

nms,m8s85(
nk

f nkS ^fn lYlmxsuCnk&^Cnkufn lYlm8xs8&

1
1

^ḟn l
2 &

^ḟn lYlmxsuCnk&^Cnkuḟn lYlm8xs8& D .

~A3!

The termEU2Edc in the total-energy functional defined b
Eq. ~1! give rise to the appearance of an additional term
the Kohn-Sham equations,

d~EU2Edc!

dCn*
5 (

s,m1 ,s8,m2

Vsm1 ,s8m2

dnsm1 ,s8m2

dCn*
, ~A4!

whereVsm1 ,s8m2
is obtained by taking the derivative of Eq

~2! and ~3! with respect to the elements of the occupati
matrix. Finally, using Eq.~A3! one can write

es,
3-9
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dnsm1 ,s8m2

dCn*
5@ ufn lYlm2

xs8&^fn lYlm1
xsu1

1

^ḟn l
2 &

uḟn lYlm2
xs8&^ḟn lYlm1

xsu!]Cn . ~A5!

Equations~A4! and ~A5! specify the way in which the additional LDA1U potential acts on the projections of the wa
function Cn onto u lms& subspace.
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