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Fermi surface and heavy masses for UPd2Al3
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We calculate the Fermi surface and the anisotropic heavy masses of UPd2Al3 by keeping two of the 5f
electrons as localized. Good agreement with experiments is found. The theory contains essentially no adjust-
able parameter except for a small shift of the position of the Fermi energy of the order of a few meV. A
discussion is given why localization of twof electrons is justified.
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There has been experimental evidence since a numb
years that in UPd2Al3 the 5f electrons have a dual characte
The large observed magnetic moment of 0.85mB ~Ref. 1!
suggests localization of thef electrons. On the other hand
the large jump in the specific heat at the superconduc
transition temperatureTc52 K implies a large Sommerfeld
specific heat coefficientg and moderately heavy fermio
behavior.2 This requires delocalized 5f electrons. The dua
character is also found in a number of other physical pr
erties such as photoemission, inelastic neutron scattering
muon spin rotation.3–6 It is also observed in other metallic U
compounds.7,8 Moreover, the assumption is supported
quantum-chemical calculations on U(C8H8)2 ~Ref. 9! which
exhibit a number of low-lying excitations caused by intr
atomic rearrangements of the 5f electrons. There are specu
lations that similar 5f excitations might even be responsib
for the formation of Cooper pairs in superconductors.10 In
that case the dual model should allow for a natural desc
tion of heavy-fermion superconductivity coexisting wi
magnetism produced by 5f electrons.

We have previously applied the dual model in order
explain the mass enhancement of the quasiparticle ex
tions and the de Haas–van Alphen frequencies in UPt3, the
model system of heavy-fermion behavior in U compound11

Our theory conjectured that the delocalized 5f states hybrid-
ize with the conduction electron states and form ene
bands while the localized ones form multiplets in order
reduce the local mutual Coulomb repulsions. The interac
of the two subsystems, i.e., the delocalized with the locali
one leads to a mass enhancement of the former. The situ
resembles that of Pr metal where a mass enhancement o
conduction electrons by a factor of 5 results from virtu
crystal-field excitations of the localized 4f electrons.12

The same mechanism leads to the heavy quasiparticle
the recently discovered heavy-fermion superconduc
PrOs4Sb12.13 The role of the incompletely filled 4f shell is
taken by an incompletely filled subshell of 5f electrons when
U ions are considered instead.

The coexistence of itinerant and localized 5f states is re-
ferred to as partial localization. It plays an important role
many intermetallic actinide compounds. Partial localizat
arises from an interplay between the hybridization of thef
states with the environment and on-site Coulomb corre
tions. This is discussed below in more detail. The underly
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microscopic origin is an area of active current research.14–16

The associated physical picture is therefore quite differ
from the one suggested in Ref. 2, where two disjunct s
systems ink space were postulated.

The dual model should be contrasted with density fu
tional based calculations which use the local density appr
mation. These have been successful in explaining the m
sured de Haas–van Alphen frequencies of systems suc
UPd2Al3 or UPt3,17–19 but they fail to explain the observe
heavy quasiparticle masses. For UPt3 the observed masse
are by a factor of 20 larger than the calculated ones and
UPd2Al3 the difference is roughly a factor of 4. When usin
the self-interaction corrected local spin-density approxim
tion ~SIC-LSDA! ~Ref. 20! a ground state is found with co
existing localized (f 2) and delocalized 5f electrons of U.
But the calculated density of states is too small by a fac
of approximately 10 to account for the observed line
specific heat.

While the calculated energy bands are too broad for
plaining the effective masses, they are too small in orde
fit the observed photoemission data of UPt3 , UPd2Al3, or
UBe13.21 The latter shows a broad peak just below the Fe
energyEF and is quite different from the data of heavy qu
siparticle systems which involve Ce31 instead of U ions.
Here a broad peak is found approximately 2 eV belowEF
~Ref. 22! while at the Fermi energy a small Kondo resonan
is detected. We add that even for UPd3 which has localized
5 f electrons and does not show heavy-fermion behavior,
photoemission data resemble that of the previously m
tioned U compounds, except that there is nof weight atEF .
This indicates that despite the aforementioned successe
strong correlations in those materials are not properly trea
by the presently used computational methods. Instead
find that a more microscopic understanding of heavy-ferm
behavior is highly desirable.

The aim of the present investigation is to show that the
Haas–van Alphen frequencies for the heavy-quasipart
portion of the Fermi surface and the large effective mas
~including their anisotropies!, can be explained very well by
treating two of the 5f electrons as being localized. We p
the localized electrons into 5f j 5 5

2 orbitals with j z56 5
2 and

6 1
2 . The j z56 3

2 states are treated as itinerant electrons. T
reason for this choice is explained below, but it is wor
pointing out here that thej z56 3

2 states hybridize stronges
©2003 The American Physical Society08-1
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among the different ones in a conventional LDA calculatio
The calculations of the heavy bands proceed in th

steps. First, the band structure is determined by solving
Dirac equation for the self-consistent LDA potentia
thereby excluding the U 5f states withj 5 5

2 , j z56 5
2 , and

j z56 1
2 from forming bands. Two 5f electrons in localized

orbitals are accounted for in the self-consistent density a
concomitantly, in the potential seen by the conduction el
trons. The intrinsic bandwidth of the itinerant U 5f j 5 5

2 , j z
56 3

2 electrons is taken from the LDA calculation while th
position of the corresponding band center C is chosen s
that the density distribution of the conduction electrons
mains the same as within the LDA. Thef electron count per
U atom for the delocalized 5f electrons amount tonf.

2
3 ,

i.e., the system is of a mixed valence type. The calculated
Haas–van Alphen frequencies are shown in Fig. 1 which a
contains the experimental results from Refs. 18 and 19.

One notices that the agreement for the heavy quasipar
branches is very good. The frequencies referring to the l
parts of the Fermi surface are less well reproduced, but
is of no surprise. One cannot expect that die LDA reprodu

FIG. 1. ~Color! Comparison of the measured~Ref. 19! ~black
symbols! and calculated de Haas–van Alphen frequencies
UPd2Al3. The dominant part reflects a nearly cylindrical sheet
the Fermi surface.
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well the relative shifts of the centers of the light bands wh
strongly effect the shape of the corresponding parts of
Fermi surface. The Fermi surface of the heavy quasiparti
in the antiferromagnetic phase consists of three sheets tw
which are displayed in Fig. 2.

We assign the orbita to the first sheet~K-centered ellip-
soid! not shown in Fig. 2. The third sheet is the most impo
tant one and consists of a corrugated cylinder and
H-centered ellipsoid@see Fig. 2~a!# to which we assign the
orbits g and b and e2 , e3, respectively. The branchz is
assigned to the second sheet whose shape depends
tively on the position of the Fermi energy@see Fig. 2~b!#. For
example, a shift of the latter by 40 K changes that sheet fr
the one shown in Fig. 2~b! to that of Fig. 2~c!. But the cor-
responding changes in the effective mass remain small.

In the second step we calculate the multiplet structure
the localizedf 2 states. This is done within thej j -coupling
scheme, because the spin-orbit splitting is rather large. T
a 636 Coulomb matrix has to be diagonalized for the tw
particle states built fromu j 5 5

2 , j z56 5
2 & and u j 5 5

2 , j z
56 1

2 & for the f 2 subshell. The Coulomb matrix elements a
calculated following Condon and Shortley. Inputs are t
Slater-Condon parametersFK ~Coulomb integrals! and GK

~exchange integrals!. The latter are evaluated with the radi
function Rf ,5/2

U (r ) for U as obtained from a self-consiste
band structure potential. Thereby the chosen energy is th
the center of gravity of the 5f bands. The required integra
tions are done within the atomic sphere surrounding the
ion. We note that we use the same Coulomb matrix as
UPt3 ~Ref. 11!, where also two 5f electrons withj z56 5

2 ,
6 1

2 are considered. This is reasonable in view of the fact t
in the nonrelativistic case the matrix elements agree up
two decimals with the ones computed in Ref. 9 f
U(C8H8)2, indicating that they are insensitive to the chem
cal environment of U. The resulting eigenstates of the C
lomb matrix are no longer eigenstates of the total angu
momentumJ, but remain eigenstates ofJz .

We find a doubly degenerate ground state withJz563. It
must be an eigenstate toJ54 since the Pauli principle re
quires an even value ofJ andJ50,2 are excluded. The state
u j 5 5

2 , j 5 5
2 , J54, Jz563& have an overlap of 0.865 with

the state3H4. The latter follows from Hund’s rule when th
LS coupling scheme is applied. The twofold degeneracy
the ground state is lifted by the crystalline electric fie
~CEF! which is acting on the 5f subshell with the localized

r
f

FIG. 2. ~Color! Various calculated sheets of the Fermi surface of UPd2Al3: ~a! third sheet~cylinder and H-centered ellipsoid!, ~b! second
sheet,~c! second sheet but with a Fermi energy shifted by 40 K.
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electrons. From experiments aG4 ground state has bee
suggested23 so that the ground and first excited state are

uG3,4&5
1

A2
~ uJ54;Jz53&6uJ54;Jz523&). ~1!

For the splitting energyd̃ between the two states a valu
of 20 meV has been previously suggested1 while a more
recent value is 7 meV.10 The latter value will be used in th
following. We want to point out that the next higher doub
of the Coulomb matrix is one withJz562 with an excita-
tion energy of approximately 0.4 eV. Therefore we may n
glect all higher excited states and consider the two sing
uG4& and uG3& only.

In a third and final step we determine the effective mas
which result from the interaction of the delocalized 5f elec-
trons with the localized one. The renormalization of the ba
massmb is given by

m*

mb
512

]S

]v U
v50

, ~2!

whereS(v) denotes the local self-energy of the delocaliz
5 f states. The latter is obtained by analytic continuation fr
the Matsubara frequenciesen5pT(2n11) at the tempera-
ture T where it is given by

S~ i en!5a2M2T(
n8

x~ i en2 i en8!g~ i en8! ~3!

in terms of the local susceptibility

x~ i en2 i en8!52tanh
d̃

2T

2d̃

~ i en2 i en8!
22 d̃2

~4!

and the local propagator

g~ i en!5E dE
N~E!

i en2E2S~ i en!
. ~5!

Here 2N(E) is the total density of states at the energyE as
obtained from the band structure, when two 5f electrons are
kept localized. The prefactora denotes the 5f weight per
spin and U atom of the conduction electron states nearEF .
The matrix elementM describes the transition between t
localized statesuG4& anduG3& due to the Coulomb interactio
UCoul with the delocalized 5f electrons. It is given by

M5 K f 1;
5

2
,
3

2U^ ^G4uUCouluG3& ^U f 1;
5

2
,
3

2L ~6!

and is directly obtained from the expection values of
Coulomb interaction in the 5f 3 states. The difference
05250
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^ f 1; 5
2 , 3

2 u ^ ^ f 2;4,3uUCoulu f 2;4,3& ^ u f 1; 5
2 , 3

2 &2^ f 1; 5
2 , 3

2 u

^ ^ f 2;4,23uUCoulu f 2;4,23& ^ u f 1; 5
2 , 3

2 &

is 20.38 eV. From this we obtainM520.19 eV. When we
want to write M in the form of an exchange coupling be
tween the delocalized and localized 5f states we need to
know the Lande´ factor g. We find geff50.63 and with this
value an exchange integral of sizeI .1 eV. This is of the
correct size for 5f electrons.

In order to evaluate Eq.~2! we need to knowN(E) anda.
We extract the quantities from LDA calculations with two 5f
electrons being localized. For simplicity, we modelN(E) by
a Lorentzian. The actual value at the Fermi levelN(0)
52.76 states/(eV cell spin) corresponds to the one found
Ref. 20 A value ofa250.44 is obtained and the valued̃
57 meV is used.

The self-consistent calculation yields a mass enhancem
of 9.6. The resulting calculated quasiparticle masses ar
excellent agreement with experiment~see Table I!.

What remains to be discussed is the justification for tre
ing two of the 5f electrons in orbitalsj z5

5
2 and 1

2 as local-
ized. As pointed our before the hybridization of thej z
56 3

2 orbital with the neighboring atomic orbitals is large
than the one for the orbitals withj z56 5

2 and6 1
2 . So why

are we allowed to neglect the hybridization of the latter
bitals altogether? The answer is found when the effects
intra-atomic correlations are taken into account, i.e., th
resulting from the on-site Coulomb and exchange effe
For a demonstration a two-site model was treated in Ref
with anisotropic hopping between the two U sites. An int
mediate valency of 2.5 was used for the two atoms. Letuc0&
denote the ground state of that system andta the hopping
parameters for the different orbitals. It was found in Ref.
that whenever one hopping parameterta dominates the oth-
ers, i.e.,ta@ta8 ,ta9 , the corresponding ground state expe
tation values is

Ta85
^c0uta8ca8

†
~1!ca8~2!uc0&

^c0u(
a

taca
†~1!ca~2!uc0&

!
ta8

(
a

ta

, ~7!

i.e., the effective hybridization anisotropies are strongly e
hanced by intra-atomic interaction. The operatorsca

†( i )

TABLE I. Effective masses forH 11 c. The experimental data
are taken from Inadaet al. ~Ref. 19!.

m* ~exp! m* ~theory!

z 65 59.6
g 33 31.9
b 19 25.1
e2 18 17.4
e3 12 13.4
a 5.7 9.6
8-3
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„ca( i )… create~destroy! an f electron on sitei in orbital j z
5a. The smaller hopping matrix elements are therefore s
pressed.

In conclusion we have shown that the heavy quasipa
cles of the U compound UPd2Al3 can be explained withou
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any adjustable parameter by means of the dual characte
5 f electrons. This includes the large anisotropies of
heavy-quasiparticle masses. This strengthens the trust in
theory which was previously applied to UPt3 but contained
one fit parameter in that case.
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