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Fermi surface and heavy masses for UPdI;
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We calculate the Fermi surface and the anisotropic heavy masses gAlRY keeping two of the &
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 twfcelectrons is justified.
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There has been experimental evidence since a number aficroscopic origin is an area of active current reseafci’
years that in UPgAl; the 5f electrons have a dual character. The associated physical picture is therefore quite different
The large observed magnetic moment of 85(Ref. 1)  from the one suggested in Ref. 2, where two disjunct sub-
suggests localization of thieelectrons. On the other hand, systems irk space were postulated.
the large jump in the specific heat at the superconducting The dual model should be contrasted with density func-
transition temperaturg,.=2 K implies a large Sommerfeld tional based calculations which use the local density approxi-
specific heat coefficienty and moderately heavy fermion mation. These have been successful in explaining the mea-
behavior? This requires delocalizedf5electrons. The dual sured de Haas—van Alphen frequencies of systems such as
character is also found in a number of other physical propUPdAl; or UPt, 2"~ but they fail to explain the observed
erties such as photoemission, inelastic neutron scattering afieavy quasiparticle masses. For Ykie observed masses
muon spin rotation-® It is also observed in other metallic U are by a factor of 20 larger than the calculated ones and for
compounds:® Moreover, the assumption is supported by UPd,Al; the difference is roughly a factor of 4. When using
guantum-chemical calculations on U{i;), (Ref. 9 which  the self-interaction corrected local spin-density approxima-
exhibit a number of low-lying excitations caused by intra-tion (SIC-LSDA) (Ref. 20 a ground state is found with co-
atomic rearrangements of thd Blectrons. There are specu- existing localized {2) and delocalized & electrons of U.
lations that similar % excitations might even be responsible But the calculated density of states is too small by a factor
for the formation of Cooper pairs in superconductrén of approximately 10 to account for the observed linear
that case the dual model should allow for a natural descripspecific heat.
tion of heavy-fermion superconductivity coexisting with  While the calculated energy bands are too broad for ex-
magnetism produced byf5electrons. plaining the effective masses, they are too small in order to

We have previously applied the dual model in order tofit the observed photoemission data of YPUPQAI;, or
explain the mass enhancement of the quasiparticle excitddBe;;.>* The latter shows a broad peak just below the Fermi
tions and the de Haas—van Alphen frequencies inUfPe  energyEr and is quite different from the data of heavy qua-
model system of heavy-fermion behavior in U compoutds. siparticle systems which involve €& instead of U ions.
Our theory conjectured that the delocalizefdstates hybrid- Here a broad peak is found approximately 2 eV beBw
ize with the conduction electron states and form energyRef. 22 while at the Fermi energy a small Kondo resonance
bands while the localized ones form multiplets in order tois detected. We add that even for URahich has localized
reduce the local mutual Coulomb repulsions. The interactiobf electrons and does not show heavy-fermion behavior, the
of the two subsystems, i.e., the delocalized with the localizeghhotoemission data resemble that of the previously men-
one leads to a mass enhancement of the former. The situatitioned U compounds, except that there isfvaeight atEg .
resembles that of Pr metal where a mass enhancement of tfiéis indicates that despite the aforementioned successes the
conduction electrons by a factor of 5 results from virtualstrong correlations in those materials are not properly treated
crystal-field excitations of the localized f4electrons?> by the presently used computational methods. Instead we
The same mechanism leads to the heavy quasiparticles find that a more microscopic understanding of heavy-fermion
the recently discovered heavy-fermion superconductobehavior is highly desirable.

PrOsShy,.%° The role of the incompletely filled #shell is The aim of the present investigation is to show that the de
taken by an incompletely filled subshell of Blectrons when Haas—van Alphen frequencies for the heavy-quasiparticle
U ions are considered instead. portion of the Fermi surface and the large effective masses

The coexistence of itinerant and localizetl &ates is re- (including their anisotropigscan be explained very well by
ferred to as partial localization. It plays an important role intreating two of the 5 electrons as being localized. We put
many intermetallic actinide compounds. Partial localizationthe localized electrons intof$= 3 orbitals withj,= +3 and
arises from an interplay between the hybridization of tie 5 + 1. Thej,= + 2 states are treated as itinerant electrons. The
states with the environment and on-site Coulomb correlareason for this choice is explained below, but it is worth
tions. This is discussed below in more detail. The underlyingpointing out here that thg,= = 3 states hybridize strongest
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well the relative shifts of the centers of the light bands which
strongly effect the shape of the corresponding parts of the
Fermi surface. The Fermi surface of the heavy quasiparticles
in the antiferromagnetic phase consists of three sheets two of
which are displayed in Fig. 2.
We assign the orbi& to the first sheetK-centered ellip-
soid) not shown in Fig. 2. The third sheet is the most impor-
tant one and consists of a corrugated cylinder and a
H-centered ellipsoidsee Fig. 2a)] to which we assign the
orbits v and B and e,, €3, respectively. The branch is
assigned to the second sheet whose shape depends sensi-
tively on the position of the Fermi enerfisee Fig. 2b)]. For
example, a shift of the latter by 40 K changes that sheet from
the one shown in Fig. (®) to that of Fig. Zc). But the cor-
responding changes in the effective mass remain small.
Hibanggspmsmserdeess SRt th In the second step we calculate the multiplet structure of
B L FTTE: o TR Ay the localizedf? states. This is done within thig -coupling
— bt — scheme, because the spin-orbit splitting is rather large. Thus
=K I-A =M =K a 6X6 Coulomb matrix has to be diagonalized for the two-
FIG. 1. (Colon Comparison of the measuré®ef. 19 (black  Particle states built from|j=3, j,=+3) and |j=3, |,
symbol$ and calculated de Haas—van Alphen frequencies for=* 3) for the f? subshell. The Coulomb matrix elements are
UPd,Al;. The dominant part reflects a nearly cylindrical sheet ofcalculated following Condon and Shortley. Inputs are the
the Fermi surface. Slater-Condon parameteB* (Coulomb integrals and GK
(exchange integralsThe latter are evaluated with the radial
among the different ones in a conventional LDA calculation.function Rfs,(r) for U as obtained from a self-consistent
The calculations of the heavy bands proceed in thredand structure potential. Thereby the chosen energy is that of
steps. First, the band structure is determined by solving ththe center of gravity of the Sbands. The required integra-
Dirac equation for the self-consistent LDA potentials, tions are done within the atomic sphere surrounding the U
thereby excluding the U states withj=3, j,=*+2, and ion. We note that we use the same Coulomb matrix as for
j,= =1 from forming bands. Two & electrons in localized UPt (Ref. 11, where also two § electrons withj,= + 3,
orbitals are accounted for in the self-consistent density and: 3 are considered. This is reasonable in view of the fact that
concomitantly, in the potential seen by the conduction elecin the nonrelativistic case the matrix elements agree up to
trons. The intrinsic bandwidth of the itinerant Uj5=%, j, two decimals with the ones computed in Ref. 9 for
=+ 3 electrons is taken from the LDA calculation while the U(CgHjg),, indicating that they are insensitive to the chemi-
position of the corresponding band center C is chosen suctal environment of U. The resulting eigenstates of the Cou-
that the density distribution of the conduction electrons redomb matrix are no longer eigenstates of the total angular
mains the same as within the LDA. Tlelectron count per momentumlJ, but remain eigenstates df .
U atom for the delocalized f5electrons amount to;=3, We find a doubly degenerate ground state Witk + 3. It
i.e., the system is of a mixed valence type. The calculated deust be an eigenstate tb=4 since the Pauli principle re-
Haas—van Alphen frequencies are shown in Fig. 1 which alsquires an even value dfandJ= 0,2 are excluded. The states
contains the experimental results from Refs. 18 and 19. |j=3%, j=3, J=4, J,=*3) have an overlap of 0.865 with
One notices that the agreement for the heavy quasiparticliae state®H,. The latter follows from Hund’s rule when the
branches is very good. The frequencies referring to the lightS coupling scheme is applied. The twofold degeneracy of
parts of the Fermi surface are less well reproduced, but thdhe ground state is lifted by the crystalline electric field
is of no surprise. One cannot expect that die LDA reproduce$CEPF which is acting on the 6 subshell with the localized
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FIG. 2. (Color) Various calculated sheets of the Fermi surface of 44g (a) third sheefcylinder and H-centered ellipsgidb) second
sheet,(c) second sheet but with a Fermi energy shifted by 40 K.
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electrons. From experiments [, ground state has been TABLE |. Effective masses foH 11 c. The experimental data
suggeste® so that the ground and first excited state are  are taken from Inadat al. (Ref. 19.

m* (exp m* (theory)
Fod=(3=43,=3=1=40,=-3). @ ¢ 65 59,6
’ \/E Y 33 31.9
B 19 25.1
For the splitting energy between the two states a value e 18 17.4
of 20 meV has been previously suggestedhile a more e 12 13.4
recent value is 7 me¥? The latter value will be used in the « 5.7 9.6

following. We want to point out that the next higher doublet
of the Coulomb matrix is one witd,= =2 with an excita-
tion energy of approximately 0.4 eV. Therefore we may ne- 1.5 319 (§2:43U £2:4 3@ |fl:8 3y_(fl.
glect all higher excited states and consider the two singlets (52, 21@(f%4.3Ucal 4.9 8[12,2) —(F
[Ts) and|I'3) only. | | ©(1%4,-3|Ucol 24, 3)9|113,3

In a third and final step we determine the effective masses
which result from the interaction of the delocalizetl &ec- is —0.38 eV. From this we obtaiM = —0.19 eV. When we

trons with the localized one. The renormalization of the banciNant to writeM in the form of an exchange coupling be-

massm, is given by tween the delocalized and localized States we need to
know the Landefactor g. We find go4=0.63 and with this

5 3
21§|

m* a3, value an exchange integral of site=1 eV. This is of the
el N (2)  correct size for § electrons.
b =0 In order to evaluate Eq2) we need to knowN(E) anda.

whereZ (w) denotes the local self-energy of the delocalized"Ve &Xract the quantities from LDA calculations with two 5
electrons being localized. For simplicity, we mo®#gIE) by

5f states. The latter is obtained by analytic continuation from

the Matsubara frequencies=7T(2n+1) at the tempera- izl_(;r6en:z[[an./ T{}e EI‘ICt“‘?" value at tf:je tFetrr:nl Ie\Nng) di
ture T where it is given by =2.76 states/(eV cell spin) corresponds to the one found in

Ref. 20 A value ofa®=0.44 is obtained and the vali@
=7 meV is used.

The self-consistent calculation yields a mass enhancement
of 9.6. The resulting calculated quasiparticle masses are in
excellent agreement with experimesee Table)l
in terms of the local susceptibility What remains to be discussed is the justification for treat-

ing two of the 5 electrons in orbital§,= 2 and3 as local-
- ized. As pointed our before the hybridization of the
25 sy = + 3 orbital with the neighboring atomic orbitals is larger
@ than the one for the orbitals with=+ % and +3. So why
are we allowed to neglect the hybridization of the latter or-
and the local propagator bitals altogether? The answer is found when the effects of
intra-atomic correlations are taken into account, i.e., those
resulting from the on-site Coulomb and exchange effects.
glie ):f dE N(E) 5) For a demonstration a two-site model was treated in Ref. 14
. ien—E—2(ie,)’ with anisotropic hopping between the two U sites. An inter-
mediate valency of 2.5 was used for the two atoms.| g}
Here 2N(E) is the total density of states at the ene§as  denote the ground state of that system apdhe hopping
obtained from the band structure, when twbéectrons are  parameters for the different orbitals. It was found in Ref. 14
kept localized. The prefacta denotes the 6 weight per  that whenever one hopping parameterdominates the oth-

spin and U atom of the conduction electron states kgar  ers, i.e.t,>t, ,t,, the corresponding ground state expec-
The matrix elemenM describes the transition between the tation values is

localized stateH",) and|T"3) due to the Coulomb interaction
U cou With the delocalized 6 electrons. It is given by

S(ie)=a’M?T>, x(ie,—ien)g(ien) (3)

5
(ien—iey)=—tanhe ———m———=
AL en " 2T (ie,—i€n)>—8°

(PoltaCh (Dea (2)|poy
ol = <

2 3 g Wl tuch(Dea@)lte) Dt
'2'2 a «

@)

’

M= flE §@(F [Ucoul T3y ®
12!2 4 Coull 3

and is directly obtained from the expection values of thei.e., the effective hybridization anisotropies are strongly en-
Coulomb interaction in the & states. The difference hanced by intra-atomic interaction. The operataryi)
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(c.(i)) create(destroy anf electron on sitd in orbital j, ~ any adjustable parameter by means of the dual character of
= a. The smaller hopping matrix elements are therefore sup5f electrons. This includes the large anisotropies of the
pressed. heavy-quasiparticle masses. This strengthens the trust in the

In conclusion we have shown that the heavy quasipartitheory which was previously applied to YRiut contained
cles of the U compound URAI; can be explained without one fit parameter in that case.
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