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Dispersion of § electron states: Angle-resolved photoemission on ordered films of U metal
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Ordered overlayers of U metal characterized by a hexagonal low-energy electron diffraction pattern were
grown in situ by deposition of U metal onto a W10 substrate and subsequent annealing. Angle-resolved
photoemission reveals clearly dispersion of Bderived states. The experimental data are in excellent agree-
ment with results of relativistic local density approximation band-structure calculations. The bandlike proper-
ties of the U § states stem from diredt f interaction rather than frorftd hybridization as might be expected
for 4f-derived bands in Ce systenj§0163-182@08)02420-5

The question as to whether tlestates are localized or are spatially more extended than the states in lanthanides
itinerant in character is of high importance for an under-and are, therefore, subject to much stronger hybridization. As
standing of the electronic properties of light rare earths an¢ consequence thef Sstates are believed to be bandlike in
actinides. In contrast to heavy rare-earth systems, where th%ht actinide metals, and only beginning with Am a transi-
4f states are fully localized and responsible for the magneti¢y trom bandlike to localized behavior is expecteBE

properties of the materials, tHestates in light rare earths spectra of the b states of uranium metal are characterized

reveal hybridization with valence-band states. Particularly i i
Ce compounds, this kind of hybridization leads to exoti(;‘by a huge peak & with a weak shoulder at about 1.5 eV

properties like the Kondo effect and heavy-fermion BE.7 Since these SEectra Iool_< simi!ar to thé dpectra of
behavior! In electron spectroscopies these interactions are-like Ce system$;the question arises as to whether they
usually reflected by the appearance of satellite structures if¢ally reflect emissions from afSpand that should be de-
the core-level spectfaPhotoemissiotiPE) spectra of the #  scribed in the framework of single-particle band-structure
states of Ce are characterized by a double-peaked structuigalculations, or a localized description is more appropfiate.
where a first peak at about 2 eV binding ene(Bf) repre-  Direct observation of energy dispersion, as obtained from
sents the usualf4! PE final state and a second feature nearangle-resolved PE, could be a proof of a bandlike behavior
the Fermi energy Eg) corresponds to a f4configuration of the 5f states. In fact, dispersion off &elated states has
close to the ground state. Although this latter feature, théveen reported for U, UPt, and recently for USh® In
so-called Kondo peak, may become dominaniitike Ce  these compounds, however, the interatomic U-U distances
compounds, the spectra can still be described within a localare too large for a diredt-f overlap, and $-admixed hybrid
ized picture of the # states’ and in only a few cases might bands merely reflect the dispersive properties of the valence
an itinerant model be more favoratjte. states. Puré bands, which are dominated by dirdef hy-

For the 5 states of the actinides the situation is different, bridization, may only be found in systems with small inter-
since due to a node in the radial wave function these stateomic U-U spacings as, e.g., in U metal. In such systems,
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however, the U concentration is large, and the preparation diexagonal symmetry might be concluded. On the other hand,
clean and structurally ordered surfaces, as necessary for REfcc phase with different domains rotated by 60° relative to
experiments, is difficult due to the chemical reactivity andeach other would lead to similar results. In both cases, the
the radioactivity of the actinide. interatomic U-U spacing corresponds to an atomic volume
In the present paper we report on the first experimentathat agrees well with the related values of the bulk phases.
observation of pure 6 dispersion in actinides by means of  Angle-resolved photoemission experiments were per-
angle-resolved PE. Structurally ordered films of uraniumformed at the Berliner Elektronenspeicherring fynchro-
metal were prepared by thermal deposition of the pure metdronstrahlung(BESSY) exploiting radiation from the plane-
onto a W110) substrate and subsequent annealing. The filmgrating monochromator beamline SX700/1l. Photon energies
reveal sharp hexagonal low-energy electron diffractionwere tuned in the range 50-98 eV to measure band disper-
(LEED) patterns corresponding to a new close-packed phas#on in the direction normal to the sample surface and to take
of uranium that is characterized by interatomic U-U spacing@dvantage of resonant excitationsd¢5 5f resonance at 98
of 3.2+0.1 A. The observed dispersion of thé States is in  €V). PE spectra were taken with a rotatable hemispherical
excellent agreement with relativistic local-density €lectron-energy analyzg¢ARG65 from VSW, Inc) with an
approximation—linear combination of atomic orbitals calcu-angle resolution of 1°. The overall-system energy resolution
lations. A detailed theoretical analysis shows that the bandwas= 100 meV(full width at half-maximum. All measure-
like character of the B states arises primarily from a direct ments were performed at the temperature of liquid nitrogen.
overlap between b orbitals of neighboring uranium atoms The base pressure in the experimental setup was in the range
rather than fromf-d hybridization, as may be expected for of 1X10~*° mbar.
4f-derived bands in Ce systerfs. Band-structure calculations both for fcc- and hcp-like
Ordered films of U were prepared hy situ deposition of ~ structures were performed in the framework of the local-
the actinide metal onto a cooled (M0 substrate(liquid- ~ density approximation with the standard Hedin-Lundqvist
nitrogen temperatuydollowed by annealing. Uranium metal €xchange-correlation potential exploiting an optimized
was thermally evaporated from a dismantled tungsten crumethod of linear combination of atomic orbitHsn its fully
cible with a pin hole, which was heated by electron bom-relativistic version* Uranium was considered to be a con-
bardment up to temperatures of about 2300 K. The evaporag€ntional metal with itinerant 6 states. The used valence
tor was tightly shielded by a water-cooled screen with abasis includes 3, 6p, 6d, and & states. Using the linear
small hole in the front plate in order to get a well-collimated tetrahedron method the sums were performed over a mesh
atomar beam of the radioactive material. The evaporatio§ontaining 509 points in the irreducible part of the Bril-
rate (4 A/min) and the thickness of the deposited films werelouin zone. The ordered U films were treated as ideal crystals
calibrated with quartz microbalances. To keep radioactivevithout accounting for surface and real structure effects.
contaminations of the equipment as low as possible the In the inset of Fig. 1 we compare our PE data to those for
whole space around the evaporator, sample, and microbapolycrystalline U metal. Spectra taken lat=98 eV for a
ances was additionally protected by a movable screen thateshly filed bulk uranium sample(solid line) and the or-
was pulled out during the PE experiment. dered U film (solid line through the experimental points
Deposition of uranium onto the cooled (M0 substrate look similar to each other. Notwithstanding, the spectrum of
led to the formation of a nonordered overlayer. Ordering ofthe ordered film reveals much sharper structures within the
the U film was achieved by step-by-step annealing of thdirst 2 eV belowEg, where emissions from thefstates are
“as-deposited” layer(80 A thick) up to a temperature of expected. Particularly should&y; which according to Ref. 7
1400 K. After that, a sharp hexagonal LEED pattern wagpoints to a good quality of U samples, is by far more pro-
observed that is not compatible with any of the known bulknounced for the film than for the polycrystalline sample. A
phases of uranium metédrthorhombice, tetragonalg, and  broad structure observed in both spectra at about 5-6 eV BE
bce y phases!? Instead, the LEED data suggest the forma-lies in the region of the § states of uranium. The PE cross
tion of a close-packed structure with an interatomic U-U dis-section of & states, however, is small at the photon energy
tancea=3.2+0.1 A. The formation of this new phase is used: In our case, this structure might also originate from
ascribed to interactions with the tungsten substrate. Similapossible slight oxygertrest gag or carbon(from substrate
substrate-induced deviations from the bulk-phase diagraraontaminations caused by annealing of the exceedingly reac-
are by now well-known phenomena in thin-film physics. tive uranium overlayer. An interpretation in terms of many-
Even recently, for thin Eu overlayers on Kd0) the forma-  body effects can also not be excluded.
tion of a close-packed phase instead of the expected bcc A series of valence-band PE spectra taken at different
structure has been report&dSince for U metal growth of photon energies in normal-emission geometry is shown in
bce y-U was also expected from the preparation conditiond=ig. 1. The spectra were normalized to photon flux. Intensity
(annealing to high temperatujeand the bulk-phase dia- modulations are mainly due to the presence @f&f Fano
gram, the observed formation of a close-packed structureesonance at 98 eV photon energy. Three main spectral fea-
constitutes a close parallelism to the Eu case. The LEEDuresA, B, andC are observed revealing different degrees of
data, however, do not allow us to decide definitively whethedispersion: The highest-BE featukeshifts within a range of
the close-packed pattern relates to a cubic structurenddik  almost 0.6 eV exhibiting zigzag behavior when going from
and y-Ce, or to a hexagonal arrangement, as for most raresne spectrum to another. StructBereveals weaker disper-
earth metals. From the energy-dependent variations of thgion: In the photon-energy range from 98 to 70 eV it moves
LEED pattern in our experiments, which revealed almosislightly away fromEg and shifts back to lower BE in the
identical intensity profiles of all six first-order LEED spots, a 60-eV spectrum. At 50 eV photon energy, this feature again
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FIG. 2. Calculated total DOSsolid line) together with the par-

'..‘
U ordered film ‘
tial 5f (broken ling and & (dash-dotted linecontributions for the

| . . ) . hcp phase of U metal. The lattice constant in the direction perpen-
4 2 Ee dicular to the surfacéc) was assumed to be 5.2 A according to the
Binding Energy (eV) ideal close-packed/_a ratio. The inset shows the band dispersion
along thel'-A direction.
FIG. 1. A series of normal-emission spectra from an ordered

film of U metal taken in the energy region of the U ®E signal.  haaks which have almost pufecharacter. In the region of
The spectra were taken at various photon energies including thig,e occypied states the relative contributiordatharacter to
region of the &~ 5T Fano resonanc@ff resonancenv=94 eV; o nog s higher as compared to that of the unoccupied
on resonancehv=98 eV). In the inset a PE spectrum of the or- . . )
dered film(solid line through experimental pointss compared to s_tates. Note that the _relatl\_/e ar_nOL_mt af 6er|v.ed C(_)ntrlbu-
the one of a polycrystalline bulk sampisolid line, Ref. 7, tions to the DOS varies with binding energy: While for the
broad structure at highest Bbetween 2.5 and 4.5 eV BE
shifts away from the Fermi energy. In contrast to structureshe contribution ofd character is predominant, the next,
A andB, featureC reveals no clear dispersion. It is located more narrow feature at about 2 eV BE contains already al-
at about 0.2 eV BE, and only Av=60 eV is a weak shift to most 50% off character. For the following features thé 5
lower BE observed. At thedb—5f Fano resonance all three admixture increases drastically reaching as much as 90% for
featuresA, B, andC reveal resonant enhancements as carthe sharp structure at about 0.2 eV BE. The inset in Fig. 2
be seen from comparison of the two topmost spectra in Figshows the calculated dispersion of valence bands along the
1. The on-resonance intensity of feat@eat hv=98 eV is  I'-A direction. This direction was sampled by angle-resolved
approximately five times higher than the off-resonance signaPE in the present study. Our eigenvector analysis reveals that
athv=94 eV. The resonant enhancement of featwemnd  €ach subband plotted in the inset above 1.5 eV BE has more
B is weaker. Structures that reveal larger dispersion resonatBan 75% off character.
to a lesser extent and vice versa. The large 5 contribution to the electron states results in

The experimental data were compared with results othe observed strong intensity variations at tlie-55f Fano
band-structure calculations for hcp and fcc phases of Uesonance. Itis important to note, however, that the degree of
metal. An excellent agreement between theoretical bands ang@sonant enhancement is not proportional to the amount of
PE data has been obtained for the hypothetic hcp structur&f admixture as might be expected in a naive consideration.
The agreement with the fcc calculations is less perfect. Whild@his fact has severe consequences to the evaluation of PE
the total width of the bands are correctly predicted, the fcaata: Usually, 4 or 5f contributions into PE spectra are
calculations fail in the description of details of the band dis-experimentally determined by taking the difference of on-
persion. and off-resonance PE spectraApplied to uranium metal,

In Fig. 2 and Fig. Zinsed the calculated electron density this method leads to serious mistakes since only the peak at
of stategDOS) and the band dispersion in the A direction  Er would appear in the difference spectrum, while the con-
are shown for the hcp phase, respectively. The total DO®ibutions from the bands at higher BE's become suppressed.
(solid line) is presented together with a plot of thé &nd &d  In fact, a 2-eV feature in the valence-band PE spectra of
contributions (broken and dash-dotted lines, respectively a-U, that originally had been attributed to & Shakeup sat-
The main part of the DOS is located above the Fermi levelellite by lwanet al,'® was later on identified with d-band
In this energy range, it consists of a series of rather narrovemission due to its different resonant behavior in respect to
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the main § PE signal’ According to the present results on
hexagonal U metal it is rather probable that both interpreta-
tions are wrong and the 2-eV feature represents emission
from a part of the 5 band.

The reason for the different resonant behavior of the in-
dividual branches is not easy to understand. In a recent
papet’ we have shown for valence-bandl ®lectrons that
the spectral on-resonance intensity reflects the local character
of the wave functions. This explanation cannot be applied to
the present case of nearly puré Wwave functions, which are
almost equally localized. A distinct difference between the
highest occupied band(featureC) and the other occupied
bands is, however, that the former reveals almost pure
5fsimji=32 Character (with only 10% admixture of
Sf712)mji=312)- In @ spherical harmonics representation, this
character predominantly corresponds ¢x=*iy)? with
nodes both in the direction and in thexy plane. The other
bands, which exhibit much weaker resonant enhancements,
are 5 5- 57, hybrids with|m;| # 3/2 and up to 40% admix-
ture of 5f;;,. We suppose that these symmetry properties are
responsible for the different resonant behavior of the indi-
vidual branches. A strong dependence of the resonant PE
cross sections from the total angular momentuimas also
been observed previously forf4multiplets of rare-earth
systems?® A proof of this conjecture, however, demands ex-
tensive cross-section calculations including a proper consid- . :
eration of multiplet effects in the intermediatel 85f"+?* r A

state that are beyond the scope of the present study. FIG. 3. (a) Calculated bands along th&e A direction for hcp U
Excellent agreement between the experimental and th@eta| (b) and(c) Results of model calculations with excludée

calculated bands is shown in Fig(aR In particular, the angt.f hybridization, respectively. Ifg) the theoretical results are

0.25-eV hybridization gap between the two lowestands is  compared with the experimental data. Squares, circles, and triangles

clearly seen in the experimental dafeaturesA and B).  denote data related to featurds B, andC, respectively.

Furthermore, the calculated total occupied Bandwidth

amounts to 1.25 eV in nice agreement with 1.4 eV obtained

in the experiment. Here, the question arises whether the olrystalline overlayers of U metal were grownsitu by direct
served dispersions are caused fiogl hybridization and re-  deposition of the actinide metal onto an oriented substrate.
flect, therefore, mainly the behavior of thed @ands, or  angle-resolved PE study on these films reveals clear disper-
f-finteraction itself is responsible for the observed itinerantgje pehavior of the & states. which is in excellent agree-

character. ment with band-structure calculations. The dispersion of the

This point has been examined theoretically by performmgU 5f states is caused by direfctf interaction, rather than by

model band-structure calculations with artificially eXCIUdedhybridization betweeri and valence orbitals as expected for
f-d hybridization. As demonstrated in Fig(t8 neglecting U compounds with large interatomic U-U spacings dr 4
f-d hybridization causes a slight shift of the occupied ba”d%ystems

towardsEg and a disappearance of the above mentioned hy-
bridization gap. However, it does not change significantly This work was supported by the Bundesministerium fu
the width of the 3 bands. In contrast to this, a suppressionBildung und ForschungBMBF), Project No. 05 625 ODA;
of f-f hybridization changes drastically the calculatedthe Deutsche Forschungsgemeinschaft, Project No. LA 655/
valence-band structuf€ig. 3(c)] and leads to a reduction of 3-1, Sonderforschungsbereich 463, TPB2 and TPB4; Gra-
the occupied 5 bandwidth to 0.3 eV. duiertenkolleg “Struktur und Korrelations-effekte in Fest-
Our model study clearly shows that in contrast to lan-korpern”; Russian National Scientific Program “Surface
thanide systems, wheffed hybridization is expected to play Atomic Structures,” Grant No. 95-1.4; and the Russian
the premier role in delocalization of the 4tates, the direct Foundation for Basic Research, Grant No. 96-02-175532.
f-f overlap leads to the dispersion and hybridization repelS.L.M. acknowledges financial support by the Foundation
ling of the 5f states in uranium metal. “Ciencia y Tecnologia” IBERDROLA. We thank E. Erler
In summary, for the first time, to our knowledge, single- for the expert technical assistance.

U hep
f-d hybrid. excl.

Binding Energy (eV)

(C) U th
f-f hybrid. excl.




57 DISPERSION OF 5§ ELECTRON STATES: ANGLE. . . 13245

1G. R. Stewart, Rev. Mod. PhyS6, 755 (1984). (1981); J. M. Imer, D. Malterre, M. Grioni, P. Weibel, B.
2For a review see, e.gdandbook on the Physics and Chemistry of ~ Dardel, and Y. Baeribid. 44, 10 455(1991).
Rare-Earthsedited by K. A. Gschneidner, Jr., L. Eyring, and S. °A. J. Arko, D. D. Koelling, and B. Reihl, Phys. Rev. &, 3955

Hufner (North-Holland, Amsterdam, 1987Vol. 10. (1983; A. J. Arko, P. Armstong, and M. Wire, Physical53,
30. Gunnarsson and K. A. Schisammer, Phys. Rev. Letdl, 167(1990; A. J. Arko, J. J. Joyce, A. B. Andrews, D. Mandrus,
1608 (1978; Phys. Rev. B31, 4815(1985; J. W. Allen, S. J. E. Moshopoulou, Z. Fisk, and P. C. Canfield, Philos. Mag:53

Oh, O. Gunnarsson, K. A. Schbammer, M. B. Maple, M. B. 603(1997.
Maple, and M. S. Torikachvili, Adv. Phy®5, 275 (19886. 10Bjnary Alloy and Phase Diagramdited by Th. B. Massalski
4E. Weschke, C. Laubschat, R. Ecker, A’HpM. Domke, G. (ASM International, 4 Materials Park, OH, 1990/0l. 3.

Kaindl, L. Severin, and B. Johansson, Phys. Rev. 1681792 11c. G. Olson, X. Wu, Z.-L. Chen, and D. W. Lynch, Phys. Rev.
(1992; A. B. Andrews, J. J. Joyce, A. J. Arko, J. D. Thompson,  Lett. 74, 992 (1995.
J. Tang, J. M. Lawrence, and J. C. Hemminger, Phys. R&4,B L. Hedin and B. I. Lundqvist, J. Phys. & 2064(1971).

3277(1995. 13H. Eschrig,Optimized LCAO Metho@Springer, Berlin, 1989
5S. Szotek, W.-M. Temmerman, and H. Winter, Phys. Rev. Lett.!*M. Richter and H. Eschrig, Solid State Commi2, 263 (1989.
72, 1244(1999; A. Svane,ibid. 72, 1248(1994). 15W. D. Schneider and C. Laubschat, Phys. Rev. L&#.1023

5For a review, see, e.gThe Actinides: Electronic Structure and (1981).
Related Propertiesedited by A. J. Freeman and J. B. Darby, Jr. 16\, Iwan, E. E. Koch, and F.-J. Himpsel, Phys. Rev2B 613

(Academic, New York, 1974 Vol 1. (1981).
B. Reihl, M. Domke, G. Kaindl, G. Kalkowski, C. Laubschat, F. 1’S. L. Molodtsov, M. Richter, S. Danzentizer, S. Wieling, L.
Hulliger, and W. D. Schneider, Phys. Rev.38, 3530(1985. Steinbeck, and C. Laubschat, Phys. Rev. L&8.142(1997.

8C. Laubschat, W. Grentz, and G. Kaindl, Phys. Re\3B3 8082 18¢C. Laubschat, E. Weschke, G. Kalkowski, and G. Kaindl, Phys.
(1988; M. lwan, E. E. Koch, and F.-J. Himpsehid. 24, 613 Scr.41, 124(1990.



