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Angle-resolved photoemission study of USb2: The 5f band structure
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Single crystal antiferromagnetic USb2 was studied at 15 K by angle-resolved photoemission with an overall
energy resolution of 24 meV. The measurements unambiguously show the dispersion of extremely narrow
bands situated near the Fermi level. The peak at the Fermi level represents the narrowest feature observed in
5 f -electron photoemission to date. The natural linewidth of the feature just below the Fermi level is not greater
than 10 meV. Normal emission data indicate a three dimensional aspect to the electronic structure of this
layered material.
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I. INTRODUCTION

The unusual properties of heavy fermion compounds h
attracted considerable attention during the last two deca
and several theoretical approaches have been develop
order to explain the large effective mass of the conduct
electrons. It is well established that it is thef -electrons
which are responsible for an effective mass enhancement
thus features that are specific to heavy fermion materi
The heavy fermion and antiferromagnetic ground states
both singlet states and similar in that thef -moment is com-
pensated ostensibly by either a screening cloud of cond
tion electrons~heavy fermion! or an f -moment of opposite
spin on an adjacent site~antiferromagnet!. Photoemission
techniques, which are capable of providing detailed inform
tion regarding the binding energy of the 5f electron band, as
well as the dispersion and hybridization with the conduct
band, are an especially valuable tool for evaluation of
various theoretical models.

U and Ce heavy fermion compounds exhibit simi
bulk properties ~magnetic susceptibility, resistivity, an
indications of enhanced mass!, thus one might expect simi
larities in their electronic structures and similar theoreti
models to be capable of explaining their heavy fermion
havior, see e.g., Ref. 1. The single impurity model~SIM!2–5

and the periodic Anderson model~PAM!6,7 have been
the basic computational approaches, although many o
models like the charge polaron model8 or the two-electron
band model9 also address properties beyond one-elect
models.

In the SIM model,f -electrons are treated as complete
localized impurities in the sea of conduction electrons. T
model assumes only slight hybridization with ligand condu
tion bands, which results in a nondispersivef -levels. The
second prediction of the model is that the PESf -electron
weight scales with characteristic temperature. The shortc
ings of this treatment of the PES data for correlated elec
systems have been well documented.10–13

The PAM model takes into account the coherent nature
electrons, thus, it may better describe the strong correla
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of electrons in lattice systems. The complex nature of PA
calculations requires the application of some generalizati
such as infinite dimensions, but initial results give certa
general conclusions such as smaller temperature depend
of the f -band and its hybridization with conduction state
The PAM models are still generic and unable to calculat
specific strongly correlated system.

Though there are no specific calculations within the PA
for USb2 ~or for any element or compound for that matte!,
general predictions of the models can be assessed by ex
mental studies. To zero order, the photoemission results
quire a model which captures the periodicity of the lattice
well as the strong electron–electron interactions.

In principle, the distinction between localized and ban
like behavior of f -electrons should be easily observable
PES experiments. However, the expectedf -band dispersion
is small, which makes the problem challenging to solve
practice. Any reasonable attempt to experimentally evalu
the 5f dispersion and weight needs to exhibit both very go
energy and momentum resolution, and needs to take plac
high-quality single crystals. The problem is observed in old
PES data, where polycrystals measured at resonance~e.g., at
photon energy over 100 eV! showed only a broad featureles
structure pinned at Fermi edge, the so-called actin
triangle.14

In the current study of USb2 we have found a narrow
feature near Fermi level which clearly exhibits dispersio
Dispersion was also observed in our normal emission ph
emission data, giving evidence that USb2 , a layered com-
pound, has some 3D character. Thef -electron dispersion in
the PES limits candidate models to those models which
accommodate periodicity with the lattice for a description
the electronic structure. The narrow feature at the Fermi le
presented below is a true band feature with a natural li
width less than the total dispersion of the feature in recip
cal space. Within this framework, the feature nearEF in
USb2 is a true band state but renormalized to such an ex
that the dispersion and natural linewidth are at least two
ders of magnitude smaller than that in free electron mod
©2004 The American Physical Society02-1
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II. EXPERIMENT

We present ARPES data of USb2 single crystals taken a
low photon energies~20–60 eV! with an overall energy reso
lution between 24 meV~for hn534 eV) and 49 meV~for
hn560 eV). The USb2 crystals were prepared by the flu
growth method and the PES studies were performed at
Synchrotron Radiation Center in Stoughton, Wisconsin.

We used a Plane Grating Monochromator~PGM! and es-
timate that the shifts of the spectral features near the Fe
edge, resulting from the PGM instrument function, would
of the order of 1 meV. All measurements presented w
taken at a constant temperature of 15 K and thus stan
temperature dependent effects may be neglected. The b
ing energy was referenced with a Pt Fermi level. The int
sity was normalized to the mesh current at each data poin
account for synchrotron beam decay and, after that, to
background intensity from higher order light giving rise
secondary emission aboveEF ~as a means of normalize be
tween different angles!.

USb2 is an antiferromagnet below 200 K with a tetragon
layered Cu2Sb-type structure (a54.270 Å, c58.784 Å).
This kind of structure allows cleaving with very little surfac
damage. Samples were cleaved under ultrahigh vac
~UHV! conditions to give smooth and flat surfaces for ang
resolved photoemission studies. Before introduction into
UHV photoemission chamber (p>10211 Torr) the orienta-
tion of the sample was determined by x-ray diffraction. T
high quality of the sample was confirmed by Laue patte
and by an extremely sharp photoemission peak near
Fermi level. PES spectra were measured using an an
resolved analyzer with61° acceptance angle. The mome
tum resolution athn530 eV is about 0.09 Å21, which is
between 6.1% and 12.5% of the USb2 Brillouin zone de-
pending on the direction of investigation. The full-width
half-maximum ~FWHM! of this peak in normal emission
PES spectra taken at 34 eV photon energy and at 15 K~Fig.
1! is about 24 meV and increases to 49 meV forhn
560 eV. The increase of FWHM between photon energy
eV and 60 eV is the combined result of~1! reduced momen-
tum resolution,~2! larger lifetime broadening that appears
higher photon energy,~3! reduced electron analyzer perfo
mance at greater magnification values (Ek /Ep). Previous
USb2 data were taken with an energy resolution of 45 meV15

so the apparent width of the photoemission structure at
Fermi edge was much greater, and dispersion relations
binding energies not as obvious. One of the significant
provements in this work is energy resolution near the va
of the observed dispersion. The sharp near Fermi edge
observed in the experiment is the sharpest photoemis
feature found in uranium compounds up to date.16–21

The nature of the sharp peak near Fermi level is show
Fig. 1. Several details are important:~1! The dotted lines are
the Pt Fermi level and in all cases the peak in USb2 is below
EF ; ~2! the peaks are very narrow but clearly show variat
in binding energy as function of photon energy;~3! at the
lowest energy~34 eV!, the natural linewidth is conserva
tively estimated to be less than 10 meV when instrume
resolution is removed~and in reality may very possibly b
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much smaller than 10 meV!. The dashed lines are the fitte
data to the open circles after a Shirley background has b
removed. The traditional Fermi liquid characteristics exhi
a E2 dependence of the linewidth. One may construct ar
ments for linewidths in excess ofE2 arising from electron–
electron, electron–phonon, and electron–impur
interactions22,23 and still maintain a Fermi liquid interpreta

FIG. 1. Comparison of the Fermi edge of Platinum with near-EF

features of USb2 . The dashed lines are the fitted data to the op
circles~after a Shirley background has been removed!. The FWHM
values are defined mainly by instrumental resolution. The nat
linewidth is extremely narrow; the width calculated forhn
534 eV is below 10 meV.
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FIG. 2. ~a! High-resolution angle-resolve photoemission spectra of USb2 within 800 meV ofEF taken athn534 eV. ~b! The same
valence band spectra of USb2 within the first 0.08 eV ofEF .
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tion. However, the first peak linewidth being narrower th
E2 would seem to place the interpretation of the electro
structure for USb2 outside the Fermi liquid regime.

III. RESULTS AND DISCUSSION

The USb2 photoemission spectra presented in Figs. 2
and 4 were taken for lower photon energies~34 eV, 43 eV,
and 60 eV! where good angular resolution and small lifetim
broadening allow observation of dispersion in the Uf
bands. This is a suitable photon energy range to achiev
adequate compromise between the high U5f photoionization
cross section while still retaining substantial moment
resolution. Spectra taken at each photon energy were nor
ized to the intensity above the Fermi edge arising fr
higher order secondaries. The@001# surfaces were oriente
by use of a Laue x-ray camera. The electron energy anal
was varied betweenu50° and u56° – 10°, which corre-
sponds to theG-X direction in the Brillouin zone.

In the photon energy range of 34–60 eV the photoioni
tion cross section of U5f increases dramatically withhn and
for 60 eV is about twice as high as for 34 eV.24 In turn, the
U6d and the Sb5p ~the only shells with cross sections com
parable to the U5f ) cross sections show the opposite phot
energy dependence and forhn560 eV is approximately
04510
c

,
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-

three times lower than forhn534 eV. The main feature o
all the spectra presented in Figs. 2~a!, 3, and 4 is the sharp
but dispersive peak near the Fermi edge@see Fig. 2~b!#. The
structure labeledB situated between 300 meV and 600 me
appears to grow with increasing photon energy up to 60
in normal emission PES spectra~Fig. 4!, unlike the structure
at the Fermi edge (A). Using cross-sections argument w
relate the featureB mainly to the U5f emission. However,
because the structureB is broader than normally ascribed t
5 f peaks, we propose that it has a mixed conduction bandf
origin.

By comparison to similar materials containing Sb andf
electrons, we do not expect any substantial admixture of
Sb5p state near the Fermi edge. Currently there are no
oretical calculations of the USb2 electronic structure, so we
base our assumption on the theoretical and experimenta
sults of USb, CeSb, and CeSb2 .25–27The comparison of the-
oretical calculations and photoemission data on USb sh
that the U5f state has itinerant rather than localized char
ter. In the itinerant model the Sb5p bands are totally occu
pied, dispersive, and located 1–4 eV below the Fermi lev
There is only a small overlap between the Sb5p and U6d
bands. This overlap has little influence on the electro
structure of USb near the Fermi level. We assume sim
2-3
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characteristics for USb2 . Although the crystal structure i
different, in USb2 the occupied U5f state is also close to th
Fermi level and consequently located above the Sb5p band.
The interaction between the U5f and the Sb5p electrons
results in pushing the Sb5p state towards the higher bindin
energy.26 Therefore we would expect that within 0–1 e
below the Fermi level the electronic band structure of US2
is dominated by U6d and U5f states.

The normal emission PES spectra measured forhn
534 eV @Fig. 2~a!# shows one sharp feature situated near
Fermi edge. The rest of the spectrum remains comple
flat, which is an evidence of a very clean, high qual
sample surface resulting in very well defined incidence a
emission angles. The peak near the Fermi edge, which
interpreted so far as the U5f -conduction band hybridized
narrow band, changes its position from 37 meV foru50° to
23 meV for u56° and 7° giving evidence of a 14 me
dispersion@Fig. 2~b!#. For u55° the FWHM of this peak
starts growing from 24 meV for lower angles, up to 48 m
for u57°. The given FWHM values include the instrume
tal resolution and thus the natural linewidth is extrem
sharp ~as demonstrated in the detailed analysis of Fig.!.
When fitting the data we use a Gaussian function for exp
mental resolution and a Lorentzian function for the natu
linewidth. For u58° and 9° we see two structures in th
Fermi level region. It appears that the increase in width aw
from normal is a result of two states with different dispe
sions.

FIG. 3. High-resolution angle-resolved photoemission spectr
USb2 within 800 meV ofEF taken athn543 eV.
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A large dispersion~about 270 meV! is shown in the struc-
ture marked asB in Fig. 2~b!, which appears at 470 meV
below the Fermi level foru54°. The intensity of this struc-
ture grows gradually up tou59°, whereas the binding en
ergy shifts downwards and foru59° it is situated at 200
meV.

The PES spectra taken forhn543 eV ~Fig. 3! also shows
dispersion of peakA, which changes the energy positio
from 34 meV (u50°) to 48 meV (u56°). We cannot see
two peaks foru56°, but the FWHM is almost twice that fo
u55°, which suggests an additional contribution for high
angles. The structureB appears foru52° at a binding en-
ergy of 410 meV and changes its binding energy position
234 meV foru56°.

Photoemission data forhn560 eV ~Fig. 4! show bothA
andB structures even in the normal emission spectrum. T
dispersion of peakA in this case is 14 meV, theA position
for u50° is 67 meV and foru510° is 81 meV belowEF .
The structureB is situated at higher binding energies than f
photon energy 34 eV and 43 eV. Its energy position var
from 575 meV (u50°) to 337 meV (u510°).

The position and intensity of peakB is different for the
three photon energies investigated in Figs. 2~a!, 3, and 4.
This partially derives from the fact that we probe differe
parts of the Brillouin zone. The set of spectra shown in F
2 are taken near theZ point in the Brillouin zone, whereas
those in Figs. 3 and 4 are both taken close to theG point. In

of
FIG. 4. High-resolution angle-resolved photoemission spectr

USb2 within 800 meV ofEF taken athn560 eV.
2-4
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Fig. 4 the peak is more pronounced than in Fig. 3 and a
appears at a higher binding energy, even though at both t
photon energies we probe the vicinity of theG point. We
believe that this is a matrix element effect which has stron
influence on the spectra taken forhn543 eV. In the case of
hn560 eV the final states are more free-electron-like a
hence the photoemission spectra are less influenced by
trix element effects.

Photoemission is a surface-sensitive experiment. Th
fore there always exists a question as to whether feat
observed in the valence band derive from the bulk electro
structure or the surface electronic structure, which may di
considerably. We investigated the surface-bulk problem
means of a controlled surface termination experiment~see
Fig. 5!. We cleaved a USb2 sample and exposed it to up t
131028 Torr of argon for 20 seconds and observed chan
in the valence band by taking EDCs at a photon energy o
eV. The effect was mostly attenuation of the valence ba
features. After exposure for 100 seconds (p51028 Torr of
Ar! the photoemission from the valence band has alm
disappeared, and the Fermi level peak disappears at the
rate. We carried out the surface termination and inert ab
bate experiment for multiple angles to see if the changes
fundamental or are a result ofk scattering. We observed tha
the changes are similar for different angles, i.e., in the inv
tigated part of the Brillouin zone the strong Fermi level pe
is not surface related. We noticed that at 22 eV, photon

FIG. 5. Normal emission spectra of USb2 taken in a controlled
surface termination experiment.
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posure was causing the sample to revert to the nonabso
surface. Therefore we warmed the sample to 40 K. We
served that the Ar3p peak disappeared and the valence ba
returned to an attenuated version of the baseline spectra.
controlled absorbate experiment showed that the shape o
valence band photoemission spectra near the Fermi edg
mains the same with respect to the other valence band
tures and one observes the predictable exponential deca
the entire valence band with PES mean free path as A
covering the surface.

Normal emission spectra presented in Fig. 6 provide
ditional evidence that the nearEF peak derives from bulk
crystal states. The data were taken for photon energies r
ing from 17.54 eV to 34 eV. A dispersion of around 10 me
of the sharp near-EF peak may be seen. Dispersion perpe
dicular to the surface is evidence that the very sharp p
near the Fermi edge is not a surface state. This also m

FIG. 6. Normal emission spectra of USb2 within 70 meV ofEF .
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FIG. 7. Normal emission spectra taken at Fano resonance~108 eV! and antiresonance~102 eV! at 15 K.
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that USb2 is not of purely 2D electronic structure but has
3D character which couples weakly to the in-plane featu
and thus requires treatment as a 3D material in recipro
space. This is in contrast to the Fermi surface propose
Refs. 28 and 29 which is decidedly 2D.

Measurements near the U5d→U5 f absorption edge~Fig.
7! were done at 15 K. The main resonance in uranium co
pounds is split into two because of the large spin-orbit sp
ting of the U5d shell. Consequently, there is no clean an
resonance in uranium compounds, but just a minimum of
resonances from each of the cores. The PES spectra t
near the maximum of the resonance (hn5108 eV) shows the
U5 f enhancement mainly in the binding energy range
tween 300 meV and the Fermi edge. The spectra meas
near the valley between the 3/2 and 5/2 resonanceshn
5102 eV) shows the main photoemission structure to be
tween 300 meV and 500 meV, but we can also notice
smaller structure near the Fermi edge. These results s
that theB structure, which is also observed in PES spec
taken at lower photon energies, consists of hybridized 5f and
conduction band electrons. The peakA is primarily of 5f
origin but contains a non-negligible contribution from th
conduction electrons.

Resonant photoemission measurements confirm the
clusion about the 5f hybridization. The small intensity dif-
ference between on- and off-resonance spectra is indica
of 5f -conduction band hybridization, but also that the vall
at 102 eV is not a true antiresonance, but just a minim
between the two main resonances at 108 eV and 98 eV. P
toemission spectra and calculations for uraniu
compounds30 show larger transition probabilities from th
04510
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almost pure U5f states atEF than from hybridized U5f
bands.

One should remember that resonant photoemission
have qualitative rather than quantitative character. This
due to the different kinds of Auger processes that occu
rare earth and actinide materials31 ~because of the vicinity of
partially occupiedf and d shells! which give rise to addi-
tional decay channels. In uranium-bearing materials there
unique Auger processes based on 5f→EF transition,32 so the
resonant Auger decay can be comparable in strength to d
resonant photoemission. Taking into account all of the p
cesses mentioned above it is clear that in the case of uran
compounds the resonant photoemission experiment prov
qualitative information about conduction band-5f hybridiza-
tion. Also, the reduced momentum resolution at photon
ergies over 100 eV precludes observation of the subtle Uf
changes. However, the resonant photoemission experim
confirms that theA andB photoemission peaks have condu
tion band and 5f origin, giving evidence of conduction band
5 f hybridization.

Our results show that the nearEF 5 f photoemission fea-
tures of USb2 behave in a way similar to the 4f features of
Ce compounds. For example, the ARPES spectra
CeBe13,11 CeSb2 ,9 and CePt2.2,33 show a sharp 4f peak near
the Fermi edge. For CeBe13 the evidence for dispersion o
the 4f band was found for two directions of the Brilloui
zone. In the case of CeSb2 the dispersion, if present, is ex
pected not to be larger than 10 meV. However, both the 4f 5/2
and 4f 7/2 bands are strongly momentum dependent, sugg
ing bandlike behavior. Strong hybridization in Ce com
pounds was previously reported.34
2-6
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One could expect differences between USb2 and CeSb2 in
the location of Sb5p states as is the case of USb a
CeSb.25–27 In CeSb the Sb5p electrons are located closer
the valence band edge because of their different energy
sition relative to the bare 4f state. However, this assumptio
needs to be verified by the comparison of photoemiss
results with theoretical calculations. The near Fermi le
part of the electronic structure of USb2 and CeSb2 , as seen
in photoemission experiment, is indeed similar. Ce and
heavy fermion compounds display similar bulk propert
and similar band structure as well. Therefore it is reasona
to assume that they might be described within a similar t
oretical framework. Our experimental results are consis
with the periodic Anderson model. The evidence of hybr
ization between conduction band and U5f electron states in
USb2 presented above supports this assumption.

IV. CONCLUSIONS

Our angle-resolved photoemission studies of USb2 crys-
tals, taken with an energy resolution of 24 meV, unambi
ously show the dispersion of the U5f -conduction band hy-
bridized bands. The contribution of the 5f -electron density
of states near the valence band edge and in the binding
ergy region of 300–600 meV was confirmed by both pho
A
p
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.

ev

ev

T
c-

e
y

n
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ionization cross-section dependencies and resonant ph
emission. The dispersion of the band (A) closest to the Ferm
edge was found to be 14 meV, whereas the broader struc
situated in the binding energy range 300–600 meV sho
dispersion between 200 and 260 meV. There is also aro
10 meV of dispersion in the normal emission data which
an indication that USb2 has some 3D character. The in-plan
bonding appears dominant over thec-axis bonding by virtue
of the larger dispersions observed in peakB in-plane.

The results presented show substantive similarities
tween Ce and U compounds10 and suggest that a simila
theoretical framework might be used to describe these
kinds of correlatedf -electron systems. The bandlike beha
ior of the U5f electrons and 6d– 5f binding energy sequenc
are in qualitative agreement with a periodic model, includi
PAM, but other periodic models must be considered.
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