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Angle-resolved photoemission measurements using synchrotron radiation have been made
on a Ulry(100) face. With the use of the Fano resonance at the 5d absorption edge, the 51
emission was extracted and found to agree well with a calculated 5f density of states.
Dispersion was observed for the first time in a photoemission peak clearly associated with
5f emission. The dispersion is generally in good agreement with calculated energy bands.

I. INTRODUCTION

Actinide metals and intermetallic compounds
display complex electronic, magnetic, structural, and
superconducting properties.! While 6d electrons
clearly play a role,2? it is generally believed that 5f
electrons in possibly hybridized energy bands are
particularly important.* Obviously, an understand-
ing of the electronic band structure, and hence the
role of the 5f electrons, is an important element in
any explanation of actinide properties. Of particular
interest is the question of localization versus
itinerancy of 5f electrons, and their participation in
bonding in compounds.

Recently, it has been shown that a Fano-type reso-
nance’ is observed in the photoemission spectra of
actinide materials®~® as the photon energy is tuned
through the 5d-core absorption edge. Characteristic
Jf-electron features can be identified in photoemis-
sion spectra and extracted by using these resonant
photoemission techniques. From such measure-
ments one cannot of course determine a priori the
localized versus itinerant nature of 5f electrons, but
one can unambiguously determine the energy posi-
tion of the 5f features. Moreover, it is often possi-
ble to deduce the extent of hybridization with p or d
electrons.®’®

Previous resonant photoemission studies®~%® in
uranium compounds have only considered clearly lo-
calized or ‘“quasilocalized” cases, since resonant
photoemission is well understood in the atomic case.
Of particular importance was the study® on UO,,
which has a localized 5f level well separated from
the valence bands. It was found that at the antireso-
nance (92 eV) the 5f emission becomes almost van-
ishingly small. This allows an accurate extraction of
5f features.

In this paper we present results of a resonant
photoemission study (using tunable synchrotron ra-
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diation) of Ulr;, a compound where from previous
measurements'®~ !4 it is known that the 5f electrons
are purely itinerant. This material is of particular
importance because it is one of the few actinide ma-
terials for which a complete set of band-structure
calculations is corroborated by de Haas—van Alphen
(dHvA) data.'>!®> We have now performed self-
consistent calculations for Ulr;, and we use those re-
sults in this paper. Orbital decomposition of the
wave functions was performed, so that it is possible
in this material to compare directly the f-electron
portion of the photoemission spectrum with a calcu-
lated partial density of f states. This should give us
a good indication of the reliability of such pro-
cedures in materials where no calculations exist.

In Sec. II, we give the experimental details while
in Sec. III we present the theoretical background on
the self-consistent calculation. The experimental re-
sults are discussed in terms of these calculations in
Sec. IV; in particular, the total and partial density of
states is discussed as well as the first experimental
observation of 5f-band dispersion.

II. EXPERIMENTAL

A (100)-oriented single-crystal sheet of Ulrs
(grown by electron-beam zone melting'® ) was used
in the present study. The (100) surface was prepared
by 600-eV Ne-ion bombardment and simultaneous
annealing at ~600°C for 2 h. Flashing to ~800°C
completed the cleaning cycle. The surface condi-
tions were monitored using Auger spectroscopy and
low-energy electron diffraction (LEED). In addi-
tion, any buildup of oxygen or CO on the surface
was observed as additional photoemission peaks in
the (6—14)-eV binding-energy range. LEED re-
vealed the reconstructed c(2X8) surface in agree-
ment with earlier findings.!> After the initial clean-
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ing and annealing, subsequent buildup of CO and O
could be removed by simply flashing to ~800°C for
a few seconds.

The photoemission measurements were performed
with a two-dimensional display-type analyzer'$ us-
ing synchrotron radiation in the range 10
eV<hv<130 eV, at the Synchrotron Radiation
Center of the University of Wisconsin—Madison.
The system can be operated both in the angle-
integrated (A6=86°) and angle-resolved (A6=6")
modes with an energy resolution of 0.15 eV.

III. THEORETICAL CONSIDERATIONS

The band structure utilized in this paper was cal-
culated using a linearized variant of the relativistic
augmented-plane-wave method. Thus all relativistic
kinematic effects including spin-orbit coupling have
been included. The potential was included in the
warped—muffin-tin approximation!’ where it is
spherically averaged inside the muffin-tin spheres,
but no approximation was made in the interstitial
region. The potential is the result of performing a
self-consistent calculation utilizing only exchange as
the exchange-correlation functional. During the
self-consistency cycles, only the so-called scalar rela-
tivistic effects were included while spin-orbit cou-
pling was omitted. The effects of using a different
exchange-correlation functional cannot be resolved
in this experiment so we will not discuss them here.
Some discussion regarding the omitting of the spin-
orbit coupling during the self-consistent-field (SCF)
cycles is appropriate, however. This is a weak point
of the calculation, a result of purely economic con-
siderations. In many cases it is a very good approxi-
mation, since the spin-orbit coupling has very little
effect on the shape of the charge density. Moreover,
the reader is reminded that spin orbit is included in
the calculation once the potential is determined.
The major effect to be expected is through its influ-
ence on the selection of occupied states. In the case
of Ulr;, both the U f and Ir d have large spin-orbit
couplings. Since the levels at I' are considerably
changed near the Fermi energy due to spin-orbit
coupling, the occupation of states in this area is
strongly affected. Hence neglect of spin-orbit cou-
pling causes more states of U f character to be occu-
pied in the vicinity of I". It is difficult to ascertain
what states are thereby omitted with the inclusion of
spin-orbit as they are not uniform in all regions of
space. One expects them to have less f character,
however. The omission of spin-orbit coupling dur-
ing the SCF cycles then probably results in a poten-
tial reflecting slightly too much f character. This
would place the states with f-orbital content slightly
too high.

A prior non-self-consistent calculation'>!%!® has
been used to interpret de Haas—van Alphen data
available for Ulr;. That calculation had adjusted
the atomic configurations used in an overlapping
charge-density (OCD) model. The best potential
was obtained using U(f°d%!) and Ir(d®). In the
present calculation, the analysis of the charge inside
the muffin-tin spheres yields U(f,2.41; d,1.22; s,
0.20; p,0.30) and Ir(d,6.73 5,0.61; p,0.50). These can-
not be taken as atomic configurations as the s, p,
and d orbitals extend considerably beyond the
muffin-tin spheres. At the level that OCD configu-
rations are significant to our deliberations, one
might have preferred to have an Ir(d3!) configura-
tion for the earlier calculation. We make contact
with that earlier calculation because it experienced
some success in interpreting the major piece of the
Fermi surface, a large open surface centered at the
point M. That surface is found as well in the more
recent SCF calculation. Moreover, a small neck
along the (100) directions (i.e., through R) is found
in this calculation. Such a neck was postulated to
exist, based on dHvA data, but was not found in the
previous calculation. A large neck along the I'M
direction is found in both calculations.

The structure at I is considerably different be-
tween the two calculations and is also sensitive to
the presence of spin-orbit coupling. A qualitative
examination indicates the existence in the present
calculation of two closed d-band surfaces at T,
which are needed to explain dHvA data. Likewise, a
larger f-like surface is found at R, all consistent
with dHvA data and not found in the previous cal-
culation. While a detailed comparison between the
SCF calculation and dHvA data will be the subject
of a future paper, suffice it to say that the band
structure presented here is in better qualitative
agreement with dHvA data than the earlier results,
where the agreement with the large surface at M was
already quite good.

IV. RESULTS AND DISCUSSION

A. Density of states and EDC’s

The dashed curve of Fig. 1(a) represents an
angle-integrated energy distribution curve (EDC) ob-
tained at resonance (hv=98 eV) where f-electron
features are resonantly enhanced. In general, very
little difference was noted between the angle-
integrated and angle-resolved spectra above ~40 eV.
Five distinct features are observed [labeled A4
through E in Fig. 1(a)] similar to the related com-
pound UPd;.%!'® We can compare the curve of Fig.
1(a) to the calculated total density of states (DOS)
shown in Fig. 1(b) which was obtained from the cal-
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FIG. 1. (a) Electron distribution curve (dashed line) ob-
tained from Ulr; (100) at a photon energy of 98 eV, super-
imposed on a calculated total density of states for Ulr;
(solid line) which has been broadened by both an instru-
ment and a lifetime broadening function. (b) The un-
broadened density of states.

culations described in the preceding section. The to-
tal DOS of Fig. 1(b) was Gaussian-broadened first
by an instrument broadening function using 0.15 eV
as full width at half maximum (FWHM) and then
also by an energy-dependent lifetime broadening
function where the FWHM was assumed to be of
the form® a(E-Er)? (best fit a~0.05). The result-
ing broadened DOS is shown as the solid curve of
Fig. 1(a) which has been normalized to the experi-
mental curve at peak C. Except for the amplitude
discrepancy for features 4 and B (primarily due to
the 5f resonance enhancement at Av=98 eV) we can
claim quite good agreement. From a decomposition
of the total theoretical DOS into partial DOS’s we
learn that feature C corresponds to Ir ds,, emission,
while D is primarily Ir d3,,. The occupied portion
of the f-electron bands is ~3 eV wide and strongly
hybridized with the d bands. It is d-electron photo-
emission which constitutes the bulk of the emission
features. Indeed, a similarly broadened partial DOS
for d bands only (no f contribution) results in a
curve almost indistinguishable from the solid curve
of Fig. 1(a) except for peak 4 which is primarily f-
like in character.
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B. f-electron DOS

Figure 2 shows photoemission spectra taken at
resonance (98 eV) and at the antiresonance (92 eV).
If we assume that in the antiresonance all f-electron
emission is suppressed® as in the case of UO,, and
that the Ir d emission is unchanged, then a subtrac-
tion of the two curves (after normalizing at the
point shown by the arrow) yields the f spectrum
(dotted curve of Fig. 2) which should be representa-
tive of the f-electron DOS. This confirms that peak
A is primarily “f-like” while the remaining f density
is hybridized and distributed in the d bands.

In Fig. 3 we compare this difference curve to a
calculated partial f DOS, where the calculated DOS
was convoluted with the same broadening functions
used for the total DOS of Fig. 1(a). The curves were
normalized at peak 4. While the agreement is less
satisfying than in Fig. 1 for the total DOS, it is cer-
tainly encouraging. There is agreement on the band-
width and binding energies of the peaks, while there
is disagreement on the relative amplitudes. Part of
this problem was somewhat anticipated. We did not
remove the secondaries’ from our spectra nor did we
take any change in the Ir d emission into account.?!
Moreover, the uranium 6d-electron resonance,? ex-
pected to be smaller than 5f resonance by an order
of magnitude, likewise was not taken into account.
Further, the comparison is only to a broadened DOS
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FIG. 2. Photoemission spectra for Ulr;(100) at reso-
nance (solid line, 98 V) and at the antiresonance (dashed
line, 92 eV). The dotted curve is a subtraction of the two
spectra and should represent only the f-electron contribu-
tion to the photocurrent.
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FIG. 3. Comparison of the experimentally extracted
Jf-electron features in the photocurrent (dashed line) to the
calculated f density of states (solid line) broadened by the
same broadening functions as in Fig. 1.

with no consideration of transition probabilities.
With this in mind then, we believe that the agree-
ment is quite good. This result, in fact, leads us to
believe that in general a partial 5/ DOS can be ex-
tracted from photoemision spectra using tunable
photons at the 5d absorption edge.

A spectrum such as that obtained in Fig. 3 can
probably be interpreted in terms of itinerant or band
states even without the aid of a band-structure cal-
culation. To begin with, the 3-eV-wide spectrum is
pinned to Ef, a necessary although not a sufficient
condition for itineracy."” Then too, the observed
features in the f spectrum do not correspond to any
of the known multiplet structures’? found in ac-
tinides. Adding to the circumstantial evidence is the
dispersion observed for peak A4 (discussed in the fol-
lowing section).

C. Band dispersion

Angle-resolved photoemission EDC’s from the
Ulr;(100)-c (2 X 8) surface where obtained both at
constant polar angle (6=0°, normal emission), while
varying the photon energy, and a constant photon
energy (hv=26 eV), while varying the polar angle.
Figure 4 shows the simple cubic Brillouin zone for
the Ulr; lattice (AuCuj type). At normal emission
for a (100) surface we are probing the filled states
along the I'-X direction. The angular variation was
performed in the (100) azimuth so that we are
probing states having k), (electron momentum paral-

M54>‘ o "

FIG. 4. Brillouin zone for the simple cubic lattice (ob-
tained for a Cu;Au-type lattice).

lel to the sample surface) parallel to (but not neces-
sarily on) the X-M line in the I"-M-X plane.

Normal-emission EDC’s versus 16 eV <hv<40
eV are shown in Fig. 5. We note several spectral
features (denoted a—h), some of which show little,
but nonetheless significant change in their energetic
positions with hv. For hv>40 eV no band disper-
sion is observed and angle-resolved and angle-
integrated EDC’s are nearly identical. In addition to
the usual k broadening due to the short mean free
path of photoelectrons?® [which destroys all E (k)
information at higher Av for high-Z heavy materi-
als], we believe that broadening is also occurring as
a result of surface umklapp processes due to addi-
tional scattering from c(2X8) surface reciprocal-
lattice vectors, as was observed for the Ir(100)-
(5 1) surface.”* The gradual increase (with 4v) in
k smearing is clearly demonstrated by feature e,
which shows a gradual increase in amplitude with
hv and is nondispersive above Av~23 eV. The cal-
culated band structure (see Fig. 6) predicts no band
states at —4.5 eV along the I'-X line (except very
near X), while several flat Ir-derived d bands are ob-
tained along the X-M line yielding peak E in angle-
integrated data [Fig. 1(a)]. Thus feature e in Fig. 5
can only be observed in normal emission as a result
of significant k broadening, although near the X
point feature e is probably a legitimate angle-
resolved band state. With this in mind then, we
have restricted ourselves to hv <30 eV in analyzing
normal-emission data, realizing that some residual k
smearing exists even in this range. Feature g is due
to surface impurities and was readily eliminated by
flashing the sample to 600 °C.

Peak 4 in Fig. 5 (indicated by tic marks) shifts
linearly with photon energy, pointing toward a criti-
cal point in the final-state bands.?> Indeed, we can
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FIG. 5. Normal-emission EDC’s for a Ulry(100) surface. Feature g is a surface impurity. Feature 4 (denoted by tic

marks) is due to a final-state critical point at ~ 14 eV.

use its final-state energy, E s (Ef)= 14.0 eV, to con-
struct a semiempirical final-state band along the I'-
X line, which, in the simplest approximation, we as-
sume is parabolic or free-electron-like (s-p), as in
Ref. 24. Thus

E/(K)=3.84 | K(100y+ G100y | >+6

with an experimentally determined work function
of $=5.0+0.3 eV, and | G{jo0y | =7/a=0.781 A~".
The best experimental fit was obtained for the case
where k=0 is located at X rather than at I', thus
yielding the critical points at 5.0 and 14.37 eV at X,
and at 7.34 and 26.08 eV at I'. The 26.08-eV critical
point explains the amplitude maximum observed for
peak a at hv=26 eV. In a similar fashion peaks b’
and c located at ~—1 and ~—2 eV have a max-
imum amplitude at hv=27 and 28 eV, respectively,
consistent with this same critical point in the final
state.

It is known?® that normal-emission data can be

explained as being due to direct vertical transitions
(i.e., k,-conserving) from initial states into this para-
bolic final state, and we use it to determine k, for
the occupied bands along T'X. The experimental
band structure thus derived is shown in Fig. 6, su-
perimposed on the calculated bands. (The experi-
mental points shown along I'M are discussed below.)
In general, the overall agreement is quite good par-
ticularly for the flat, high—density-of-states bands
(resulting in the most prominent photoemission
peaks ¢ and d) at E; ~—2.3 and —3.2 eV. The hy-
bridized f-d bands (extending down to —2.5 eV as
derived from resonant photoemission of Fig. 3) are
determined quite well at the zone center and boun-
dary. We need not be concerned with the poor fit of
points e since it is understood as discussed above, ex-
cept insofar as the k broadening affects other data.
Thus b’ and b"” are not included in the reduced data
because of suspected k broadening.

In Fig. 7 we present angle-resolved EDC’s for
hv=26 eV and polar angles 2° <8 < 15° in the {100)
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FIG. 6. Experimental data points superimposed on a
theoretical band structure described in Sec. III. Data
along the I'-X line are normal-emission data obtained by
varying the photon energy. Data along the I'-M line were
obtained at hv=26 eV while varying the polar angle.

azimuth. In off-normal emission, assignment of the
various peaks to interband bulk transitions is not
trivial (e.g., Ref. 26). Direct transitions may take
place over the entire plane bounded by I', M, and X.
In addition, Grandke et al.?’ point out that noncon-
servation of k, is more likely to occur in off-normal
directions, particularly in these high-z materials
which also have a small Brillouin zone. In this case
peaks in the photocurrent may represent peaks in
the one-dimensional density of states’” which are
most often obtained along high-symmetry lines.
Whatever the situation, then, while we cannot be
certain of the precise location of the observed transi-

INTENSITY (arb. units)

ENERGY (eV)

FIG. 7. EDC’s obtained for a Ulr(100) surface by
varying the detector polar angle in the (001) plane at
hv=26 eV. Normal emission is at 6=0°".

tions, the excellent fit of the data with calculated
bands along the I'-M line (see Fig. 6) is our principal
justification in choosing this direction to compare to
our data.

V. CONCLUSIONS

It appears that resonant photoemission is a power-
ful tool in determining f-orbital character in photo-
emission features and extracting a partial f density
of states in itinerant systems. The agreement with
calculations in Ulr; is good. Dispersion has been
observed for the first time in a photoemission peak
which is clearly f-like in character. Good agree-
ment is obtained with calculations for the flat, iso-
lated d bands along I'-X, but rapid k& broadening
with hv, together with dense clustering of bands,
prevents a more extensive observation of dispersion.
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