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Imaging of 5f densities of states in resonant photoemission measurements
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Medium-resolution spectra (AE =0.25 eV) at the 5f Fano resonance in uranium intermetallics
are compared to spectra above and below the resonance region to show that the 5f (and 6d) spectral
weight obtained from resonant photoemission (RP) compares well to the 5f spectral weight ob-
tained at other photon energies. In well-hybridized systems, the 5f signal from RP gives an excel-
lent representation of the 5f density of states (DOS). In narrow-band and localized systems, a satel-
lite may appear in addition to 5f DOS-like structure, indicative of correlation effects.

I. INTRODUCTION

A recent publication' (SHCZ) has questioned the accu-
racy of deducing 5f bandwidths in uranium intermetallic
compounds from resonant photoemission (RP) measure-
ments. They propose that a resonant Auger transition at
RP broadens experimental widths. This is indeed an im-
portant question owing to the interest in this information
stimulated by heavy-fermion systems.?? Understanding
the systematics of 5/ bandwidths may yield insight into
heavy-fermion behavior.*

RP is understood as an atomic process as first de-
scribed by Fano® to explain line shapes in core absorption
edges. At an excitation threshold, a strong additional
channel opens up for 5f emission which interferes with
the normal photoemission channel. In the case of urani-
um, the excitation is a 5d transition at hv=94 eV. 5d
electrons are pumped into empty 5f states just above Ep
where they are trapped in the angular momentum bar-
rier. As they decay back to refill the 54 hole, they selec-
tively emit another 5f electron from a filled state via a
super-Coster-Kronig (SCK) autoionization process.
Clearly, other processes are also possible, although with
lower probability, including (1) the emission of a 6d elec-
tron,” or Coster-Kronig (CK) autoionization and (2) a
resonant Auger process® ! whereby the 5d hole is filled
by a valence 5f electron accompanied by the emission of
another valence 5f electron. This latter process (which is
pinned at Er) has been suggested by SHCZ to preclude
the use of RP to observe 5f character. It differs from
SCK (which presumably reflects the 5f directly) in that
the line shape is a self-convolution of the valence band
(i.e., twice as broad). Analyses of RP experiments'!!2
have assumed that the latter process is negligible. In this
paper we will show that this is indeed the case.
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Parenthetically, why the SCK process works as well as it
does for bandlike S5f systems to selectively pick out 5f
(and some 6d) emission is a question that still requires
further theoretical investigation. Our present observa-
tions regarding RP in uranium compounds directly con-
tradict SHCZ who claim that in well-hybridized 5f sys-
tems a resonant Auger channel does accompany the other
channels of decay and may account for up to 50% of the
spectral weight. The resulting corollary that the 5f pho-
tocurrent from RP does not image the 5f density of
states (DOS) in well-hybridized 5f bands would be so
significant that this assertion requires careful scrutiny.
We believe it is differences in resolution, coupled with
difficulties in properly normalizing the off-resonance and
on-resonance spectra (particularly in USi;) that form the
basis for the difference in interpretation. Here it will be
demonstrated that RP is indeed a useful tool.

We have utilized RP measurements extensively since
we have been interested in accurately measuring the elec-
tronic structure of 5f systems.!>~!¢ In this paper we re-
port studies on a number of materials at photon energies
ranging from 40 to 124 eV, completely spanning the RP
region (92-108 eV). This includes several systems (UGe;,
UBe,;, USi;) discussed by SHCZ. It is observed that in
systems where the ligand signal is not too strong (UGe;,
USi;, UBe,;), the 5f photocurrent obtained with RP
completely matches that obtained at lower energies (e.g.,
40 eV). However, while the spectra at 40 eV and at RP
are quite similar (indicating they reveal similar informa-
tion) it is a very separate issue whether they necessarily
image the 5f DOS. We find that in well-hybridized 5f
systems (USi;, UGe;, URhj3, Ulr;) the match between cal-
culated 5f DOS and photoemission is excellent. In near-
ly localized (UBe;;, UPt;) and localized cases
(UPd;_,Pt,), we believe an additional satellite is evi-
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denced,'®~!7 the origin of which is still to be fully deter-
mined. However, our purpose here is to demonstrate
that RP is indeed reflecting the direct structure uncloud-
ed by the Auger mechanism proposed by SHCZ.

II. EXPERIMENT

Measurements on UBe,; were carried out at the Tan-
talus synchrotron in Stoughton, Wisconsin using a
Grasshopper monochromator, while the remaining mea-
surements were done on the U2 beamline at the NSLS in
Brookhaven using an ERG monochromator. The UBe;
measurements were done at low temperatures (20 K) so
that the true instrument resolution can be directly de-
duced from the sharpness of the Fermi edge.'® For the
remaining measurements, which were performed at room
temperature, one must account for k7 broadening. In all
cases, our instrument resolution determined from the
Fermi edge was never worse than 0.3 eV. Samples were
prepared in the usual manner by arc-melting the constitu-
ents, annealing the resulting buttons, and characterizing
the samples by powder-diffraction measurements to verify
single phase. They were cleaved in situ to expose a clean
surface. The resonant part of the spectrum was obtained
by subtracting the spectrum at antiresonance (92 eV)
from that at resonance (99 or 108 eV). Before subtracting
spectra, it was found useful to first subtract out the
secondary background. This was done in the usual
manner by assuming that the background at each binding
energy is proportional to the total integrated signal at
lower binding energies.!® This has a slight but noticeable
effect on the 5f bandwidth. Failure to thus account for
background can in some cases result in improper normal-
ization and hence 5f bandwidths that are too large.

III. RESULTS AND DISCUSSION

As examples of well-hybridized 5f systems, Figs. 1(a)
and 1(b) show raw data for UGe, (at hv=63, 99, and 124
eV) and USi; (at hv=40 and 108 eV). These materials
are actually ideal compounds for analysis because both
the germanium and silicon s-p-like emission is extremely
weak at and above hv=40 eV. Thus, even at energies far
from resonance, the photocurrent is primarily due to U
5f and 6d emission. This enables direct comparison of
spectra at different Av. The analysis of UGe; is discussed
first since SHCZ also conclude that there is no evidence
for an Auger broadening in UGe;. (They choose to class
it as a more localized system. This is not valid as it is
certainly better hybridized than the heavy-fermion ma-
terial UBe;; and almost as much so as USi; discussed
below. The Fermi surface of UGe; has been completely
determined!® via the de Haas-van Alphen effect. The
effective mass m * < 4 for all orbits, which is even smaller
than in URh;.) In Fig. 1(a) the RP difference curve (a) is
seen to represent well the 5/ (strong peak at Er) and 6d
(tailing out to =~ —5 eV) emission for UGe;. The width
of the 5f derived peak appears to be =~0.85 eV in the raw
data but is reduced to =0.7 eV in the difference curve.
This narrowing is primarily a consequence of removal of
the background. All widths shown are substantially

smaller than previously observed?® value of 1.9 eV, and
are a consequence of improved resolution. Except for
minor differences possibly attributable to minor changes
in surface cleanliness between sweeps (a small amount of
UO, formation will add intensity at —1.5 eV) and rela-
tive d- versus f-electron cross section, all spectra are
essentially identical. A self-convolution of the 5f band-
width could produce an Auger feature =2-4 eV wide
(possibly 8 eV wide if we include 6d electrons) so the
similarity of these data implies that the Auger channel
must be very weak.

The raw USi; spectra are slightly broader [~0.9 eV
full width at half maximum (FWHM)] than the UGe,
spectra as should be expected from the slightly stronger
hybridization. On the other band, they are considerably
narrower than previous x-ray photoemission spectrosco-
py (XPS) results,?! again reflecting improved resolution.
Note that the 40-eV spectrum is essentially identical to
the 108-eV spectrum with only minor differences em-
phasized by the difference curve. Both spectra are also
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FIG. 1. (a) Photoemission spectra for UGe; with background
removed. The difference curve a (resonance minus antireso-
nance) is nearly identical to the direct spectra (curve b, 63 eV;
curve ¢, 99 eV; curve d, 124 eV) because the Ge p emission is so
weak. (b) Comparison of the photoemission spectra for USi; at
40 and 108 eV.



38 IMAGING OF 5f DENSITIES OF STATES IN RESONANT . .. 1629

similar to the previous XPS data once differences in reso-
lution are accounted for. The XPS data have previously
been shown to be consistent?> with a calculated band-
structure DOS. Consequently, the RP data must be con-
sistent with band calculations as well. An RP subtracted
curve is not shown for USi, because of difficulties encoun-
tered in establishing the normalization. A strong silicon
Auger peak at =88 eV kinetic energy appears in the reso-
nance region.?* Failure to subtract it out prior to analyz-
ing the 5f data will result in erroneous 5f widths. The
raw UGe; and USi, data are so similar, however, that one
must believe that the subtracted spectra would also be
similar albeit slightly broader for USi; (perhaps 0.9 eV at
FWHM). While not shown, the data for the extremely
well-hybridized 5f compounds URh; and Ulr, likewise
exhibit agreement!>!* between the observed 5f photos-
pectrum and the 5f DOS. The evidence is thus quite
strong that any Auger contribution is extremely weak in
the well-hybridized materials.

Possibly, there is a slight hint of extra intensity for
both UGe; and USi; in the —1 to —2 eV range in the
on-resonance spectra [shown by the difference curve in
Fig. 1(b)]. Because it is so weak one should be cautious in
attributing it to a resonant Auger feature. It could be ac-
counted for by differences in either cross section or reso-
lution between the two photon energies. In any case,
there is a similar suggestion of extra intensity in the XPS
spectra,’!?2 where the Auger feature is not in question.

Because the interpretation of RP depends on the sub-
traction of data, one must be very careful about the nor-
malization of data. It is a mistake to normalize at a
sharp peak when comparing data of different resolutions.
Since the 5f band density is a very sharp structure in the
above spectra, the effect of instrument resolution will be
quite profound. Poorer resolution will primarily result in
a diminution of the sharp peak intensity at Ep. In this
case, normalization at the secondary background is much
better if the samples are clean. Figure 2 demonstrates the
effect of resolution by superimposing the present USi,
data (AE=0.25 eV) on data! with AE~1.0 eV. The
spectra are normalized on the background. Clearly, the
measured FWHM is a strong function of resolution.

We next examine UBe,; which is a heavy-fermion ma-
terial and thus should be classed as a nearly localized or
at least a weakly hybridized material>—certainly not as a
well-hybridized material.! It too is a material well suited
for analysis since previous measurements?*2> have shown
that the beryllium p emission is also quite weak compared
to the uranium 5f or 6d emission. Figure 3 compares a
theoretical curve?® (solid line) and two experimental
curves. The dashed curve is the RP difference curve us-
ing the 99-eV resonance, and the dotted curve is the raw
40-eV spectrum (taken at 20 K) but with the background
subtracted out. The spectra were normalized at —1 eV.
For the sake of clarification, the 40-eV spectrum is actu-
ally a composite of two spectra at different resolutions.
Below —1.0 eV (where no sharp features are observed)
the dotted 40-eV spectrum was taken with AE=0.3 eV
to emulate the resolution existing at Av=99 eV, and it is
then joined to a spectrum taken with 0.09 eV resolution'®
above —1 eV. The reason for this is that with AE =0.3
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FIG. 2. Comparison of USi; spectrum having AE =0.25 eV
(dotted curve) with one having AE=1.0 eV at the 108-eV reso-
nance (from Ref. 1). Spectra were normalized on the secondary
tail since differences in resolution are too great to allow normal-
ization at the sharp peak. The differences in the spectra can be
accounted for by differences in resolution.

eV, the very sharp peak at E is completely washed out
even at hv=40 eV. The 99-eV RP data and the 40-eV
data are seen to differ mainly by the effects of resolution.
Data obtained?’ for hv=108 eV (not shown) are nearly
identical to, and possibly even very slightly narrower
than, the 99-eV data. Hence, again the evidence is for no
sign of an additional Auger broadening appearing at reso-
nance. Especially in UBe,;, it is essential to avoid nor-
malization at the very sharp peak at E, when comparing
data of different resolution.

The two experimental UBe,; curves in Fig. 3 are obvi-
ously substantially broader than the theoretical curve.
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FIG. 3. Photoemission spectra for UBe,; compared to a
broadened theoretical DOS. Dashed curve is the RP difference
curve (5f and 6d emission) and dotted curve is a composite
spectrum for hv=40 eV with background subtracted. The
sharp peak at E is unobservable for a resolution AE =0.3 eV
(see text).
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The theoretical curve, constructed by convoluting the
partial densities of states with the respective transition
probabilities and further convoluting with instrumental
broading (a Gaussian of 0.8 eV width), is the direct
band-structure result. Much of the apparent large width
of the experimental 5f DOS in UBe; is then actually a
consequence of U 6d emission. There is still, however,
extra intensity observed in the —1-eV region as a conse-
quence of correlation. Allen et al.?® were first to point
out this correlation intensity in UAl, and UPt;. While
they saw it only as a tailing of 5f spectral weight to
higher binding energies, we have suggested'®!” it to be a
due to a well-defined 5f satellite centered at = —1 eV,
which would appear with increasing intensity as the 5f
states become more localized. Subsequently, the extra in-
tensity has been noted by others.?>’® The spectra then
consist of a blurred image of the 5f DOS admixed with a
weaker image of the 6d DOS plus this additional satellite.
This proposed satellite structure is observed at all photon
energies, however, and hence cannot be an Auger feature.

Finally, we consider the localized system UPd;_,Pt,.
Neutron diffraction data,’! coupled with the specific-heat
data,’? clearly demonstrate the localized nature of 5f
electrons in UPd,. Baer et al.** have demonstrated that
the photoemission fingerprint for localized 5/ behavior in
UPd, is the lack of 5f intensity at Ep. This fingerprint is
observed for almost the entire range of x (up to x =2.6).
The arguments of SHCZ suggest that there should be no
resonant Auger transition for localized systems. Yet the
data for the UPd;_, Pt, system show evidence for addi-
tional (satellite) intensity at 1.5 eV. The spectra in Fig. 4
are difference spectra (99-92 and 124-92 eV) for the
x =0.025 sample. Note that they are again very similar.
The feature at —6 eV is a resonant feature (not related to
any Auger transition) possibly due to 6d emission. It is
not the satellite discussed above. In compounds where
the ligand atoms (Pd and Pt) contribute substantial d
spectral weight, resonating U 6d intensity is often nor-
malized out (i.e., it usually mimics the ligand d DOS). but
that does not appear to be happening here. The feature
is, in any case, not directly related to the current ques-
tion. This alloy system is particularly useful because at
UPd, sPt, s a double peak structure is clearly distinguish-
able without requiring careful data manipulation. The
entire series has been extensively studied and will be re-
ported in full elsewhere.’* Based on analysis of that data,
we may note here that the “localized 5f peak” in Fig. 4,
apparently centered at =~ —1 eV, is actually composed of
a main peak centered at = —0.6 eV and a satellite cen-
tered at = —1.1 eV. This produces the large width and
the asymmetric line shape tailing off to higher binding en-
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FIG. 4. 5f intensities (for the x =0.025 sample) obtained by
subtracting the spectrum for hv=92 eV from spectra for
hv=99 and 124 eV. Data were normalized on a d peak at
=~ —4 eV. The 5f spectral weights obtained at the two photon
energies are identical, indicating no resonant Auger peaks.

ergy. This structure again appears for all photon energies
and should not be ascribed to an Auger process.
Nonetheless, contrary to the analysis of SHCZ a broaden-
ing or actual additional peak is observed in these local-
ized systems although the source is different from that
discussed by SHCZ.

In conclusion we reiterate that the 5f line shape ob-
tained at resonance in uranium compounds accurately
matches the 5f lineshape obtained for photon energies
away from resonance. There is, at best, weak evidence
for a resonant Auger channel having measurable strength
in any system that we studied. Some of the reported
broadening in RP experiments (versus higher or lower
hv) may be simply due to instrument broadening, com-
bined with an improper subtraction of the background.
Whether the line shapes image the 5f DOS is a separate
question. That imaging appears to be quite good in well-
hybridized 5f systems but not in very-narrow-band sys-
tems. In any case, one can always pick out the 5/f-6d por-
tion of the photocurrent by doing a resonance experiment
with the exception that the 6d DOS is often subtracted
out in compounds with transition metals.
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