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Near-edge x-ray-absorption fine structure in uranium compounds
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For a number of metallic and nonmetallic U systems as well as a few Th compounds, the near-
edge x-ray-absorption fine-structure spectra, taken by transmission and total-electron-yield tech-
niques, are reported at the L3, M3, M4 5, X4 &, and 04 5, thresholds. At L3 and M3, similar spectra
with analogous information are observed. While in the metallic U systems, the white lines at L3 and

M3 show only minor variations in position and relative peak height, a shift of =4 eV is observed be-
tween UC13 and UF4, representing mainly the difference in Coulomb interaction between a 2p3/2
core hole and the 5f configurations. The spectra at the M4s and N4s thresholds are dominated by
intense absorption peaks due to 3d 5f and 4-d Sf tra-nsitions probing directly the unoccupied Sf
states. No multiplet structure due to 3d 5f or 4d-5f exchan-ge interaction is resolved, but the
linewidths of the M4 q peaks in the metallic U systems are found to decrease by =20% with increas-
ing U-U distance, reflecting a narrowing of the unoccupied 5f bands. The spectra at the Oqs
thresholds, on the other hand, show well-resolved structures, which are atorniclike for ThF4 and
UFq and may be described by spin-orbit and exchange splitting of the Sd Sf' and Sd 5f final
states, respectively. In metallic U systems, the 045 structures are broadened and partly lost,
presumably due to the more itinerant nature of the 5f states. Additional relatively weak peaks are
observed in the M4 ~ and 04 5 spectra of Th metal, ThO2, UO2, and UF4 at energies from =15 to 38
eV above threshold, which are assigned to multiple-scattering resonances.

I. INTRODUCTION

The electronic structure of light actinide (A) com-
pounds is dominated by the 5f electrons, which are on the
borderline between localized and itinerant electronic
behavior. It is well known that the Sf electrons are less
localized than the rare-earth (RE) 4f states, but not as
itinerant as the transition-metal 3d electrons. In addition,
profound changes frotn itinerant to localized 5f behavior
are known to occur when going across the actinide series.
The electronic properties of actinide compounds have
often been compared with those of the light RE elements,
particularly of cerium, although the transition to localized
5f behavior proceeds far more gradually in the actinide
series, reaching from U to Am. In this intermediate re-
gion, strong differences in Sf localization occur in dif-
ferent compounds as well as under the influence of exter-
nal pressure. ' Such differences in 5f localization are
known for U systems: Photoemission (PE) and brems-
strahlung isochromat spectroscopy (BIS) studies, e.g. ,
characterize a-U metal as a rather itinerant Sf system,
while UPd3, UTe, and particularly UO2, are more local-
ized.

This situation stimulates the strong present interest in

experimental information on the electronic structure of
actinide compounds. However, due to the radioactivity of
the actinide elements, an increasing number of theoretical
calculations on the electronic structure is not matched by
experimental results. The radioactivity problems are par-
ticularly prohibitive in photoemission studies using syn-
chrotron radiation, but also in brernsstrahlung isochromat
spectroscopy studies, since in both spectroscopies bare ra-
dioactive samples with clean surfaces are used. Informa-
tion on the electronic structure, though less direct, may

also be obtained from near-edge x-ray-absorption fine-
structure (NEXAFS) spectra. At x-ray-absorption
(XA) thresholds with energies above =3 keV, encapsulat-
ed samples may be used, greatly simplifying the problem
of handling these highly radioactive materials.

With future applications of XA techniques to com-
pounds of Np, Pu, Am, and of the heavier actinide ele-
rnents in mind, we have therefore undertaken an explora-
tory study of NEXAFS spectra of a number of metallic
and insulating U systems and —for comparison —also of a
few Th compounds. The absorption spectra were record-
ed with the use of synchrotron radiation at a variety of
XA thresholds spanning the energy range from 110 eV
(04 s thresholds) to 17.2 keV (L3 threshold). Both the
standard transmission technique (at L3, M3) and the
total-electron-yield method (at M3, M4 5, N4 s, and Oq s)
were employed.

Up to now, XA studies of U and heavier actinide com-
pounds have been very scarce. Previous work includes
early M45 XA spectra of u-U metal, UO2, and Pu met-
al, ' ' as well as a study of the 045 thresholds of a-U
metal and gas-phase UF4. ' More recently, NEXAFS
spectra have been reported for a few intermetallic com-
pounds of U at the I 3 and M4 5 thresholds, ' and
polarization-dependent I.

&
and L, 3 spectra were measured

for a single crystal of rubidium uranyl nitrate. ' During
the course of this study, a parallel investigation of I.3 and
M4 5 NEXAFS spectra of uranium oxides and glasses
came to our attention. '

In general, NEXAFS spectra may be quite complex,
since both single-particle transitions and many-body phe-
nomena, as well as lifetime broadening, phonon interac-
tion, and other factors may contribute. ' In systems with
a high density of unoccupied states, the XA spectra at
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those thresholds which couple optically to these states are
dominated by an intense peak (white line). In a single-
particle picture using Fermi s golden rule, the line shape
of such a white line is given by the partial density of
unoccupied states with the optically allowed angular
momentum. Such strong white-line resonances are well
known for the L~ 3 XA edges of 3d transition elements '
and RE compounds, ' as well as for the M45 and N45
spectra of RE systems. ' They probe the partial unoc-
cupied density of states with a resolution given by the
core-hole lifetime width and the instrumental resolution.
The influence of the core hole may also lead to
configuration-interaction effects in the final state, which
have been identified in L 3-edge spectra of RE com-
pounds and theoretically treated for a number of core-
level spectroscopies. ' In situations with highly local-
ized final states, e.g., at the M4 5 thresholds of RE com-
pounds, the NEXAFS spectra may be governed by
characteristic multiplet structures from the exchange in-
teraction between the core hole and the open final-state
shell

In addition to these transitions probing the unoccupied
electronic structure, NEXAFS peaks due to multiple
scattering (MS) of photoelectrons between neighboring
atoms and the atom under study are frequently observed.
These MS NEXAFS resonances probe the spatial arrange-
ment of neighboring atoms, and they are known to be
strong in XA spectra of chemisorbed molecules. They
are also frequently encountered in bulk solids, particularly
in those with a well-defined and highly coordinated
nearest-neighbor shell.

The present paper is organized as follows. After a brief
description of the experimental procedure in Sec. II, an
overview of the NEXAFS spectra at the five investigated
threshold regions is given in Secs. III to VII; Sec. VIII fi-
nally contains a summary and the conclusions of the
present work.

II. EXPERIMENTAL DETAILS

The intermetallic compounds studied in this work were
arc melted from the constituent elements of at least
99.9% purity. UOz was available as a single crystal, while
the other nonmetallic compounds of high purity were
polycrystalline powders from commercial suppliers. All
compounds were analyzed by the Debye-Scherrer method
with the result that no impurity phases were detected ex-
cept in UO3,' this compound was found to be mainly y-
UO3, with minor traces of other oxide phases.

The L3-edge data were taken at the ROEMO beam line
of HASYLAB, DESY, employing a pair of Si(311) crys-
tals. The resolution of the spectrometer was =5 eV [full
width at half maximum (FWHM)] at the 2p3/2 threshold
of U, and all L3-edge data were taken in transmission
geometry. Three ionization chambers mounted in series
allowed us to measure simultaneously the absorption of
the sample under study and that of a reference material,
in order to accurately determine relative shifts in edge po-
sition. Typical absorber thicknesses were 12 mg/cm for
the insulating U compounds and 25 mg/cm for the rne-
tallic systems. The latter were prepared by filing the ma-

terial under Ar atmosphere and mixing the fine powder
with wax; the sample was then sealed in a lucite capsule
and stored under Ar. Some nonmetallic U compounds
were also investigated in the regions of the M3 and M5
edges in transmission geometry, using the same setup to
determine relative energy shifts for the M3 edges. These
studies were performed at the EXAFS-II beam line of
HASYLAB employing Si(111) crystals; in this case the
resolution was =1.7 eV (FWHM).

Additional M3- and M4 &-edge measurements on metal-
lic as well as nonmetallic U compounds were performed
at the JUMBO monochromator of Stanford Synchrotron
Radiation Laboratory (SSRL), Stanford during parasitic
conditions. Using Ge(111) crystals, energy resolutions of
1.4 eV at the Th M& edge and 1.8 eV at the U M3 edge
were obtained, determined from the rocking curves. For
deconvolution purposes, rocking curves were measured at
a number of photon energies between 3.2 and 4.5 keV
after several injections in order to account for different
beam conditions. The energy calibration of JUMBO was
adjusted to 3330 eV for the Pd L2 edge and to 4302 eV
for the U M3 edge and found to be reproducible within
0.5 eV. Normalization of the total-electron-yield spectra
to photon flux was found essential and was achieved by
monitoring the total electron yield from a nickel grid at
the monochromator exit.

The N4 5- and 04 &-edge data were taken at the SX-700
beam line of BESSY, Berlin with resolutions of 1.4 and
0.1 eV, respectively. In order to achieve high resolution at
the N4 5 thresholds, the monochromator was operated
when electron currents less than 30 mA were in the
storage ring; this guaranteed small emittance of BESSY.
Additionally, the acceptance angles of both the mono-
chromator and the ellipsoidal focusing mirror were re-
duced. The resolution at the N45 thresholds of U was
determined from a study of the M& XA spectrum of
LaF3. The N45 measurements reported were performed
in a total-electron-yield mode during a single injection in
order to minimize energy shifts due to changes in source
position.

For the total-electron-yield measurements, the surfaces
of the metallic compounds and of UO2 were cleaned
in situ by scraping with a diamond file at a base pressure
of 10 ' torr. The other oxides and fluorides were paint-
ed as alcohol-based suspensions on Ta or Al substrates be-
fore being transferred into the ultrahigh vacuum (UHV)
system. Typical data acquisition times were 30 min for a
complete M4 5 scan and 15 min for the other spectra.

III. OVERVIEW OF XA SPECTRA FOR UF4

An overview of the NEXAFS spectra of UF4 obtained
at the various thresholds investigated is given in Fig. 1;
the spectra are plotted on a common relative energy scale
with the experimental resolution b,E (FWHM) specified in
each case. In the upper part of the figure, the absorption
coefficient as obtained from transmission measurements
(in arbitrary units) is plotted versus the photon energy.
The spectra in the lower part of the figure were obtained
by monitoring the total electron yield from the sample
surface as a function of photon energy and normalizing it



35 NEAR-EDGE X-RAY-ABSORPTION FINE STRUCTURE IN. . . 2669

O

0
V)

hE= SeV

hE = 1.8eV

hE = 1.6eV

to the incoming photon flux. This normalized yield signal
is proportional to the absorption coefficient to a good ap-
proximation.

The upper two curves in Fig. 1 represent the photon ab-
sorption at the L3 and M3 thresholds due to optical tran-
sitions from 2p3/2 and 3p3/2 core levels, respectively, into
unoccupied states. The peaks at the onset of the edges
(white lines) correspond to transitions into unoccupied
states with 6d symmetry, while the underlying edge struc-
ture stems from transitions into the continuum; above
threshold, structures due to multiple scattering of the out-
going photoelectrons are visible. The L3 and M3 spectra
look quite similar, as expected from the analogous final
states, which differ only by the presence of a 2p3/2 and
3p3/2 core hole, respectively. Note that in the present
study the experimental resolution at M3 is better by a fac-
tor of =2.5 compared to L3, mainly due to the lower

photon energy.
Also shown in Fig. 1 are the NEXAFS spectra of UF4

at the M5 and N5 thresholds, corresponding to transitions
from 3d5/2 and 4d5/2 core levels, respectively, into unoc-
cupied states of mainly Sf symmetry. In both cases, in-
tense white lines are observed, with only a very weak edge
jump at the M5 threshold and practically none at N5. In
the white-line peaks at both the M5 and N5 thresholds, no
multiplet structure due to exchange interaction between
the core hole and the open 5f shell is resolved. The analo-
gous M5 and N5 spectra of the RE elements, on the other
hand, are characterized by well-resolved multiplet split-
tings. ' These differences are readily explained by the
much smaller overlap of the 3d and 4d core-hole wave
functions with the U Sf states as compared to the RE 4f
states. The relatively weak edge jump observed at the M5
threshold is due to transitions into mf and np states of
the continuum (with m & 6 and n )7). These transitions
are relatively more intense in the light actinide spectra
than in the RE M45 spectra, both since the centrifugal
barrier is lower and since the 3d-5f transition matrix ele-
ment is reduced in comparison to 3d 4f. The -absence of
an observable edge jump at N5 is presumably caused by
the high oscillator strength for transitions into Sf states
due to the large 4d 5f orbital -overlap.

Finally, Fig. 1 also contains the photoabsorption spec-
trum in the 04 5-threshold region of UF4. In contrast to
the M5 and N5 spectra, a complex near-edge structure is
observed, indicating Sd 5f"+' multiplet splitting; this is
analogous to the situation at the N4 5 thresholds of the
RE elements. ' In the latter cases, the exchange in-
teraction between a 4d hole and the 4f"+' configuration
exceeds the spin-orbit coupling, leading to a spectrum
which is no longer given by separate 4dq/q (N5) and 4d3/2
(N4) contributions. As discussed in more detail below,
this is similar to the 04 5 spectra of Th and U systems.

IV. NEAR-EDGE FINE STRUCTURE
AT THE 1.3 AND M3 THRESHOLDS
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FIG. 1. Near-edge XA fine-structure spectra of UF4 at the
L3, M3, M5, N5, and 045 thresholds, which are located at pho-
ton energies of about 17 180, 4310, 3550, 730, and 110 eV,
respectively. For each spectrum the energy resolution AE
I,'FWHM) of the employed monochromator is given.

A detailed comparison of the L 3 edge shapes of various
U systems is presented in Fig. 2. These spectra were all
recorded against a reference sample of UF4, so that the
relative energy scale is accurate to +0.2 eV, allowing a
comparison of the energies of the white-line peaks. The
spectra reflect considerable variations in width and rela-
tive amplitude of the white-line peaks. In particular, the
white-line amplitude decreases when proceeding from ion-
ic UF4 or UO2 to the intermetallic systems UCu5 and
UNi5, and further to a-U metal. Also, small shifts to
lower energy relative to UF& occur for the white lines in
the metals, while =2-eV shifts to higher energy are ob-
served for UO3 and U308. Note a pronounced shift in the
white-line position by 4.1 eV to lower energy in trivalent
UC13 as compared to tetravalent UF4. This is essentially
the difference in Coulomb interaction, U2p 5f between the
2p3/2 core hole and the 5f electronic states of the two
compounds and demonstrates the screening power of an
additional 5f electron. Even though no theoretical esti-
mates are presently available for Upp 5f the experimental
result is quite reasonable in comparison with the known
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values for U2p 4f in rare-earth systems. '

Also striking are changes in line shape of the white-line
peaks in the L3 spectra of Fig. 2. While the white lines
observed for UF4 and UC13 are intense and relatively nar-
row, a strong variation in the white-line amplitude relative
to the edge jurnp is observed in the metallic systems.
These changes mainly reflect variations in the unoccupied
6d density of states from UF4 to a-U metal, with a rela-
tively large 6d bandwidth for the latter. Such a correla-
tion between the L3 white lines and ground-state densities
of unoccupied states has been shown to hold for rare-earth
metals. '

The white line of UNi5 is shifted by =2 eV relative to
that of UCu5, and it is also rather asymmetric. This
difference is interesting in view of the peculiarities report-
ed in lattice constant, susceptibility, and specific heat for
the UNi5 „Cu„series of compounds. Recently, BIS

measurements on this system indicated that the 5f states
are rather itinerant in UNi5 and more localized in UCu5.
This suggests that the variations in the L3 white lines are
caused by variations in the 6d density of states (DOS) due
to 5f 6d -hybridization.

In the spectrum of UO3, a second peak (S) is observed,
shifted by =9 eV to higher energies; it is broader than the
main white-line peak and its intensity amounts to =80%
of the latter. A similar high-energy shoulder may cause
the asymmetric broadening of the white line in U308, but
additional complexity arises in this compound due to the
presence of formally pentavalent as well as hexavalent U
sites. Such double-peaked white lines are well known
from the L3 spectra of mixed-valent RE systems.
In the present case, however, an interpretation along these
lines appears less promising, since the 9-eV splitting can-
not easily be reconciled with the shift value of =4 eV for
U2p 5f determined in this work. On the other hand, a con-
siderable amount of covalent 5f character must be expect-
ed for hexavalent U compounds, as borne out in the re-
sults of a band-structure calculation for UF6. This
would support an interpretation of peak S in terms of a
core-hole —induced many-body effect, in analogy to the
L3-edge spectra of CeF4 and Ce02. Note that comparable
features were found previously in the XA spectra of 3d
compounds in parallel to the occurrence of satellite peaks
in core-level PE; such PE satellites are characteristic for

UF4,
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FIG. 2. Near-edge XA fine-structure spectra at the L 3

thresholds of various U compounds. The solid lines represent
the results of least-squares fits as described in the text.

FIG. 3. Near-edge XA fine-structure spectra of some nonme-
tallic U compounds at the M3 threshold. The solid lines
represent fit results.
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all the U oxides under study, and are particularly intense
for UO3.

Alternatively, an interpretation is possible in terms of a
MS resonance previously identified in the L&- and L3-
edge spectra of rubidium uranyl nitrate. ' ' Using a sin-
gle crystal of rubidium uranyl nitrate and making use of
the linearly polarized nature of synchrotron radiation, it is
shown in this work that a peak =15 eV above the main
white line is due to multiple scattering of the photoelect-
ron in the linear 0—U—0 uranyl bond. Since the energy
E (relative to threshold) of a MS resonance depends on
the interatomic distance r to a first approximation as
E cc r (neglecting the energy dependence of the phase
shifts), an increased U—0 separation in UO3 as compared
to that of the uranyl group would be expected. This is
indeed the case, even though the quantitative agreement is
not very good. The spectra in Fig. 2 were analyzed by fit-
ting a Lorentzian to the white line and an arctangent
function to the edge jump, convoluted with a Gaussian of
5 eV (FWHM) to account for experimental resolution.
This procedure corresponds to standard L3-edge analysis
in the case of RE systems; ' in the absence of detailed
edge-shape calculations, it may be used to deduce varia-
tions in bonding from the positions and widths of the
Lorentzians. We prefer this approach rather than a deter-
mination of the edge position from the point of inflection,
since linewidth effects can be distinguished from shifts in
the white-line position. In the case of a-U, UNi5, and
U308 no reasonable fits were obtained with this simple
model; an asymmetric Lorentzian line shape had to be in-
troduced for a proper description of the white lines.
The results of these fits are summarized in Table I and in-
dicated by solid lines in Fig. 2.

In order to gain more insight into the near-edge spectra
of U03 and U308, we have also investigated the photon
absorption spectra at the 3p3/p thresholds (M3 edges),
with better instrumental resolution. The spectra obtained
are presented in Fig. 3. Consistent with the L3-edge re-
sults, a second peak (S') is found =9.5 eV above the white
line in UO3, which is much broader (by a factor of 2.5)
than the main peak. The white line is shifted by =1.6 eV
to higher energy relative to U02 and by =2 eV to lower
energy with respect to U308. Hexavalent
UO2(NO3)2 6H20 [designated UOz(NO3)2 in Fig. 3] shows
a similar shift in line position to U03, but no compar-
able satellite feature 9 eV above the edge. Instead, a MS
peak (X'), separated by =15 eV from the white line, is ob-
served in agreement with the observations of Ref. 15. For
U308 a single broad feature is observed, which can be fit-
ted by a single asymmetric line. Due to the absence of
structure, no attempt was made to decompose the spec-
trum into separate components.

We have also studied the M3 edges of a series of metal-
lic U systems employing the total-electron-yield method
and using bulk samples in ultrahigh vacuum. This ex-
cludes the possibility of measuring the sample under study
simultaneously with a reference compound for energy
calibration purposes. By comparing different runs for the
same compound, however, we find the results to be repro-
ducible within +0.3 eV. From a recent total-electron-
yield study of the Tm M4 & thresholds at =1500 eV, we
estimate the sampling depth at the present energies to be
=100 A, i.e., much smaller than the penetration depth of
the x rays. The resulting spectra are presented in Fig. 4.
Comparing the data for UF4 and U02 with those obtained
in the absorption measurements (see Fig. 3), we notice that

TABLE I ~ Parameters from fits of the L3- and M3-edge spectra by a Lorentzian for the "white line" plus an arctangent function
for the "edge jump. " 6 gives the energy shift of the white line relative to UF4 and ThF4 for the uranium and thorium compounds,
respectively; W represents the width of the white line (FWHM), deconvoluted with the experimental resolution [to account for experi-
mental resolution, the Lorentzian, and arctangent function were convoluted with Gaussians of total width (FWHM) 5 eV (U L3), 4.8
eV (Th L3), and 1.8 eV (U M3), respectively); a indicates the asymmetry parameter (see text).

L3 edge
(transmission)

6 (eV) W (eV)

M3 edge
(transmission)

6 (eV) W (eV)

M3 edge
(total electron yield)

6 (eV) W (eV)

UO2(NO3) 2.6H20

UO3

U3O8
UF4
UOp
a-U
UPt
UNig
UCu5
UPtg
UC13
ThF4
Th02
Th

+1
+2

+10

0
—1

—2
+2

0
—1

—4

0
—2

9
17

12
8

9
21
15
17
12
14
11
6
7

13

1.3

1.5

1.2

+ 1.3

+ 1.6
+11
+ 3.5

+ 0.1

10

7.8
19

16
8.5

10

1.3

—0.1

—0.2
—0.5
+ 2.5
—0.2
—0.4

9.2
10
17
16
14
12
13

12
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the two techniques, total electron yield and absorption,
lead to essentially identical results. While the statistical
accuracy of the total-electron-yield spectra presented is
relatively poor due to unfavorable experimental conditions
("parasitic" mode at SSRL, with only =5 mA stored elec-
tron current at 1.5 GeV energy), and details are not well
resolved, these measurements nevertheless demonstrate
the potential of this spectroscopy. Since the samples were
freshly filed in UHV, effects due to surface oxidation may
be excluded, and the usual problems of transmission ex-
periments (due to saturation and limited homogeneity of
the absorbers) are absent.

We summarize the results of the L3 and M3 experi-
ments as follows: The chemical shifts between tetravalent
and hexavalent U compounds are found to be rather
small, amounting to no more than 2 eV, in contrast to the
4-eV shift between tetravalent and trivalent U com-
pounds. This trend corroborates the idea of relatively ex-
tended 5f states in U compounds of valencies higher than
four, and a correspondingly increased 5f localization in
trivalent nonmetallic U systems. The similarity in shape
of the L3- and M3-edge spectra is expected on the basis of
the extended nature of the 6d final states and the localized
nature of the 2p3/p and 3p3/p core holes. In fact, a slight-
ly larger difference in linewidth between the L3 and M3
white lines of UF4 or UO2 would be expected from the

lifetimes of the 2p3/2 and 3p3/2 core holes, which were
calculated to be =8 eV and =12 eV, respectively. ' Such
differences are not observed in the spectra, and these
numbers seem to be slightly overestimated in view of the
experimental white-line widths given in Table I, which
also contain the 6d bandwidths. In comparison to previ-
ous L3-edge measurements on metallic U systems, ' we
find close agreement with the white-line shapes and
widths, except for U metal, where our analysis gives a
somewhat broader white line; this is also reproduced in
the total-electron-yield spectra taken at the M3 thresh-
olds.

V. 3d Sf RESG-NANCES AT THE
M4 5 THRESHOLDS

Transitions from the M45 subshells into unoccupied
states of mainly 5f character give rise to the NEXAFS
spectra presented in Fig. 5. These data were obtained us-
ing the total-electron-yield method; the spectra are
characterized by intense white lines due to 3d 5f optical-
transitions and by rather weak edge profiles. In this
respect, they resemble the well-known M4 & spectra of the
RE compounds. ' The white lines, however, do not
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FIG. 4. Total-electron-yield spectra of various U compounds
(and of Th metal for comparison) at the Mq threshold. The
solid lines represent fit results.

FIG. 5. Total-electron-yield spectra of various U and Th sys-
tems at the M45 thresholds. The solid lines serve as guides to
the eye. S&, S2, and S3 as we11 as the dotted symbols denote
NEXAFS peaks due to multiple-scattering resonances (see text).
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FIG. 6. Line positions and linewidths of the M45 white-line
peaks of various U compounds, plotted versus the nearest-
neighbor U—U distance. The error bars given represent abso-
lute errors, while the relative errors are smaller than the dimen-
sions of the data points.

exhibit any resolved multiplet splitting from the
3d Sf"+' exchange interaction; rather, they look quite
similar for such different systems as a-U metal (delocal-
ized Sf) and UO2 or UF4 (localized 5f).

Some of the spectra in Fig. 5 exhibit additional peaks at
energies up to 40 eV above threshold. These structures
are particularly visible in the spectra of ThOz, UOz, and
UF4, they are designated in Fig. 5 by S&, Sz, and S3
(above M5) and the corresponding primed symbols (above
Mq). The structures look identical above the two thresh-
olds. We assign these NEXAFS features to MS reso-
nances, which contain information on the local structure
around t'he absorbing central atom. The energetic posi-
tions of these MS resonances above the white-line maxima
are =17 eV (31 eV) for S& and S'& (Sz and S2) in Th02
and UOz, and =38 eV for S3 in UF4.

One would first expect these MS resonances to be
strong in crystal structures with highly coordinated and
well-separated nearest-neighbor (NN) and next-nearest-
neighbor (NNN) shells. This is supported by the pro-
nounced MS peaks observed for ThOz and UOz, which
both crystallize in the CaFz structure with an An—0
bond length of 2.42 A (2.37 A) and an An—An distance
of 3.95 A (3.87 A) in the case of ThOq (UO2); on the other
hand„no MS resonances are visible in the M4 5 spectra of
Th metal, which also crystallizes in a highly coordinated
(fcc) structure. It therefore seems that the appearance of
these MS peaks is particularly favored in nonmetallic sys-
tems with covalent metal-ligand bonds like, e.g. , the
An —O bond.

The M4 5 spectra were fitted to a superposition of an
asymmetric Lorentzian and an arctangent function; this
spectral shape was convoluted with the experimentally
determined rocking curve, which was analytically
described by a superposition of Gaussian and asymmetric
Lorentzian line shapes (Voigt line). The resulting posi-
tions and deconvoluted widths of the white lines are plot-
ted in Fig. 6 as a function of the U—U distance. In this
figure, the nonmetallic compounds UF4, UO3, and UOz
are distinguished by open circles from the metallic com-
pounds, which are represented by solid circles.

We infer from Fig. 6 that the positions of the white
lines are practically identical (within experimental accura-
cy) for all metallic compounds studied, while they are
shifted to higher energy for the insulating compounds, up
to =1.5 eV (for UO3). The linewidths observed for the
metallic systems decrease by about 1 eV (corresponding to
=20%) with increasing NN U—U distance, approaching
the value found for the nonmetallic compounds UOz and
UF4. Compared to the Th compounds investigated, the
M4& white lines of the U compounds are about 20/o
broader. Furthermore, an asymmetric broadening to
higher energy is observed for the white lines, particularly
in the case of the metallic compounds and UO3.

The widths of the white lines are determined by the
lifetime width of the core hole, a possible broadening due
to 3 d 5f"+ ' exchange interaction, and a contribution
from the bandwidth of the empty Sf states. For Th, an
estimate for the lifetime widths is available from atomic
calculations: 2.9 eV for M5 and 3.2 eV for M4. ' These
values are in good agreement with our experimental re-
sults (3.5 eV at both edges). It should be noted that
multiplet-splitting effects are not expected to contribute to
the Th M45 linewidths, since the M& 5 multiplet spectra
are dominated by one intense single line each with only
weak satellites (similar to the 3d 4f ' spectrum of La).
For U, an M4 5 linewidth of =3.5 eV may be estimated, '

which is about 1 eV smaller than our experimental results.
An estimate for the contribution of the 3d 5f"+' ex-

change interaction can be made from recent atomic calcu-
lations by Sawatzky. For a 3d Sf configuration (corre-
sponding to UO2 and UF4), this author found a total
width of the M45 multiplet of =2.5 eV; splittings of
similar size were also obtained for the 3d 5f configura-
tion. When these theoretical multiplet structures are con-
voluted with Lorentzian lines of =3 eV (FWHM) for life-
time broadening as well as with the experimental rocking
curve, essentially single lines with no resolved multiplet
structure are obtained, in agreement with our observa-
tions.

The variation of the M45 linewidths with U—U dis-
tance (see Fig. 6) seems to be correlated with the band-
width of the unoccupied 5f states. A possible contribu-
tion from the 3d Sf"+' multiplet splitting would be ex-
pected to show just the opposite behavior, since the in-
crease in Sf localization at larger U-U distances should
lead to increased Coulomb and exchange interactions. In
the same direction, however, the 5f bandwidth is expected
to decrease, in accordance with the observed decrease in
the M45 linewidths. The linewidths determined in this
work compare favorably with previous results for UAlz,
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UMn2, and USn3, ' but are considerably narrower than
obtained before for a-U metal and UO2. '

A line-shape analysis of the M4 5 peaks reveals substan-
tial asymmetries to higher energy, particularly in the case
of the metallic systems and UO3. The asymmetry of the
lines is measured by the ratio a of the half width at half
maximum of an asymmetric Lorentzian fitted to the
peaks. The resulting values of a range from 1.2 to 1.5
for the M5 peaks and from 1.3 to 1.7 for the M4 peaks.
These line asymmetries do not scale with the total
linewidths of the M45 peaks plotted in Fig. 6. Several
mechanisms may contribute to these asymmetries: (i)
Multielectron excitations due to the creation of a core
hole, as well as unresolved satellite features due to exci-
tations of the 5f electron system, analogous to the RE
case. ' ' ' (ii) Transitions into unoccupied valence-band
states with f symmetry above the ionization threshold,
which would be possible due to hybridization of Sf states
with valence orbitals. '

Also extracted from the spectra of Fig. 5 were the rela-
tive amplitudes r of the white-line peaks with respect to
the edge jumps. For the U systems the fit results for r
range from 8—9 at Mq and from 6—7 at M4, and show no
dependence on the metallic or insulating nature of the
compounds. These numbers are considerably larger than
previously reported for the M4. 5 spectra of several in-
termetallic U compounds, where values close to 3 were ob-
served. ' Similar r values may also be deduced from the
spectra of o,'-U metal and UO2 given in Ref. 10. These
previous M4 5 spectra were measured in transmission
geometry using thin absorbers, while the present spectra
given in Fig. 5 were obtained by the total-electron-yield
method. We therefore checked our results for a possible
influence of the different detection modes. For this pur-
pose, absorption measurements were also performed on
UF4 and UOz, using thin homogeneous absorbers
prepared by dispersing finely powdered compounds in
methanol onto filter paper. The resulting XA spectra
were found to be practically identical to the total-
electron-yield spectra of Fig. 5, resulting in the same ra-
tios r. This supports our assumption that the total-
electron-yield method gives essentially the correct XA line
shapes. The deviations of the previously reported M45
spectra from our present results may have been caused by
saturation effects due to thick or inhomogeneous ab-
sorbers or even by nonlinearities in the photographic film
material employed in the earlier work.

In view of the present M4 5 spectra for a large variety
of U compounds with rather different Sf electronic struc-
tures, the previously reported M& data for Pu metal in the
region of the a-to-5 phase transition are quite remark-
able. " In 6-Pu metal, a single M5 peak with a vanishing
edge jump was reported, while for a-Pu metal, a splitting
of the main peak with two additional weak satellites was
observed. The data were interpreted in support of an in-
creased 5f localization in 5-Pu metal. This would mean
that comparably large changes in the electronic nature of
the 5f states are totally absent in the U compounds stud-
ied. In view of recent theoretical results, indicating that
Sf localization is not expected in actinides lighter than
Pu, as well as previous arguments on extended 5f states

in UO2, such a conclusion would seem reasonable.

VI. SOFT-XA SPECTRA AT THE
1V4, 5 THRESHOLDS
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FIG. 7. Total-electron-yield spectra of a-U metal and UF4 at
the N4 5 thresholds. The solid lines represent fit results.

We have also studied the soft-XA spectra of a-U metal,
UF4, and Th02 (for comparison) at the N4 & thresholds by
the total-electron-yield method. The results for UF4 and
a-U metal are presented in Fig. 7; they were obtained at
BESSY using the SX-700 monochromator at a resolution
of 1.4 eV (FWHM). The spectra are characterized by in-
tense NEXAFS peaks due to 4d 5f tra-nsitions (separated
by the 4d spin-orbit splitting) and undetectably weak edge
jumps. The higher white-line intensity relative to the edge
jump as compared to the M4 5 spectra is, in fact, expected
from the increased 4d Sf orbita-l overlap, leading to
higher transition rates into the 5f states. It also explains
the absence of observable MS peaks above the white lines
as observed in the Mq 5 spectra (see above).

The N45 spectra in Fig. 7 clearly show no resolved
multiplet splitting from the 4d Sf"+' exchange interac-
tion, which is expected to be larger than in the M4 5 spec-
tra due to the increased orbital overlap. The peaks are
well described by symmetric Lorentzian lines with the ex-
ception of the N4 peak of a-U metal, where a line shape
slightly asymmetric towards higher energies (a=1.3) had
to be assumed. The fit results (solid lines in Fig. 7) show
a small (0.5 eV) shift to higher energies for the N4 q peaks
of UF4 relative to a-U metal, in agreement with the find-
ings from the M45 spectra. Also, the N5 peak of a-U
metal is wider than that of UF4 (6.9 versus 5.5 eV), while
the N4 peaks of both U systems have very similar widths
(6.0 versus 5.9 eV). The latter minor difference from the
M4 & spectra could indicate contributions to the N4 5

linewidths from the 41 Sf"+' multiplet splitting in addi-
tion to contributions from the lifetime widths of the 4d
core holes (calculated to be =4 eV for an N5 core hole), '

as well as from the bandwidth of the unoccupied 5f
states. The N4 5 peaks of both U systems are wider than
those of ThOz (4.5 eV), again in agreement with the M4 5
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results (see Fig. 6).
In both U systems studied, the ratio of intensity of the

absorption peak at N5 relative to that at N4 is found to be
2.1, which may be compared with a ratio of 1.7 observed
in the M4 5 spectra and the statistical value of 1.5 from
the degeneracy of the d5&2 and d3/2 hole states. Since the
latter value is only expected in the absence of electron
correlations, the observed trend is plausible in view of the
expected increase in core hol-e 5f—interaction due to the
increase in orbital overlap from 3d to 4d.

VII. SOFT-XA SPECTRA AT THE
04 5 THRESHOLDS

A further increase in the orbital overlap between core-
hole and 5f electrons, resulting in strong multiplet effects,
is found in the soft-XA spectra at the 04 g thresholds. In
this case, the Sd Sf exchan-ge interaction is of the same
order of magnitude as the 5d spin-orbit interaction. The
0q 5 spectra are therefore similar to the 4d 4f"+' excita-
tion spectra in RE systems, which have been studied ex-
tensively, both theoretically and experimentally. ' The
question arises as to whether the 04 ~ spectra of U and Th
systems can be interpreted in a similar atomiclike way as
5d Sf"+' final-state multiplets, despite the less localized
character of the 5f states. Up to now, only few and partly
controversial experimental results have been reported on
Th and a-U metal, ' as well as on UF4 in the vapor
phase.

We have therefore studied the 04 5 spectra of ThF4 and
of various U compounds in the total-electron-yield mode,
using the SX-700 beam line at BESSY with an instrumen-
tal resolution of =100 meV. Representative spectra are
presented in Fig. 8; note the different energy scales for the
ThF4 and the U spectra.

The ThF4 spectrum consists of two strong peaks
(Pi,P2) and a very weak peak (P3), in good agreement
with the multiplet structure obtained from intermediate-
coupling calculations for an atomiclike 5d 5f ' final-state
configuration. It is actually quite similar to the N45
spectra of LaF3 and CeF4, which are known to be caused
by 4d 4f' final states due to the empty localized 4f
ground states. The atomiclike 045 spectrum of ThF4
therefore indicates a rather localized Sf' excited state,
probably due to the influence of the final-state core hole.

The 04 5 spectrum of solid UF4 given in Fig. 8 agrees
well with a previously published result for UF4 in the va-
por phase. ' At least four peaks (denoted by A, B, C, and
D) can be identified in this spectrum. They are well ex-
plained by the results of a recent multiplet calculation by
Sawatzky for atomiclike Sd Sf excitations. At least in
the final state with a 5d core hole, UF4 is therefore
characterized by rather localized 5f electrons; the spec-
trum suggests a Sf ground state.

The 045 spectra of the metallic U systems studied in
this work exhibit much broader peaks, particularly in a-U
metal. A similar broadening and loss of multiplet
features has previously been observed in the 4d 4f excita--
tion spectra of Ce compounds. It is consistent with the
more itinerant 5f character and strong conduction elec-
tron hybridization in metallic U compounds as compared

to UF4. Peaks 8 and C can be clearly identified in the
UCuq spectrum, but are practically absent in the spectra
of UNiq and a-U metal, indicating an increase in Sf delo-
calization. The differences in the spectra of UCu& and
UNi& are in agreement with the conclusions of a recent
PE-BIS study of the UCu Ni5 system, which showed
an increase in Sf localization with increasing x. In addi-
tion to this loss of multiplet structure, the main peak in
the 04 & spectrum of the metallic systems (F) is shifted by
=1.5 eV to higher energy as compared to UF4.

The spectrum of a-U metal in the present work agrees
well with the results of Moser et al. obtained by the
electron-energy-loss spectroscopy (EELS) method, as
well as with the earlier work of Cukier et al. by XA and
EELS. However, it disagrees strongly with observations
of Connerade et al. ,

' who claimed a close similarity of
the spectra of a-U metal and of UF4 in the vapor phase.
These measurements were performed in transmission
geometry and the metal data were obtained from eva-
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FICx. 8. Total-electron-yield spectra of various U compounds
and of ThF4 at the 04 & thresholds. Note the different energy
scales for the Th and U spectra; the arrows specify the 04 and
05 thresholds from XPS measurements of Th and a-U metal,
respectively {Ref. 46). The various spectral features are ex-
plained in the text. The solid lines through the data points serve
as guides to the eye.
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porated thin U films; we suspect that the results may have
been influenced by oxygen contamination.

The 5f character in UO2 is known to be rather local-
ized; therefore similar 04 z spectra are expected for UOz
and UF4. Indeed, the two spectra, given in Fig. 8, differ
only by the additional peak E observed in the UOq spec-
trum at =116 eV. This feature is about 15 eV above the
05 threshold from x-ray photoemission spectroscopy
(XPS) measurements and therefore could well be caused
by a MS NEXAFS resonance as discussed above in con-
nection with the M4 & spectra. In fact, the S& and S& sa-
tellites observed in the M4 & spectrum of UO2 (Fig. 5)
were found at -17 eV higher energies than the main M5
and M4 resonance lines, respectively. An indication for a
MS peak corresponding to the S2 and S& peaks in the
M45 spectra of UQ2 is also given by feature 0 in Fig. 8;
this peak, however, is rather broad and therefore less visi-
ble. In the case of UF4, a broad feature (S3) due to multi-
ple scattering has been identified at an energy of =34 eV
above the main M& peak (see Fig. 5), which would imply
a broad feature around position I in the 04 5 spectrum of
UF4. This is fully consistent with the present observation,
and the differences in the 04 5 spectra of UF4 and UQ2
are thus explained as being due to different MS NEXAFS
resonances related to the local structural environment.

Figure 8 also shows the 04. 5 spectrum obtained for
UO3, it is totally different from the spectrum of the 5f
system ThF& and clearly shows that the formally hexa-
valent UO3 is characterized by a substantial Sf count in
the ground state. This is in agreement with the results of
calculations via the multiple-scattering X method for
UF6 by Boring and Wood where a 5f charge between 2.3
and 3.4 was found within the atomic sphere of U. These
5f states are strongly hybridized with 0 2p ligand orbi-
tals, causing the broad features in the 045 spectrum of
UO3 and little resolved multiplet structure. The spectrum
therefore looks very similar to those observed for the me-
tallic U systems. The weak peak 6 at =105 eV is not ob-
served in any of the other U systems studied. Note that
the analogy with the MS NEXAFS peaks in M& z and
04 5 spectra may be carried even further. No such
features were observed in the Mq 5 spectra of UO3, UNi5,
and a-U metal, in agreement with their absence in the
corresponding 04 & spectra given in Fig. 8 ~

VIII. SUMMARY AND CONCLUSIONS

The results of the present study show that NEXAFS
spectra at the L 3 and M3 thresholds of U compounds
contain valuable information on the unoccupied 6d densi-

ty of states. This is clearly borne out in the appreciable
variations in width and relative intensity of the white line,
particularly in the metallic systems. The sensitivity of the
energetic position of the white line to 5f occupancy is

displayed by the observed 4-eV shift between UC13 and
the formally tetravalent compounds UF4 and UQ2. In
UO3, however, the position of the white line shows that
only minor changes in 5f occupancy occur when proceed-

ing from a formally tetravalent to a hexavalent U com-
pound, in agreement with theoretical results. In the me-
tallic systems studied, the white-line positions display
only minor variations.

The NEXAFS spectra at the M4 5 and X4 5 thresholds
are dominated by white-line peaks from optical transitions
into unoccupied Sf states. At the M4 & threshold, they
may be measured both by absorption and total-electron-
yield techniques. The intense white lines show no
resolved multip1et structure, in agreement with theoretical
estimates, but their widths vary in metallic systems with
the U—U distance, suggesting a correlation with the 5f
bandwidth.

At the 04 q thresholds in the soft-x-ray region,
NEXAFS spectra with well-resolved structures are ob-
served which can be quantitatively described by spin-orbit
and exchange interactions of similar size in the 5d Sf"+'
final state. In the nonmetallic compounds, like UF4 and
UO2, these spectra are atomiclike, while the structures are
much broader in the metallic systems and almost totally
washed out in cz-U metal. This is quite similar to previ-
ous observations in the M4 5 and %4 5 NEXAFS spectra
of Ce compounds.

In the M4 5 and 04 5 spectra of several nonmetallic Th
and U compounds, additional peaks at energies between
15 and 38 eV above threshold are observed, which are in-
terpreted as multiple-scattering resonances. These peaks
are particularly visible in the spectra of UO2 and ThQ2.
It is shown that these MS peaks appear also in the 04 5

spectra, an observation which greatly facilitates the inter-
pretation of the rather complicated structure of the 04 z

NEXAFS spectra, e.g. , of UQz.
The present work shows that XA studies at the L3 and

Mz 5 thresholds are very promising for electronic-
structure studies of the light actinide elements Np, Pu,
and Am as well as their compounds. Particularly at the L
thresholds, encapsulated samples may be studied, avoiding
totally the experimental safety problems connected with
the radioactivity of these elements. Work in this direction
is in progress.
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