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Nature of the 5f electrons in uranium nitride: A photoelectron spectroscopic study
of UN, U, UO,, ThN, and Th
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Ultraviolet and x-ray-photoelectron spectra of core and valence levels in U metal, UN, UO,, Th, and ThN
have been obtained. These spectra demonstrate the existence in uranium nitride of a sharp band of f states
(containing 2.2+4-0.5 electrons) at the Fermi level. The anomalously broad 4f core levels in UN are
discussed in terms of several possible energy-loss mechanisms, including configuration interaction and
alternating valency. No change is seen in the density of f states of UN on cooling through the

antiferromagnetic transition.

I. INTRODUCTION

The actinide compounds exhibit a fascinating
and often enigmatic array of magnetic and elec-
tronic properties.!’*> To a large extent this is
because the character of the 5f electrons is be-
lieved to be intermediate between the highly lo-
calized 4f electrons of the lanthanides and the
strongly itinerant d electrons of the transition
metals. Uranium nitride is a particularly good
example of the competition between localization
and itineracy since it has the smallest lattice
constant (0.4885 nm) of the uranium pnictide ser-
ies, Thus, although UN is antiferromagnetic be-
low ~50 K, the Hill plot® shows that it is close to
the boundary between magnetic and nonmagnetic
behavior. The paramagnetic susceptibility? is
consistent with an apparent moment of ~2.5 p g,
yet the ordered moment® (the lowest of the uran-
ium pnictides) is only 0.75 u,. This paradoxical
behavior may be more apparent than real, for the
extraction of a value for the paramagnetic moment
implies the assumption of a localized model for
the magnetic electrons. Very recent calcula-
tions®'” on UN have indicated that f states are
present in the conduction band and that it contains
between ~1.8 and 3 electrons. For USb, however,
a configuration of 57 has been inferred from mea-
surements of the anisotropy of the magnetic form
factor.® Fewer f electrons might indeed be expec-
ted for UN with its much smaller lattice constant.
The Zachariasen radii® suggest that in uranium
nitride where U - U=0.345 nm the configuration is
intermediate between f2 (U~ U =0.354 nm) and f*
(U-U=0.326 nm).

In an attempt to elucidate the nature of the 5/
electrons in actinide compounds, we report in
this paper a detailed photoemission study of Th,
ThN, U, UN, and UO,. The measurements pro-
vide convincing evidence that the 5f electrons of
UN are located in a narrow band cut by the Fermi
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energy. The resultant competition between itin-
erant and localized 5f behavior gives a partial ex-
planation of the weak moment and unusual spin-
wave response of uranium nitride.

II. EXPERIMENTAL

The measurements were made with a Vacuum
Generator ESCA-3 photoelectron spectrometer!®
and the spectra reported here were typically ac-
quired at pressures <10°® Pa. The x-ray photo-
emission and ultraviolet (uv) photoemission spec-
tra (XPS and UPS) were run at resolutions of ~1.2
and 0.15 eV, respectively. The samples could be
heated to >1300 K and cooled to ~18 K.

A. UN, UO,, and U metal

The uranium-nitride single crystal was cut by
a diamond saw to expose a plane surface and then
cleaned as outlined below. The present studies
showed that the use of Xe* ions minimized any
preferential sputtering of nitrogen relative to ur-
anium. After pumping to <10°® Pa, the surface
was sputtered with 5-keV Xe"* ions to remove
~3-5 nm of oxide and carbon contamination. The
stoichiometry of the surface was monitored by
measuring the N 1s/U 4f ratio (Al-Ka excitation)
after (a) sputtering, (b) sputtering followed by
heating to 1200 K in vacuum which should favor
the formation'! of UN, ,, (c)—(b) followed by heat-
ing to 1200 K in N, at 6 x 10™* Pa, and (d) heating
to 1200 K followed by addition of ~200-Pa N,. The
change in the stoichiometry over this range of
treatments was <5% so the spectra shown below
are representative of UN and not a nitrogen-de-
pleted surface layer or a higher nitride.

Uranium oxide was grown from the clean UN
surface by exposing it to ~107! to 1 Pas of O, at
room temperature. The XPS and UPS spectra ob-
tained in this way were very similar to previous-
ly published'? spectra of UQ, and the oxide is
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therefore assumed to be stoichiometric.

Uranium-metal spectra were obtained from a
disc of uranium that had been mechanically pol-
ished and then subjected to several hours of sput-
tering with 5-keV Ar* ions at current densities of
~10 uA cm™, It was essential to maintain the
pressure <10°® Pa to prevent oxide growth. The
spectra obtained after deliberate exposures to O,
(~1 Pas) were identical to those obtained by room-
temperature oxidation of UN.

B. Thand ThN

To provide a measure of the non-f electronic
density of states, spectra were also taken of thor-
ium metal and thorium nitride. The ThN was pre-
paredin situ from thorium metal (after cleaning
by Xe*-ion bombardment) by exposing the clean
Th surface to ~200 Pa N, at 1200 K for a few sec-
onds. The resulting nitride was examined for
stoichiometry by measuring the N 1s/Th 4f ratio
and scaling to UN by the calculated cross sec-
tions'® and the known variation of sensitivity of the
spectrometer with kinetic energy. On this basis,
the stoichiometry of the thorium nitride was given
by the formula ThN,_, where x <0.1, equal within
experimental error to that of the UN sample.

III. RESULTS AND DISCUSSION
A. Valence-band spectra

The photoemission results for Th, ThN, U, UN,
and UO, obtained with hv=40.8-eV radiation are
shown in Fig. 1. The Th and ThN spectra [Fig.
1(a)] were acquired under similar experimental
conditions, so the relative intensities of these two
spectra should be correct to +20%. As shown in
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FIG. 1. Valence-band photoemission spectra (hv=40.8
eV) of (a) Th metal and ThN; (b) U metal, UN, and UOQ,.
Numbers by spectra are factors by which spectra are
magnified before display. Counting-statistic errors are
of the order of magnitude of the thickness of the line
drawn.

Fig. 1(a), the formation of ThN results in the
complete removal of emission intensity within 1.3
eV of the Fermi level. Since in clean Th metal
this emission must be from the 6d levels, the
implication is that the d electrons are involved

in chemical bonds in ThN. The weak structure at
6 eV in the Th-metal spectrum is due to the pres-
ence of a small amount of either an oxide or ad-
sorbed oxygen (equivalent to ~5% of a monolayer
from the XPS results), The structure at 9 eV is
assigned to the Th 6p level ionized by HeIl 8 radi-
ation (Th 6p binding energy E,=16.6 eV)'* and the
relative intensity of Hell8: Hella is ~5%.

The valence-band spectra of U metal and UN are
also shown in Fig. 1(b). The UN spectrum is very
similar to that reported recently,® however, the
U metal spectrum at 40.8 eV has not been pub-
lished previously. An intense narrow peak
[full width at half maximum (FWHM)~1.5 eV] is
observed at the Fermi level in the U and UN
spectra which is not present in ThN [Fig. 1(a)].
Even in Th metal where the valence-band emission
has moved up to E,, the intensity is only one-tenth
of the U emission at E,.

The similarity of the bands in ThN and UN be-
tween 2 and 6 eV is shown in Fig. 1 and again in
Fig. 2(a) at a higher photon energy (kv =1486.6 eV).
The relative sensitivities are preserved (to +20%
accuracy) in these spectra. The valence-band
photoemission in ThN is mostly of Th 6d~N 2p
character and thus it is argued that the structure
in the UN spectrum between 2 and 6 eV is also
largely of U 6d—N 2p character. This conclusion
is supported by simple chemical bonding consid-
erations as well as detailed theoretical calcula-
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FIG. 2. Valence-band photoemission spectra of (a)
UN and ThN at hv=1486.6—Spectra acquired at same
relative sensitivity; (b) UN at hv=21.2 and 40.8 eV.
Counting-statistic errors are of the order of magnitude
of the thickness of the line drawn.
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tions®'!5 although there is probably a contribution
from f-p hybridization,” The observed bandwidth
of this valence band (~4 to 5 eV) is also in good
agreement with recent calculations.” As in ThN,
it is therefore likely that in UN the 6d density is
largely removed from the region close to E,. The
sharp peak at E, in UN (but not necessarily in U
where the bonding is different) is expected to be
predominantly 5f in character.

Although the U and UN spectra were acquired on
different samples with the concomitant changes in
sample position, angle, roughness, etc., all of
which could change the intensity of the spectra,
it appears that the peak at the Fermi level in U
is more intense at 40.8 eV than that observed in
UN, probably because of the presence of U 64
electrons at the Fermi level in uranium metal.
The emission at 1486.6 eV from UN shows no
evidence for a sharp peak in the range 2—-6 eV that
might arise from the presence of 5f electrons in
the valence band, as suggested for USb by Lander
et al.'® '

Further evidence of the 5f character of the sharp
peak in UN is provided by the dramatic growth in
its intensity relative to the valence band between
2 and 6 eV as the photon energy increases from
21.2 to 1486.6 eV (Fig. 2), as expected for f elec-
trons.'®!” The spectrum of ThN obtained with
Al-Ka radiation is also shown in Fig. 2(a) and il-
lustrates the significant enhancement of emission
intensity in UN compared to ThN. This intensity
enhancement of f over d cross sections has also
been seen by Fuggle et al.'* in XPS studies of Th
and U metals and further confirms that the peak
in UN is largely of 5f character.

From the results at 1486.6 eV where the f cross
section dominates, a calculation based upon the
relative intensities of the 5f peak (Fig. 2) and the
N 1s peak (Fig. 3) suggests, with the aid of Sco-
field’s cross sections,'® that in UN there are 2.2
+0.5 electrons in the 5 band near E,. There are
of course large uncertainties in determining the
background under the 5f peak. Calculations by
Brooks and Glétzel” have indicated that there are
2.45 f electrons in UN, of which ~1.8 could reside
in an f band near E,, in fair agreement with our
experimental observations.

In an attempt to assess the reliability of the
present measurements of the number of f elec-
trons in the 5f band near E,, we have performed
similar calculations on the photoemission data for
Th metal. The calculation gave the reasonable
result that there are 2.6 +0.7 64 electrons in the
thorium-metal conduction band.

The high density of states at the Fermi energy
of UN observed at all photon energies, including
the high-resolution uv spectra, shows the 5/ elec-
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FIG. 3. 4f core-level photoemission spectra (kv
=1486.6 eV) of (a) Th metal and ThN; (b) U metal, UN,
and UO,. Counting-statistic errors are smaller than the
thickness of the line used to draw the spectra.

trons lie in a narrow band of FWHM =1 eV. A
sharp f level at zero apparent binding energy is
also observed in o uranium (Ref. 18 and Fig. 1)
and ferromagnetic uranium sulphide.®*” Although
we cannot exclude the possibility of large relax-
ation effects pinning the apparent position of the 5/
level at E,, a 5f level at E, does emerge readily
from recent cluster calculations for the actinide
compounds.®'*® Also, relaxation effects do not
shift the apparent position of the 4f electrons in
analogous lanthanide compounds from several eV
below E, to close to E, (see Campagna and Wer-
theim?® for a survey). Exceptions to this general
behavior include SmS, TmTe, and CeN where in-
termediate valency is believed to exist. For ex-
ample, the valence spectrum?! of CeN is qualitat-
ively similar to the spectrum of Un (Fig. 2). Baer
and Zurcher® interpret the sharp peak at E, in
CeN as arising from the additional electron of Ce
fluctuating between f and 4 symmetry. They place
the d band 2-3 eV below E,. Uranium nitride also
conforms to one criterion for alternating valency
in that the Fermi level cuts a narrow f band.??

B. Core-level spectra

The 4f core levels in the present actinide com-
pounds exhibit interesting structure and changes
in linewidth that can be used to better characterize
the valence bands. The 4f core-level spectra of
Th metal, ThN, U metal, and UN (kv =1486.6 eV)
are shown in Fig. 3. Also shown is the 4f core-
level spectrum of UO, grown ¢n situ from UN or
U metal. uv-photoelectron spectra [shown in Fig.
1(b)] show that in UO, the U 5f band moves to ~1.5
eV below E,. The U 4f levels are also stabilized
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in the oxide by 2.6 eV relative to UN.

By comparing the line shapes of the various
compounds it is possible to draw some conclu-
sions about the observation (Fig. 3) that the line-
width in UN is very large (4.6 eV FWHM) and as-
ymmetric. This linewidth is ~2.5 times larger than
in U metal (Fig. 3).

The Th 4f spectrum of Th metal shows a dis-
crete loss at 2.5-eV higher-binding energy than
the principal 4f peak. This structure has been
previously reported by Fuggle and co-workers.'*
The shoulder can be attributed to a shake-up tran-
sition involving the Th 6d electrons. The itinerant
character of the Th 64 electrons should prevent
effective coupling with the 4f core hole so there
is no possibility of multiplet splitting giving rise
to this structure. In ThN the Th 6d level is sta-
bilized relative to Th metal by ~4 eV (Fig. 1) and
thus the energy of a shake-up transition from the
Th 6d level is expected to increase by ~4 eV over
that observed in Th metal. The intensity of the
transition is also expected to decrease. This be-
havior is observed in ThN (Fig. 3) as a satellite
peak at AE =5.5 eV. The satellite peak in ThO,
at AE=6.9 eV has been assigned to this same type
of shake-up transition.?® Configuration interaction
is expected to be very important in these com-
pounds in which each shell has ~ twice the binding
energy of the next least tightly bound shell.?* The
linewidth of the parent 4f lines in ThN is ~1.6 eV
and they are quite symmetric. In this compound
there is no appreciable density of states of E,.

In contrast in U metal, which also exhibits in-
tense and narrow (~1.7 eV FWHM) 4f core levels,
the lines are quite asymmetric. In particular the
tail on the high-binding-energy side appears to
decrease exponentially with increasing binding
energy. This appears to be an excellent example
of the shake-up mechanism discussed by Wer-
theim and Citrin®® in which the sudden occurrence
of a core hole causes simultaneous excitation of
electrons from filled states just below E, to just
above E,. This phenomenon requires the pres-
ence of a high density of states at E, a condition
clearly fulfilled in U metal [Fig. 1(b)]. Calcu-
lations®'” also indicate a high density of empty
states above E,. In addition the bandwidth in U
metal (~1.5 eV FWHM) is sufficient to cause the
observed tailing in the U-metal 4f levels, par-
ticularly since both the cutoff required in the
calculation of core-level line shapes® and the de-
tails of the calculation show that only the top 1 to
2 eV of the conduction-band density of states con-
tributes significantly to the core-level asymmetry,
This mechanism could contribute <0.5-eV broad-
ening on the high-binding-energy side of all the
observed core-level spectra, but it can not ex-

plain the additional broadening in UN which is dis-
cussed below. Because of the lack of detailed
calculations for these compounds on such effects
as configuration interaction, the discussion below
is necessarily phenomenological, in the sense that
the contributing sources of linewidths to UN are
arrived at by comparison with the trends in the
other compounds.

In UQ,, the entire f band is moved below E, so
this broadening mechanism should be removed.
The 4f peaks are found to be quite symmetric with
a width of ~2.5 eV. One source of additional broad-
ening in UQ, is multiplet splitting®® as it is mag-
netic; i.e., the “magnetic” electrons are correl-
ated. The lack of observable asymmetry implies,
however, that the multiplet-splitting contribution
is a small fraction of the total width (say, <0.5 eV).
The observed broadening must therefore reflect a
change in hole lifetime (unlikely to be this large a
change), unresolved shake up (configuration inter-
action) or, more trivially, sample charging or
heterogeneity in the sense that not all uranium is
present as U* in UO,. The features at AE =6.0
eV in UQ, have been previously attributed to shake
up‘za,z'l.aa

In UN several of the above broadening mechan-
isms are still available. The high density of states
at E, and the observed bandwidth could lead to as-
ymmetric tailing of the order of magnitude ob-
served in U metal (~0.5 eV). The effect of multi-
plet splitting is expected to be similar to or less
than that in UQO, because the magnetic moment of
UN is less than that of UO,. Therefore, neither
of these effects could contribute sufficiently to
explain the observed UN linewidth. The asym-
metry in UN and the small width in U metal in-
dicate that lifetime effects are not a dominant
source of the UN linewidth, What is left by a pro-
cess of elimination is configuration interaction,
i.e., in UN there are a number of closely spaced
final-state configurations that are not available
in U metal, Th, and ThN. Photoemission mea-
surements are sensitive not only to final-state-
configuration interaction, but also to initial-state-
configuration interaction, one example of which is
mixed valency. Becuase of the time scale (107!¢ s)
of photoelectron spectroscopy, the presence of
alternating valence should be detectable as distinct
peaks in the spectra of core levels, as has been
observed in CeN?!, The chemical shift expected
for unit valency change (e.g., U3*-U*) would be
small,?® only of the order of 1 eV. However, al-
ternating valence in the initial state can be masked
by larger final-state-configuration interaction
which serves to broaden and merge the peaks from
such initial-state configurations as may exist. In
higher-resolution (0.9-eV) measurements of the
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U 4f,,, level (Mg-Ka radiation), we have in fact
detected a very weak shoulder at AE ~2 eV,

In an attempt to detect effects of multiplet split-
ting in the different compounds, XPS measure-
ments were made upon the U 6s levels in U, UN,
and UO,. Within our photon energy range only the
6s level gave a well-separated emission peak in the
photoelectron spectrum, These spectra are il-
lustrated in Fig. 4 and although the statistics are
not as good as those obtained for the U 4f spectra
(because of the inherently very low intensities of
the lines) it is clear that the 6s lines are asym-
metric, much broader than the 4f lines (FWHM
of 5-6 eV), and similar for UN, U, and UO,. The
broadening is clearly too large to be a result of
magnetic correlation and indeed is independent of
the moment. Lifetime effects probably contribute
significantly to the width because of the availabil-
ity of Coster-Kronig deexcitation channels, but
the asymmetry, which appears in all three com-
pounds, must reflect the contribution from con-
figuration interaction indicating that similar final-
state configurations contribute in every case.
These large broadening effects therefore mask
any contribution to the 6s lines from multiplet
splitting.

Because of the unusual magnetic properties of
UN, particularly the fact that the ordered moment
is only a small fraction of the paramagnetic mo-
ment, UPS measurements were made above and
below T, ~50 K to search for a possible temper-
ature dependence of the f-state occupancy. No
detectable change was observed between spectra
obtained at 18, 77, and 298 K. Any band-structure
changes must therefore be small.

Our photoemission results clarify the role of the
f electrons in determining the magnetic properties
of UN. They show conduction-band f-electron oc-
cupancy of 2.2 +0.5 electrons, compared with the
2.7 electrons calculated by Erbudak and Keller®
who took account of spin polarization but not spin-
orbit coupling and the ~2 electrons of the lowest
5f subband calculated by Adachi and Imoto® who
took account of spin-orbit coupling but not spin
polarization. More recent relativistic energy-
band calculations” put the number of conduction-
band f electrons at ~1.8. Experiment and band
theory can thus account for the large paramagnet-
ic moment (2.5 p ) and for the high specific-heat
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FIG. 4. 6s core-level photoemission spectra (kv
=1486.6 eV) of UN, U metal, and UO,. Counting-statistic
error limits for each spectrum are drawn as error bars.
Peak-to-background ratios for spectra are ~0.05.

coefficient® (~20 states/eV). The low-ordered
moment (0.75 1) remains a mystery. We note
that the self-consistent T =0 K calculation of Ref.
6 produces too large an ordered moment (2.02 1 ,),
suggesting that neglect of the spin-orbit splitting
is possibly unwarranted. It is possible, however,
that the effective number of electrons contributing
to the paramagnetic susceptibility x (g =0), which
corresponds to direct electronic transitions, is
much larger than the number of electrons associ-
ated with the antiferromagnetic ordering at wave
vector q=(0,0,1)21/a. The q dependence of the
susceptibility is also required to account for the
anisotropy of the critical neutron scattering®? and
the large spin-wave energy gap.®® It will therefore
be essential to include the coupling of the f elec-
trons to the other electron bands in any realistic
description of uranium nitride.
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