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Thin layers of PuSb and PuSe were studied by photoelectron spectroscopy. X-ray photoelectron
spectroscopy and high-resolution valence-band ultraviolet photoelectron spectroscopy spectra show lo-
calization of the 5f states and a low density of states at Er in PuSh. In PuSe, which can be classified
as a heavy fermion system with low carrier density, we observed three narrow peaks in the valence
band, which can be related to the 5f emission. These three features are very sensitive to stoichiometry
deviations and disappear for PuSe prepared at T = 77 K.

PACS numbers: 71.28.+d, 75.30.Mb, 79.60.—i

A crossover from itinerant to localized behavior of the
5f states occurs in the sequence of actinide metals be-
tween plutonium and americium [1]. The great potentia
of transuranium studies for the physics of strongly corre-
lated electron systems has not been used extensively be-
cause of severe safety precautions. With few exceptions,
photoelectron spectroscopy data thus exist only for pure
elements Np, Pu, Am, and some oxidic materials [2].

One of the major technical difficulties in actinide pho-
toelectron spectroscopy is the fast segregation of oxygen
diffusing from the bulk, which leads to a surface degra-
dation. The surface sensitivity of the photoemission thus
restricted all studies to the region in which the segregation
processes are slowed down by low temperatures, although
temperature variations of photoelectron spectra can yield
valuable information on various many-body phenomena.
To overcome this difficulty we prepared thin layers of ac-
tinide materials deposited on a Si substrate. This method
enables one to extend the useful temperature range up to
T = 350 °C. Here we present results obtained on two plu-
tonium compounds, namely, PuSh and PuSe.

PuSb and PuSe crystalize in the NaCl type of struc-
ture. Magnetic measurements [3] and neutron-diffraction
experiments [4,5] showed that PuSb orders magnetically
below T = 85 K. The Pu magnetic moment of 0.75up in
PuSh is consistent with the 5f° ground state. Both static
and dynamic magnetic properties [6] could be understood
in the model assuming localized 51 states and a weak hy-
bridization with conduction electron states, in analogy to,
e.g., CeSb [7].

The weakly paramagnetic behavior of PuSe (and very
similar PuS and PuTe) [8] is much less understood, because
the 5/ ground state with /7 = 0, § = L = 3 is excluded
using the lattice parameter considerations. A qualitative
explanation was provided by electronic structure calcu-
lations [9], yielding a plausible picture of a “relativistic
semiconductor,” in which the 51 states form two bands
characterized by quantum numbers j = 3 and 1. The
lower band, accommodating 2j + 1 = 6 electrons (Se
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contributes here by one p electron due to the 5f-p hy-
bridization) is split off due to a strong spin-orbit interac-
tion from the j = 1 band, and the Fermi level is placed in
the gap between these bands. This picture explained also
qualitatively a semiconducting or semimetallic behavior
of electrical resistivity of all three Pu monochal cogenides
[10], whereas the resistivity of PuSb has a metallic char-
acter [11]. More recent calculations [12,13] do not yield
a complete gap, but a pseudogap with a residual density
of states at the Fermi level, N(Er). In the latter work it
was shown that the lattice parameters of Pu chalcogenides
can be accounted assuming the band character of the 5f
states. Thelow N(EF) is, however, in contrast with appre-
ciable values of the coefficient y of the electronic specific
heat (90 mJ/mol K? for PuSe [10]). Our aim is to perform
photoemission experiments on both these materials to ex-
amine details of their electronic structure.

PuSb and PuSe layers were prepared by a dc sput-
tering technique from a stoichiometric target. The low
pressure plasma discharge was stabilized by means of an
additional W electrode, which is heated and kept at a
negative potential. A special arrangement of targets and
electrodes alows one to work with microtargets of the
mass below 100 mg. The pressure of the high-purity (6 N)
Ar gas can be varied within certain limits (2 X 1073 to
3 X 1072 mbar), affecting somewhat the stoichiometry of
the deposited layers. Details of the preparation process will
be published elsewhere. In this Letter we concentrate on
properties of stoichiometric layers thicker than the active
photoemission depth (>5 nm). We studied high-resolution
ultraviolet photoelectron spectroscopy (UPS) spectra of
the valence band for two photon energies hv = 21.2 and
40.8 eV (Hel and Hell lines), the latter having considera-
bly larger photoexcitation cross section for the 5f states.
The energy resolution (angle-integrated photoemission
only) was =40 meV. Corelevel spectra were studied
using the Al-K, radiation (hv = 1486.6 eV). The tota
energy resolution in this caseisabout 1.0 eV. A negligible
surface contamination by oxygen can be deduced from
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the absence of any appreciable O-2p line in Hell spectra
(see below), which is a very sensitive indicator to small
traces of O and appears at 6 €V binding energy.

Figure 1 shows the 4f core-level spectra of PuSe and
PuSbh (the background was subtracted using the standard
Shirley procedure) compared to data obtained on bulk
a-Pu, consisting of a simple spin-orbit split doublet. All
the spectra can be understood on the basis of a conventional
two channel screening model [14]. For Pu, the positions
of the4fs,, and 4f7/, lines (at binding energies 435.1 and
422.2 eV, respectively) correspond to the fina state with
the 41 hole screened by the 51 electrons (so-called good
screening), implying thus their itineracy. The satellites on
the high binding energy sides of both lines (at 437.7 and
425.0 eV, respectively), which contain relatively small
spectral weight, correspond to the final state with the
poorly screened 4 hole by non-f conduction electron. In
the case of the 5f localization, this is the only screening
channel. Relatively weak poorly screened satellites in
a-Pu reflect a situation found, for example, in most
U intermetallic compounds with undoubtedly bandlike
character of the 5f electronic states, and is for «-Pu fully
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FIG. 1. 4f core-level spectra of bulk «-Pu (a), PuSe (b), and
PuSh (c) thin layers. The spectra are displayed after the back-
ground subtraction. For the 4f5,, peak the decomposition into
a nearly symmetric poorly screened peak (shaded area) and
an asymmetric well screened peak (full line) is demonstrated.
The dash-dotted lines mark the energies of poorly screened 4f
features.

corroborated by electronic structure calculations [15].
Therefore, the fact that we observe only poorly screened
4f peaksin PuSb (at binding energies 437.7 and 424.9 eV)
can be unambiguoudly interpreted as due to the local-
ization of the 5f states. Binding energies corresponding
to the 4f peaks in PuSb are somewhat lower than those
given by Baptist et al. (438.4 and 426.1 eV) [16]. For
the purpose of fitting, the peaks were approximated using
Pearson functions with variable width, shape, and asym-
metry of the peaks. The asymmetry is important only for
the well screened peaks; the poorly screened peaks are
nearly symmetric.

In PuSe, we observe both types of screening channels,
with dominating poorly screened 4f peaks at 437.6 and
424.7 eV. The well screened peak is better resolved at the
4f7/2 line, whereit is located at 420.6 eV binding energy.
For the 4 f5,, peak it manifests only as a shoulder, because
the main peak (poorly screened) is broader. The different
widths of the4f5,, and 4f;/, poorly screened peaks can be
understood considering that each peak contains manifold
of final states of dlightly different energy depending on the
Coulomb interaction of the 4/ hole with different states of
the 5f multiplet in case of the localized 5f states. This
Coulomb interaction can then be rather different for the
4fs,, and 4f7,, holes. This effect is particularly striking
in PuSe. The shape of well screened peaks is asymmetric,
with the tailing on the high binding energy side, which is
traditionally ascribed to the creation of electron-hole pairs
a Er in the screening process [17].

Figure 2 shows the situation in the valence band of PuSh
and PuSe compared with Am. Asdemonstrated in Ref. [2],
valence-band spectra of pure actinide elements show a
striking change of character between the Th-Pu series and
Am, reflecting unambiguously the 5 f localization between
Pu and Am. Whereas the elements up to Pu display amore
or less uniform picture of a broad triangular 5f spectrum
with intensity increasing up to the Fermi level, Am exhibits
alow Fermi level emission with the 5f spectral intensity
concentrated into several partly resolved multiplet lines be-
low Er [Fig. 2(c)].

Hell spectrum of PuSb [Fig. 2(a)] displays a maximum
at 1.8 eV binding energy, a shoulder at 4 eV, and a small
hump at 6 eV, which can be attributed to a very small O
contamination (O-2p ling). The Fermi level is well re-
solved as expected for a metal, but the density of states
at Er is undoubtedly low. The comparison of the spectra
taken with different photoexcitation energies shows that
the emission from the 5f states must be located around
the maximum, because the intensity in this range increases
relatively comparing to other spectral features (those at
4 eV and a Er) going from hv = 21.2 t0 40.8 eV. The
feature at 4 eV contains mainly the emission from the 5p
states of Sh, and if we normalize the Hel and Hell spec-
tra a the high binding energy side of this feature we also
get nearly identical intensity at Er. Therefore, we can con-
cludethat the 51 states do not contribute to the emission at
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FIG. 2. UPS vaence-band spectra. For Pusb (a), the full line
represents the spectrum with hv = 40.8 €V, the dotted line the
spectrum with hv = 21.2 eV; full circles represent the differ-
ence spectrum. For higher binding energiesthan 5 eV, the differ-
ence spectrum is negative due to the higher secondary-electron
background for hv = 21.2 €V in this energy range. For PuSe
(b) the spectrum taken with Av = 40.8 eV photon energy is
represented by the full line, for hv = 21.2 eV by full circles.
For Am (c), only the spectrum with hv = 40.8 eV is displayed
(data taken from Ref. [2]).

Er. Measurements at different temperaturesfrom 7 = 77
to 477 K did not show any temperature dependence besides
the Fermi level broadening due to Fermi-Dirac statistics.
In the case of PuSe we found that valence-band spectra
[Fig. 2(b)] obtained on films synthesized at temperatures
above the room temperature well reproduce the features
observed on the bulk PuSe sample [18]. Besides the shoul-
der between 3 and 5 eV binding energy, which dominates
for the 21.2 €V excitation energy and can be associated
with the emission from the Se 4p states, we have observed
four distinct features clearly related to the 5f emission.
Most of the spectral intensity at 40.8 €V excitation en-
ergy is contained in a broad triangular peak centered at
2 eV binding energy. In addition, we observe two sharp
(FWHM = 0.15 eV) peaks, located at 0.85 and 0.50 eV,
respectively, and a similarly sharp but more intense Fermi
level emission. The intensity of the last three features de-
pends strongly on the surface composition (monitored by
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intensities of the Se-2p and Pu-4f core-level lines). De-
pending on sputtering parameters (mainly the Ar gas pres-
sure) we could go from a stoichiometric PuSe composition
to a certain Pu excess, which led to areduction of intensi-
ties of al three sharp lines compared to the intensity of the
broad maximum at —2 eV. A similar tendency was found
for bulk PuSe surfaces treated by sputtering with Ar, which
leads to a Se-depleted surface, when compared to the stoi-
chiometric surface prepared by scraping [18]. Moreover,
all three lines are progressively suppressed with reduction
of the substrate temperature from 7' = 623 K, and vanish
for the deposition at T = 77 K (see Fig. 3), which does
not affect the stoichiometry, but leads presumably to an
amorphous state. All these phenomena point to a common
origin of the three sharp peaks, which is different than the
origin of the —2 eV maximum. In analogy with PuSb and
Am, we assume that the 2 €V maximum corresponds to a
multiplet of localized 51 states, which appears partly re-
solved for the Am 5 ¢ configuration, but for both Pu com-
pounds remains unresolved.

The explanation for the three sharp peaks remains un-
clear. One possibility is to assume, in analogy to the
two channel response approach used to interpret the 4f
core-level spectra, that the three sharp peaks are related to
the band structure of PuSe, in particular, to narrow features
inthe 5f band. In the case of high effective masses of 5f
electrons, the full 51 screening probability of the 51 hole
can be so small that the main response could correspond to
apoorly (non-f) screened final state, which is represented
by the maximum at —2 €V. Interpreting the sharp peaks
as 5f band features would mean, though, alack of disper-
sion, which is somewhat unusual. Trying to find arelation
to results of band structure calculations, we see that both
Refs. [12] and [13] indicate high density of 5f statesat Er
and at about —1 eV, but low density in between. More-
over, the lack of any shift in energy of the sharp features
at a change of stoichiometry, which changes only experi-
mental intensities, seems to contradict the 5f-band origin
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FIG. 3. UPS valence-band spectra (taken at hv = 40.8 eV

photon energy) of PuSe layers deposited at 7 = 623 K (full
line) and 77 K (dotted line).
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of the features. Another variety of this approach (with the
same drawbacks) is to assume, in analogy to calculations
of §-Pu[15], that the ground state corresponds to four 5 f
electrons in localized states and remaining electrons hav-
ing an itinerant character.

Another type of explanation can be to relate the
three sharp features to many-body states, analogous to
Abrikosov-Suhl (Kondo) resonance [19]. One of the
supporting arguments would be the relatively very high
specific heat coefficient y in PuSe. The analogy with Ce
or Yb cannot be completely excluded. Although there is
no explanation why we observe just three features related
to amany-body state (detailed theory for 5f° or 5f° states
is until now missing), spin-orbit coupling and crystal
electric field splitting can lead to replicas of the Kondo
resonance. One of the possibilities to confirm or reject
this approach is to see whether these features exhibit an
anomalous temperature dependence. Additional detailed
experiments to check for are under way.

Thelast type of explanation we consider hereisbased on
the possible analogy of PuSe with mixed-valent Sm com-
pounds suggested in Ref. [20], in which one observes in
valence-band spectra two multiplets corresponding to tran-
sitions from the two configurations involved (41> — 4f4,
416 — 4£3)[21]. Inthisframework, the three sharp peaks
in the valence-band spectra of PuSe would thus correspond
to a multiplet arising from one of the transitions above
(with one line accidentally crossing the Fermi energy); the
other transition without any resolved multiplet structure
would be represented by the broad peak at —2 eV. How-
ever, the much stronger spin-orbit interaction in Puimplies
that the analogy with Sm has to be treated with caution.
Alternatively we could aso think about a surface valence
change, assuming that the lower Pu coordination at the
surface would drive the normally trivalent 513 systemto a
divalent 5/° state. Such states should then be associated
with the emission close to Er, whereas the 2 eV emis
sion should be, in analogy to PuSb, due to the 5f° state.
That would explain the observed sensitivity of the former
features to the quality of the surface, or to any contami-
nation. On the other hand, the 5f° features should then
be emphasized in the low-T prepared layers (presumably
amorphous, with a high surface roughness). But the ten-
dency is opposite and these features disappear.

In conclusion, we demonstrated using XPS and UPS
techniques the localization of 5f states in PuSb. The
spectra of PuSe, being of a different type than observed
before for any other actinide material, show, besides a fin-
gerprint of 51 localization, sharp featuresin the vicinity of
the Fermi level, the origin of which remains still unclear.

The authors are indebted to M. S. S. Brooks, G. H. Lan-
der, D. Malterre, and P. Oppeneer for fruitful discussions.
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