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Abstract. First-principles full-potential linearized-augmented-plane-wave (FP-LAPW) calculations have
been carried out for δ-Pu (110) films up to seven layers. The layers have been studied at the non-
spin-polarized-no-spin-orbit coupling (NSP-NSO), non-spin-polarized-spin-orbit coupling (NSP-SO), spin-
polarized-no-spin-orbit coupling (SP-NSO), spin-polarized-spin-orbit coupling (SP-SO), antiferromagnetic-
no-spin-orbit coupling (AFM-NSO), and antiferromagnetic-spin-orbit-coupling (AFM-SO) levels of theory.
The ground state of δ-Pu (110) films is found to be at the AFM-SO level of theory and the surface en-
ergy is found to rapidly converge. The semi-infinite surface energy for δ-Pu (110) films is predicted to
be 1.41 J/m2, while the magnetic moments show an oscillating behavior, gradually approaching the bulk
value of zero with increase in the number of layers. Work functions indicate a strong quantum size effect
up to and including seven layers. The work function of the seven-layer δ-Pu (110) film at the ground state
is found to be 2.99 eV.

PACS. 71.15.-m Methods of electronic structure calculations – 71.27+a Strongly correlated electron
systems; heavy fermions – 73.20.At Surface states, band structure, electron density of states – 75.50.Ee
Antiferromagnetics

1 Introduction

During the past two decades, considerable theoretical ef-
forts have been devoted to studying the electronic struc-
tures and related properties of surfaces to high accuracy.
One of the many motivations for this burgeoning effort has
been a desire to understand the detailed mechanism that
lead to surface corrosion in the presence of environmental
gases; an issue that is not only scientifically and techno-
logically challenging but also environmentally important.
Such efforts are particularly important for systems like the
actinides for which experimental work is relatively difficult
to perform due to material problems and toxicity.

Among the actinides, Plutonium (Pu) has attracted
extraordinary scientific and technological interests be-
cause of its unique properties [1–10]. First, Pu has, at
least, six stable allotropes between room temperature and
melting at atmospheric pressure, indicating that the va-
lence electrons can hybridize into a number of complex
bonding arrangements. Second, plutonium undergoes a
25 percent increase in volume when transformed from its
α-phase (which is stable below 400 K) to δ-phase (stable
at around 600 K), an effect which is crucial for issues of
long-term storage and disposal. Third, plutonium repre-
sents the boundary between the light actinides, Th to Pu,
characterized by itinerant 5f electron behavior, and the
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heavy actinides, Am and beyond, characterized by local-
ized 5f electron behavior. In fact, the high temperature
fcc δ-phase of plutonium exhibits properties that are in-
termediate between the properties expected for the light
and heavy actinides. It is believed that the unusual as-
pects of the bonding in bulk Pu are apt to be enhanced
at a surface or in a thin layer of Pu adsorbed on a sub-
strate, as a result of the reduced atomic coordination of a
surface atom and the narrow bandwidth of surface states.
For this reason, Pu surfaces and films may provide a valu-
able source of information about bonding in Pu, since
the initial crossover from delocalized to localized behav-
ior probably takes place at the Pu surface. For theoret-
ical studies of surfaces, it is common practice to model
the surface of a semi-infinite solid by an ultra-thin film
(UTF), thin enough to be treated with high-precision den-
sity functional calculations, but thick enough to model the
intended surface realistically. Determination of an appro-
priate UTF thickness is complicated by the existence of
possible quantum oscillations in UTF properties as a func-
tion of thickness; the so-called quantum size effect (QSE).
These oscillations were first predicted by calculations on
jellium films [11,12] and were subsequently confirmed by
band structure calculations on free-standing UTFs com-
posed of discrete atoms [13–16]. The adequacy of the UTF
approximation obviously depends on the size of any QSE
in the relevant properties of the model film. Thus, it is
important to determine the magnitude of the QSE in a



410 The European Physical Journal B

given UTF prior to using that UTF as a model for the
surface. This is particularly important for Pu films, since
the strength of the QSE is expected to increase with the
number of valence electrons.

In the present study, UTFs of fcc Pu δ-phase, instead of
α-phase, are selected for investigation, based on the follow-
ing considerations. First, δ-Pu is technologically more im-
portant than α-Pu. Known to be monoclinic with sixteen
atoms per unit cell, the ambient ground-state α-phase is
very brittle and not suitable for engineering applications,
whereas Pu δ-phase is more ductile and useful in prac-
tice. Also, although the monoclinic α-phase of plutonium
is more stable under ambient conditions, there are advan-
tages to studying δ-like layers. First, a very small amount
of impurities can stabilize δ-Pu at room temperature. For
example, Pu1−xGax has the fcc structure and physical
properties of δ-Pu for 0.020 ≤ x ≤ 0.085 [17]. Second,
grazing-incidence photoemission studies combined with
the calculations of Eriksson et al. [18] suggest the exis-
tence of a small-moment δ-like surface on α-Pu. Theoret-
ical work on plutonium monolayer has also indicated the
possibility of such a surface [19]. Photoemission results by
Arko et al. indicate that both α- and δ-phases of Pu dis-
play a narrow, temperature-independent, 5f -related fea-
ture at the Fermi energy, narrower in δ-Pu than in α-Pu,
suggestive of possible heavy-fermion-like behavior [20].
Recently, high-purity ultra-thin layers of plutonium de-
posited on Mg were studied by X-ray photoelectron (XPS)
and high-resolution valence band (UPS) spectroscopy by
Gouder et al. [21]. They found that the degree of delocal-
ization of the 5f states depends in a very dramatic way
on the layer thickness and the itinerant character of the
5f states is gradually lost with reduced thickness, sug-
gesting that the thinner films are δ-like. At intermediate
thickness, three narrow peaks appear close to the Fermi
level and a comparative study of bulk α-Pu indicated a
surface reorganization yielding more localized f -electrons
at thermodynamic equilibrium. Also, δ-plutonium shows
negative thermal expansion coefficient and exhibits super-
conductivity alloyed with other elements. Finally, it may
be possible to study 5f localization in plutonium through
adsorptions on carefully selected substrates for which the
adsorbed layers are more likely to be δ-like than α-like.

Regarding δ-Pu surface, there are very few theoretical
calculations in the literature. Using the self-consistent
film-linearized muffin-tin-orbital (FLMTO) method, Hao
et al. studied the electronic structures of the (100) and
(111) surfaces using five-layer slab geometries [18]. The
calculated work functions for the systems were found to
be 3.68 eV and 4.14 eV, respectively, with the 6p electrons
treated as core states. They obtained a much higher value
of 8.4 eV, if the 6p electrons were treated as valence
electrons. Ray and Boettger used linear combinations
of Gaussian-type orbitals-fitting function (LCGTO-FF )
method to study δ-Pu (001) and (111) films up to five
layers. Because of highly compute-intensive nature of
this method, spin-polarization was not included in these
calculations beyond the di-layer. They found that the
surface energies converged within the first three layers,

Table 1. Lattice constants a (a.u.), bulk modulus B (GPa),
and magnetic moments MM (µB/atom) of bulkδ-Pu.

A B MM
Theory

(a.u.) (GPa) (µB/atom)

Ref. 23

NSP-NSO 7.89 214.2
NSP-SO 8.10 101.9
SP-NSO 9.10 32.5 5.8
SP-SO 8.93 24.9 5.2

Ref. 24
AFM-NSO 8.60 37.4 0
AFM-SO 8.66 32.8 0

Experiment 8.76a 30–35b 0
aReference [25]; breference [26].

while the work function exhibited a strong QSE [22].
Using the full-potential linearized-augmented-plane-wave
(FP-LAPW) method, Wu and Ray [23] have investigated
bulk δ-Pu and the (001) surface up to seven layers
at the non-spin-polarized-no-spin-orbit-coupling (NSP-
NSO), non-spin-polarized–spin-orbit-coupling (NSP-SO),
spin-polarized-no-spin-orbit-coupling (SP-NSO), spin-
polarized-spin-polarized-coupling (SP-SO) levels of
theory. The surface energy was again found to be
rapidly converged at all four levels of theory and the
semi-infinite surface energy was predicted to be 0.692 eV
at the SP-SO level of theory. Recently, using the FP-
LAPW method, we have studied bulk δ-Pu at the
antiferromagnetic-no-spin-orbit-coupling (AFM-NSO)
and antiferromagnetic-spin-orbit-coupling (AFM-SO) lev-
els of theory and the electronic structures of δ-Pu (111)
surface up to seven layers at the non-spin-polarized-no-
spin-orbit coupling (NSP-NSO), non-spin-polarized-spin-
orbit coupling (NSP-SO), spin-polarized-no-spin-orbit
coupling (SP-NSO), spin-polarized-spin-orbit coupling
(NSP-NSO), antiferromagnetic-no-spin-orbit coupling
(AFM-NSO), and antiferromagnetic-spin-orbit-coupling
(AFM-SO) levels of theory [24]. This paper is a natural
extension of the above study for the other high symmetry
face, namely the (110) surface of δ-Pu. The (110) surface
is more open with the density of atoms being lower
than the corresponding densities of the (001) and (111)
surfaces. The optimized lattice constants of bulk δ-Pu
as derived in the previous studies [23,24] and as shown
in Table 1, are used in the present study. Because of
severe demands on computational resources due to the
large system sizes involved, no surface relaxations and/or
reconstructions have been taken into account. It is neither
expected nor believed that the Pu surface undergoes any
significant relaxations and/or reconstructions. However,
the qualitative and the quantitative trends in the results
reported below should hold true in any future detailed
investigations taking into account surface relaxations
and/or reconstructions.

2 Computational method

As in our previous works [23,24], the computations
have been carried out using the full-potential all-
electron method with mixed basis APW+lo/LAPW



H. Gong and A.K. Ray: Quantum size effects in δ-Pu (110) films 411

method as implemented in the WIEN2k suite of pro-
grams [27]. The generalized-gradient-approximation to
density functional theory (GGA-DFT) [28] with a gradi-
ent corrected Perdew-Berke-Ernzerhof (PBE) exchange-
correlation functional [29] is used and the Brillouin-zone
integrations are conducted by an improved tetrahedron
method of Blöchl-Jepsen-Andersen [30]. In the WIEN2k
code, the alternative basis set APW+lo is used inside the
atomic spheres for the chemically important orbitals that
are difficult to converge, whereas LAPW is used for oth-
ers. The local orbitals scheme leads to significantly smaller
basis sets and the corresponding reductions in comput-
ing time, given that the overall scaling of LAPW and
APW + lo is given by N3, where N is the number of
atoms. Also, results obtained with the APW + lo basis
set converge much faster and often more systematically
towards the final value [31]. As far as relativistic effects
are concerned, core states are treated fully relativistically
in WIEN2k and for valence states, two levels of treat-
ments are implemented: (1) a scalar relativistic scheme
that describes the main contraction or expansion of var-
ious orbitals due to the mass-velocity correction and the
Darwin s-shift [32] and (2) a fully relativistic scheme with
spin-orbit coupling included in a second-variational treat-
ment using the scalar-relativistic eigen functions as ba-
sis [33,34]. Our computations have been carried out at
both scalar-relativistic and fully-relativistic levels to de-
termine the effects of relativity. To calculate the total en-
ergy at 0 K, a constant muffin-tin radius (Rmt) of 2.70 a.u.
is used for all atomic volumes. The plane-wave cut-off Kcut

is determined by RmtKcut = 9.0. The (110) surface of fcc
δ-Pu is modeled by periodically repeated slabs of N Pu
layers (with one atom per layer and N = 1–7) separated
by a 60 Bohr a.u. vacuum gap. Twenty-four irreducible
K points have been used for reciprocal-space integrations.
For each calculation, the energy convergence criterion is
set to be 0.001 mRy. In the AFM calculations, the atomic
spin moments are aligned in (001) ferromagnetic sheets
with adjacent sheets having anti-parallel spins and spin
quantization along the [001] direction, as this kind of set-
ting has been shown to produce lower energy [35].

3 Results and discussions

3.1 Energetics

Figure 1 shows the total energies for the δ-Pu (110) films
at six theoretical levels, namely, NSP-NSO, NSP-SO, SP-
NSO, SP-SO, AFM-NSO, and AFM-SO, respectively. For
the sake of comparison, the total energies of the corre-
sponding bulk δ-Pu are also plotted in Figure 1. Three
features are evident: a) the δ-Pu (110) films at the six
theoretical levels all have higher total energies than the
corresponding bulk, implying that δ-Pu (110) films are
less stable than δ-Pu bulk; b) the total energies of the
films decrease with an increase in the number of the lay-
ers, and the slope of decrease gradually approaches zero
as the number of Pu layers increase; c) the descending
sequence of the total energy is as follows: NSP-NSO →

Fig. 1. Total energies Etot (Ry/atom) of δ-Pu (110) films for
different layers (n = 1–7). For comparison, the corresponding
total energies of δ-Pu bulks are also plotted at the farthest
right of the figure.

SP-NSO → AFM-NSO → NSP-SO → SP-SO → AFM-
SO. It follows that both spin-polarization and spin-orbit
coupling effects have important influences on lowering the
total energies of the δ-Pu (110) films. From the energetics
point of view, the AFM-SO level of theory provides the
ground state of the δ-Pu (110) films, as it has the lowest
total energy and are more stable than other levels, while
the δ-Pu (110) films without spin-orbit coupling effects
included have higher total energies.

In Table 2, we have shown the cohesive energies
Ecoh (eV/atom) with respect to the monolayer, the in-
cremental energies Einc (eV) of n-layers with respect to
(n − 1)-layers plus a monolayer, and the surface ener-
gies Es (J/m2) for the δ-Pu (110) films up to seven lay-
ers at the six different levels of theory. The cohesive en-
ergies and the incremental energies are also plotted in
Figures 2 and 3, respectively. We note that the cohe-
sive energies increase monotonously with the number of
layers at all six levels of calculations, while the incre-
mental energies become relatively stable when the num-
ber of layers is greater than five. The above features
are in good agreement with our previous full-potential-
linearized-augmented-plane-wave (FPLAPW) results for
the δ-Pu (001) films at four levels (NSP-NSO, NSP-SO,
SP-NSO, and SP-SO) of theory [23], as well as with the
results for the δ-Pu (111) films up to seven layers at the
NSP-NSO, NSP-SO, SP-NSO, SP-SO, AFM-NSO, and
AFM-SO levels [24].

The surface energy Es may be estimated from an n-
layer calculation as [36]

Es = (1/2)[Etot(n) − nEB ], (1)

where Etot(n) is the total energy of the n-layer film and
EB is the total energy of the infinite crystal. If n is suf-
ficiently large and Etot(n) as well as EB are known to
infinite precision, equation (1) is exact. If, however, the
bulk and the film calculations are not entirely consistent
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Table 2. Calculated energies of δ-Pu (110) films for differ-
ent layers (n = 1–7). Ecoh is the cohesive energy (eV/atom)
with respect to monolayer; Einc is incremental energy (eV) of
n-layers with respect to (n − 1)-layers plus a monolayer; Es is
surface energies (J/m2).

Ecoh Einc Es
n Theory

(eV/atom) (eV) (J/m2)

1

NSP-NSO 2.67
NSP-SO 1.96
SP-NSO 0.99
SP-SO 1.11

AFM-NSO 1.11
AFM-SO 1.24

2

NSP-NSO 2.61 5.21 1.94
NSP-SO 1.76 3.53 1.75
SP-NSO 0.91 1.82 1.09
SP-SO 0.98 1.96 1.23

AFM-NSO 0.79 1.57 1.36
AFM-SO 0.93 1.87 1.48

3

NSP-NSO 3.17 4.31 1.81
NSP-SO 2.30 3.39 1.63
SP-NSO 1.34 2.19 1.00
SP-SO 1.46 2.42 1.12

AFM-NSO 1.22 2.10 1.32
AFM-SO 1.43 2.42 1.41

4

NSP-NSO 3.41 4.13 1.79
NSP-SO 2.53 3.19 1.63
SP-NSO 1.49 1.96 1.03
SP-SO 1.63 2.14 1.14

AFM-NSO 1.42 2.00 1.34
AFM-SO 1.65 2.30 1.41

5

NSP-NSO 3.54 4.05 1.82
NSP-SO 2.65 3.17 1.64
SP-NSO 1.60 2.04 1.02
SP-SO 1.75 2.23 1.12

AFM-NSO 1.55 2.07 1.31
AFM-SO 1.78 2.33 1.40

6

NSP-NSO 3.64 4.14 1.80
NSP-SO 2.75 3.20 1.63
SP-NSO 1.68 2.04 1.01
SP-SO 1.82 2.19 1.12

AFM-NSO 1.63 2.02 1.32
AFM-SO 1.87 2.29 1.41

7

NSP-NSO 3.70 4.09 1.80
NSP-SO 2.81 3.18 1.63
SP-NSO 1.73 2.07 0.99
SP-SO 1.88 2.20 1.12

AFM-NSO 1.68 2.01 1.33
AFM-SO 1.93 2.27 1.42

with each other, Es will diverge linearly with increasing
n [37]. Stable and internally consistent estimates of Es

and EB can, however, be extracted from a series of values
of Etot(n) via a linear least-squares fit to [36]

Etot(n) = EBn + 2Es. (2)

To obtain an optimal result, the fit to equation (2)
should only be applied to films which include, at least,
one bulk-like layer, i.e., n > 2. We have independently
applied this fitting procedure to the δ-Pu (110) films

Fig. 2. Cohesive energies Ecoh (eV/atom) with respect to
monolayer forδ-Pu (110) films for different layers (n = 2–7).

Fig. 3. Incremental energies Einc (eV) of δ-Pu (110) n-layers
with respect to (n-1)-layers plus the monolayer.

at all six levels of theory, respectively. Accordingly,
six values ofEB, i.e., –59384.027708, –59384.589475,
–59384.086243, –59384.618469, –59384.102394, and
–59384.634719 Ry/atom, and six values of semi-infinite
surface energy Es, i.e., 1.80, 1.63, 1.01, 1.12, 1.33, and
1.41 J/m2, are derived for the δ-Pu (110) films at the
NSP-NSO, NSP-SO, SP-NSO, SP-SO, AFM-NSO, and
AFM-SO levels, respectively. Thus, the semi-infinite
surface energy decreases by close to twenty-two percent
from the NSP-NSO level to the AFM-SO level. The
surface energy for each layer has been computed using
the calculated n-layer total energy and appropriate fitted
bulk energy. The calculated results are listed in Table 2
and plotted in Figure 4. Several characteristics of the
surface energies are evident from the above results. First,
for all the six theoretical levels, the surface energy of δ-Pu
(110) films pretty well converges to the corresponding
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Fig. 4. Surface energies Es (J/m2) forδ-Pu (110) films for
different layers (n = 1–7).

semi-infinite surface energy when the number of layers
reaches three, which matches well with the observations
in reference [22] for δ-Pu (111) and (001) films up to
five layers using the linear combinations of Gaussian
orbitals – fitting function (LCGTO-FF) method and in
reference [23] for δ-Pu (001) films up to seven layers,
as well as in reference [24] for δ-Pu (111) films up to
seven layers using the FP-LAPW method. This further
confirms our previous observation [22–24] that a 3-layer
film may be sufficient for future atomic and molecular
adsorption studies on Pu films, if the primary quantity
of interest is the chemisorption energy. Second, the
semi-infinite surface energy for δ-Pu (110) film at the
AFM-SO level are calculated to be 1.41 J/m2, which is
higher than the corresponding value of 1.16 J/m2 for
the δ-Pu (111) film [24]. It should be pointed out that
this observation regarding the sequence of surface energy
is consistent with the stability of these two surfaces,
i.e., the δ-Pu (111) surface is more stable than the δ-Pu
(110) surface. Finally, the density of states and the band
structure of δ-Pu (110) films are shown in Figures 5 and
6, respectively.

3.2 Magnetic properties

The issue of magnetic properties of δ-Pu has been a
subject of controversy for many years, as none of the
experiments so far provides any evidence for either or-
dered or disordered magnetic moments in δ-Pu [38] while
considerable magnetic moments are predicted by var-
ious researchers through some modern DFT calcula-
tions [35,39,40]. It should be pointed out that for the
commonly believed ground state (AFM) of δ-Pu there are
also some discrepancy among theoretical calculations re-
garding magnetic properties of bulk δ-Pu, e.g., a magnetic
moment of 1.5–4.6 µB/atom was predicted by some re-
searchers [35,39,40], while a null magnetic moment was

Fig. 5. Density of states of 5f electrons in (a)δ-Pu bulk (e)
1-layer at the AFM-SO levels, respectively.

Fig. 6. Band structure of δ-Pu (110) film with 7-layer at the
AFM-SO level.

noted by other researchers [24,41]. As for the magnetic
properties of δ-Pu films, however, there are no experimen-
tal results available in the literature and hopefully, our
theoretical results as detailed below will stimulate exper-
imental study.

Accordingly, the magnetic moments of δ-Pu (110) films
are calculated, respectively, at the SP-NSO, SP-SO, AFM-
NSO, and AFM-SO levels, and the results are listed in
Table 3 as well as plotted in Figure 7. For comparison,
the corresponding magnetic moments of bulk δ-Pu are
also shown in Figure 7. Several features can be seen from
these results. First, for the δ-Pu (110) films at the AFM-
NSO and AFM-SO levels, the magnetic moments show a
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Fig. 7. Spin moments (µB/atom) of δ-Pu (110) films for differ-
ent layers (n = 1–7). For comparison, the corresponding spin
moments of δ-Pu bulks are also plotted at the farthest right of
the figure.

behavior of oscillation, which becomes smaller with the
increase of the number of layers, and gradually the mag-
netic moments approach the bulk value of zero. The δ-Pu
(110) films with an odd number of layer have magnetic
moments decreasing with the increase of the number of
layers, while the δ-Pu (110) films with an even number
of layer always have zero magnetic moments, the same
as that of δ-Pu bulk. Second, for the δ-Pu (110) films
at the SP-NSO and SP-SO levels, the magnetic moments
are larger than the corresponding bulk values of 5.8 and
5.2 µB/atom, and with the increase of the number of layers
the magnetic moments gradually approach the values of
the corresponding bulks. Third, for the δ-Pu (110) films at
the anti-ferromagnetic state, spin-orbit coupling has neg-
ligible effect on the magnetic properties while for the δ-Pu
(110) films at the spin-polarized state, spin-orbit coupling
lowers the magnetic moments.

We also calculated spin-polarization energies and spin-
orbit coupling energies for the δ-Pu (110) films at vari-
ous theoretical levels, and the results are shown in Ta-
ble 3 as well as in Figure 8. We note that convergence
is achieved rather quickly at all levels when the number
of the layers equals three. It can also be seen that spin-
orbit coupling effect plays a more important role than
spin-polarization in reducing the total energies of the δ-Pu
(110) films, i.e., spin-orbit coupling effect reduces the total
energy by 7.21–7.66 eV/atom, while spin-polarization ef-
fect decreases the total energy by only 0.46–1.06 eV/atom.
These results are in excellent agreement with our previ-
ous results for the (111) and (001) surfaces [24], indicating

Table 3. Spin magnetic moments µs (µB/atom), spin-
polarization energies Esp (eV/atom), spin-orbit coupling en-
ergies Eso (eV/atom), and work functions W (eV) for δ-Pu
(110) films with different layers (n = 1–7).

µs Esp Eso W
N Theory

(µB/atom) (eV/atom) (eV/atom) (eV)

1

NSP-NSO 2.96
NSP-SO 8.56 2.99
SP-NSO 6.89 2.88 2.83
SP-SO 6.73 1.39 7.07 2.88

AFM-NSO 7.01 3.08 2.85
AFM-SO 6.74 1.45 5.97 2.91

2

NSP-NSO 3.13
NSP-SO 7.71 3.12
SP-NSO 6.51 1.18 2.77
SP-SO 6.06 0.60 7.14 2.92

AFM-NSO 0 1.27 2.83
AFM-SO 0 0.67 7.11 2.93

3

NSP-NSO 3.35
NSP-SO 7.69 3.26
SP-NSO 6.21 1.04 3.04
SP-SO 5.70 0.54 7.19 3.02

AFM-NSO 2.05 1.14 3.10
AFM-SO 1.93 0.62 7.17 3.08

4

NSP-NSO 3.29
NSP-SO 7.67 3.23
SP-NSO 6.11 0.95 2.87
SP-SO 5.51 0.49 7.21 3.14

AFM-NSO 0 1.09 2.99
AFM-SO 0 0.62 7.20 2.95

5

NSP-NSO 3.13
NSP-SO 7.67 3.18
SP-NSO 6.03 0.94 2.86
SP-SO 5.36 0.48 7.22 3.08

AFM-NSO 1.20 1.10 2.99
AFM-SO 1.12 0.63 7.20 3.00

6

NSP-NSO 3.22
NSP-SO 7.66 3.26
SP-NSO 5.97 0.91 2.84
SP-SO 5.43 0.47 7.22 3.02

AFM-NSO 0 1.07 2.90
AFM-SO 0 0.62 7.21 2.95

7

NSP-NSO 3.15
NSP-SO 7.66 3.19
SP-NSO 5.95 0.90 2.86
SP-SO 5.29 0.46 7.21 3.02

AFM-NSO 0.85 1.06 2.97
AFM-SO 0.81 0.62 7.21 2.99

that crystalline planes have little effects on the values of
spin-polarization energies and spin-orbit coupling energies
of δ-Pu.

3.3 Work functions

As stated in the introduction, one major objective of
the present study is to investigate the quantum size ef-
fect (QSE) in δ-Pu (110) films. It is commonly believed
that surface energy and work function are two parameters
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Fig. 8. Spin-polarization energies Esp (eV/atom) and spin-
orbit coupling energies Eso (eV/atom) of δ-Pu (110) films for
different layers (n = 1–7).

which are sensitive to QSE [11,12,16]. As shown above,
the surface energy in δ-Pu (110) films quickly converges
when the number of layers reaches three and therefore
there is no apparently strong QSE regarding the surface
energy in δ-Pu (110) films.

As far as work function W is concerned, we have cal-
culated Waccording to the following formula

W = V0 − EF , (3)

where V0 is the Coulomb potential energy at the half
height of the slab including the vacuum layer and EF is
the Fermi energy. Accordingly, the work functions of δ-Pu
(110) films up to seven layers are calculated at the six the-
oretical levels, i.e., NSP-NSO, NSP-SO, SP-NSO, SP-SO,
AFM-NSO, and AFM-SO, respectively, and the results are
listed in Table 3 as well as plotted in Figure 9. From these
results, several features can be observed. First, strong os-
cillations are present in the values of the work function,
indicating that QSE can be pronounced for δ-Pu (110)
films up to seven layers and possibly beyond at all six
theoretical levels, including the ground state (AFM-SO)..
This implies that for the δ-Pu (110) surface, film thickness
greater than n = 7 will be required for any chemisorption
investigation that requires an accurate prediction of the
adsorbate-inducted work function shift. We note that this
observation for δ-Pu (110) surface is quite different from
our previous observation for δ-Pu (111) surface [24], where
we found that a 5-layer film of δ-Pu (111) may be suffi-
cient for any future adsorption investigation that requires
an accurate prediction of adsorbate-induced work func-
tion shift. Second, the work functions in δ-Pu (110) films
are smaller than the corresponding values in δ-Pu (111)
films [24]. This observation regarding the sequence of work
functions is reasonable as it is consistent with the surface
stability, i.e., the δ-Pu (111) surface is more stable with
lower total energy and therefore more energy is needed
to move the electron far from the (111) surface than that
in the (110) surface. Third, the work functions for δ-Pu

Fig. 9. 9 Work functions (eV) ofδ-Pu (110) films for different
layers (n = 1–7).

(110) films with 7-layers are calculated to be 3.15, 3.19,
2.86, 3.02, 2.97, and 2.99 eV at the NSP-NSO, NSP-SO,
SP-NSO, SP-SO, AFM-NSO, and AFM-SO, respectively,.
Recently, Durakiewicz et al. measured the work function
of δ-Pu for various degrees of surface oxidation and based
on their measurement a preliminary estimate of 3.1–3.3 eV
is obtained for the work function of a clean polycrystalline
sample of δ-Pu [42]. It should be noted that our calculated
values of work functions for δ-Pu (110) films are in good
agreement with this estimated experimental value.

4 Conclusions

Full-potential-linearized-augmented-plane-wave calculati-
ons show that the antiferromagnetic state with spin-orbit
coupling effects is the ground state of δ-Pu (110) films.
For the δ-Pu (110) films, the total energy decreases
with the increase of the number of layers, and when the
number of layers reaches three the surface energy quickly
converges to the value of 1.41 J/m2 at the ground state
(AFM-SO).

For the δ-Pu (110) films at the AFM-NSO and AFM-
SO levels, the magnetic moments show a behavior of
oscillation, which becomes smaller with the increase in
the number of layers, and gradually the magnetic mo-
ments approach the bulk value of zero. Spin-orbit cou-
pling effects can reduce the energy of δ-Pu (110) films
by 7.21–7.66 eV/atom, while spin-polarization effect de-
creases the energy only by 0.46–1.06 eV/atom. It is also
found that the work function shows a strong quantum size
effect for δ-Pu (110) films up to seven layers and possibly
beyond and the work function of δ-Pu (110) films at the
ground state is predicted to be around 2.99 eV.
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