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bstract

Full-potential all-electron density-functional calculations with mixed basis APW + lo/LAPW have been carried out to investigate the electronic
nd geometric properties of the (1 1 0) surface of fcc Am(II) and compared with the corresponding properties of the (1 1 1) and (0 0 1) surfaces.
n particular, the quantum size effects in the surface energies and the work functions of the (1 1 0) ultra-thin films up to seven layers at the anti-
erromagnetic ground state with spin-orbit coupling (AFM-SO) have been studied and compared with those of the (1 1 1) and (0 0 1) surfaces. A
trong quantum size effect of work function up to seven layers in the fcc Am (1 1 0) surfaces is observed. The work function of the (1 1 0) surface
s predicted to be 2.86 eV to be compared with 2.93 and 3.06 eV for (0 0 1) and (1 1 1) films at the ground state, respectively. On the other hand, the
urface energy becomes relatively stable once the number of layers reaches three for all three surfaces. Density of states show that the 5f electrons

n all three fcc Am surfaces are primarily localized. In addition, the present work of fcc Am high symmetry surfaces has been compared in detail
ith the corresponding available �-Pu surface studies.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Considerable theoretical efforts have been devoted to
tudying the electronic and geometric structures and related
roperties of surfaces to high accuracy in recent years.
ctinides, as a group of strongly correlated and heavy fermion

ystems, especially have received notable increasing interests
1–5]. As is known, experimental work on actinides is relatively
ifficult to perform due to material problems and toxicity.
n the other hand, they play important roles in advanced
uclear fuel cycles. Hence, theoretical studies are crucial for
hese high-Z elements. Such studies may also lead to a better
nderstanding of the detailed surface corrosion mechanisms in

he presence of environmental gases and thus help to address
he environmental consequences of nuclear materials.

Among the actinides, the unique electronic properties of
mericium (Am), which was first successfully synthesized
nd isolated at the wartime Metallurgical Laboratory [6],
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ave received increased interests recently, from both scientific
nd technological points of view. It has been noted that Am
ccupies a pivotal position in the actinide series with regard
o the behavior of 5f electrons [7]. Atomic volumes of the
ctinides as a function of atomic number have experimentally
isplayed a sharp increase between Pu and Am [8]. In contrast
o this sharp increase, the atomic volumes of the actinides
efore Pu continuously decreases as a function of increasing
tomic number from Ac until Np, which is analogous to d
ransition metals. These behaviors reveal that the properties of
he 5f electrons change dramatically starting from somewhere
etween Pu and Am. It has been suggested [9,10] that the 5f
lectrons of the actinides before Am participate in bonding
hile the 5f electrons of the actinides after Pu become localized

nd non-bonding. Both theoretical calculations [11] and the
-ray and high-resolution UV photoemission study [12] of

he 5f electrons in Am have supported the localized picture

or Am. Another notable feature is the high-pressure behavior
f americium. As pressure increases, the crystal structures
f americium display the following phase transitions [13]:
ouble hexagonal close packed (Am I) → face-centered cubic

mailto:akr@uta.edu
dx.doi.org/10.1016/j.jallcom.2006.10.042
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Am II) → face-centered orthorhombic (Am III) → primitive
rthorhombic (Am IV). Although experimental data indicates
hat the phase transition from Am II to Am III is probably
ccompanied with the 5f electron delocalization [7,13], recent
ensity functional studies by Pénicaud [14] regarding the
igh-pressure behavior of americium found that only the fourth
hase (Am IV) is delocalized and the 5f electrons of the three
revious americium phases are localized. The dynamical mean
eld theory calculations by Savrasov et al. [15] also indicate

hat the location of the Mott transition is near the Am III to
m IV boundary and that the f electrons start to participate in
onding in the highly pressurized Am IV structure. On the other
and, density functional calculations using the full-potential
inear muffin-tin orbital (FP-LMTO) method by Sõderlind
nd Landa [16] indicate that the Am I phase is stabilized by
ontributions from the d shell to the cohesion whereas all other
hases follow from 5f electron bonding, i.e., delocalization.
uch controversies clearly indicate that further experimental
nd theoretical studies are needed to improve our understanding
f americium and the associated 5f electrons.

Another controversy surrounding Am is the question of mag-
etism. Experimental results, in general, indicate that Am is
on-magnetic. For example, Naegele et al. [12], in their pho-
oemission study of the localization of 5f electrons in Am,
ssumed the ground-state electron configuration to be 5f6 (non-
agnetic). Huray et al. [17] in their experimental studies of

he magnetism of the heavy 5f elements also found Am to
ave zero effective magnetic moment with an f6 probable ion
onfiguration. Both Gouder et al. and Cox et al. [18], in their
espective photoemission studies, found Am to have localized
states in a 5f6 configuration, consistent with the absence of
agnetic order. On the other hand, theoretical studies on Am
etal, mostly based on ab initio self-consistent density func-

ional theory, in general, indicate the presence of magnetism
16,19–21]. Using fully relativistic, full-potential linear-muffin-
in-orbital calculations, Eriksson and Wills [20] reported strong
isagreements with experimental data. Using the same method
s also canonical band theory, Sõderlind and Landa [16] actu-
lly found the fcc phase to be stable by a small margin over
hcp but when d contribution is included, their energies were
egenerate. They also found that the 5f electrons in Am almost
ntirely spin-polarize. Pénicaud [14] modeled the localization of
he 5f electrons by an anti-ferromagnetic (AFM) configuration
ound to have a lower energy than a ferromagnetic configu-
ation. Using the full potential Dirac relativistic basis, spin-
olarized linearized-augmented-plane-wave method, Kutepov
nd Kutepova [21] found also the AFM ordering to be favored for
hcp Am. The around-men-field LSDA + U (AMF-LSDA + U)
orrelated band theory has been applied by Shick et al. [22] to
tudy the electronic and magnetic structure of fcc-Pu-Am alloys.
or fcc Am, they performed AMF-LSDA + U calculations, vary-

ng the Coulomb U from 3 to 4 eV and keeping the inter-atomic
xchange parameter J at 0.75 eV. The calculations yielded practi-

ally zero magnetic moment, with an equilibrium atomic volume
f 186 (a.u.)3 and a bulk modulus of 55.1 GPa with U = 4 eV.
otliar and Vollhardt [23] have used dynamical-mean-field-

heory (DMFT) approach to study strongly correlated systems,
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uch as the actinides. Using a DMFT-based spectral density func-
ional approach, they observed that the f electrons in Am at zero
ressure exists in a f6 7F0 configuration, with a U value of about
.5 eV. Our calculations [19], using the FP-LAPW method,
ielded an AFM state, with an equilibrium atomic volume of
95.3 (a.u.)3 and a bulk modulus of 28.1 GPa. The experimen-
al equilibrium volume is 198.5 (a.u.)3 and a bulk modulus of
9.4 GPa. On the other hand, results at the NSP-SO level produce
n equilibrium atomic volume of 137.8 (a.u.)3 and a bulk mod-
lus of 63.8 GPa. Thus, a non-magnetic calculation produces an
rror of 31% in the atomic volume and 117% in the bulk mod-
lus! Savrasov et al. [15] have found that a non-magnetic GGA
alculation failed catastrophically in reproducing the equilib-
ium volume of the soft phase of Am by about 50%. Clearly,
here is strong disagreement here between theory and experi-

ent as far as the question of magnetism is concerned. Given
his wide spectrum of results on Am, we believe that a system-
tic and fully relativistic density functional study of Pu and Am
urface chemistry and physics using the same level of theory
ould certainly lead to significant insights and knowledge about
he actinides and at the very least, produce a qualitative trend in
ur understanding of the light to heavy actinides and stimulate
urther work in actinides.

The electronic structure of americium, wherein six f electrons
resumably form an inert core, decoupled from the spd elec-
rons that control the physical properties of the material, also
ontributes to the superconductivity in Am [24,25]. Recently,
study of the superconductivity in americium [26] as a func-

ion of pressure has showed that such studies may be an effective
ethod to understand the unique 5f electron properties of ameri-

ium including the Mott transition, i.e., the evolution of the 5f
lectrons from localized to the delocalized.

Another effective way to probe the actinides (including
mericium) 5f electron properties and their roles in chemical
onding is the study of their surface properties. The unusual
spects of the bonding in bulk Am are apt to be enhanced at
surface or in a thin layer of Am adsorbed on a substrate, as
result of the reduced atomic coordination of a surface atom

nd the narrow bandwidth of surface states. Thus, Am surfaces
nd thin films may also provide valuable information about the
onding in Am. We have recently reported the bulk and surface
roperties of fcc �-Pu and atomic and molecular adsorptions
n such surfaces and also bulk and (1 1 1) and (0 0 1) surfaces
f fcc Am II [19,27]. As a continuation of our systematic and
ully relativistic density functional studies of actinide surface
hysics and chemistry, in this work, we report, in some detail
he electronic structure properties of fcc Am (1 1 0) surface and
ompare them with the corresponding properties of the other
wo surfaces. Other motivations for such a study also stem from
he following observations: (1) both plutonium and americium
epresent the boundary between the “light” actinides, Th to Pu,
nd the “heavy” actinides, Am and beyond; (2) whereas, Pu has
n open shell of f electrons, Am is closer to a full j = 5/2 shell;

3) the transition from delocalization-to-localization supposedly
akes place somewhere between Pu and Am; yet there is no
uch apparent transition observed, at least, in �-Pu although the
f electrons of �-Pu are partially localized [1–10,15,23,27], as
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Table 1
Surface energies Es and work functions W for fcc Am (1 1 0), (0 0 1) and (1 1 1)
films with N layers (N = 1–7) at AFM-SO level

N Surface W (eV) Es (J/m2)

1
(1 1 0) 2.75 0.88
(0 0 1) 2.86 0.93
(1 1 1) 3.02 0.89

2
(1 1 0) 2.90 1.08
(0 0 1) 2.90 0.85
(1 1 1) 3.09 0.82

3
(1 1 0) 2.91 1.04
(0 0 1) 2.91 0.82
(1 1 1) 2.96 0.81

4
(1 1 0) 2.94 1.04
(0 0 1) 2.96 0.81
(1 1 1) 3.08 0.80

5
(1 1 0) 2.82 1.03
(0 0 1) 2.89 0.81
(1 1 1) 3.05 0.81

6
(1 1 0) 2.84 1.03
(0 0 1) 2.96 0.82
(1 1 1) 3.04 0.81

7
(1 1 0) 2.86 1.04
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ndicated by its atomic volume, which is approximately halfway
etween �-Pu and Am.

The present study has thus focused on the (1 1 0) surfaces of
m II, which has the same fcc crystal structure as that of �-Pu.
or such studies, it is common practice to model the surface
f a semi-infinite solid with an ultra thin film (UTF), which is
hin enough to be treated with high-precision density functional
alculations, but is thick enough to realistically model the semi-
nfinite surface. Determination of an appropriate UTF thickness
s complicated by the existence of possible quantum oscillations
n UTF properties as a function of thickness, the so-called quan-
um size effect (QSE). These oscillations were first predicted
y calculations on jellium films [28,29] and were subsequently
onfirmed by band-structure calculations on free-standing UTFs
omposed of discrete atoms [30–33]. The adequacy of the UTF
pproximation obviously depends on the size of any QSE in the
elevant properties of the model film. Thus, it is important to
etermine the magnitude of the QSE in a given UTF prior to
sing that UTF as a model for the surface. This is particularly
mportant for Am films, since the strength of the QSE is expected
o increase with the number of valence electrons [28].

. Computational method

The computations reported in this work have been carried out
sing the full-potential all-electron method with mixed basis
PW + lo/LAPW method implemented in the WIEN2k soft-
are [34,35]. The generalized-gradient-approximation (GGA)

o density functional theory [36] with a gradient cor-
ected Perdew–Berke–Ernzerhof (PBE) exchange-correlation
unctional [37] is used and the Brillouin-zone integra-
ions are conducted by an improved tetrahedron method of
löchl–Jepsen–Andersen [38]. In the WIEN2k code, the alter-
ative basis set APW + lo is used inside the atomic spheres for
he chemically important orbitals that are difficult to converge,
hereas LAPW is used for others. The local orbitals scheme

eads to significantly smaller basis sets and the corresponding
eductions in computing time, given that the overall scaling of
APW and APW + lo is given by N3, where N is the number of
toms. Also, results obtained with the APW + lo basis set con-
erge much faster and often more systematically towards the
nal value [39]. As far as relativistic effects are concerned, core
tates are treated fully relativistically in WIEN2k and for valence
tates, two levels of treatments are implemented: (1) a scalar
elativistic scheme that describes the main contraction or expan-
ion of various orbitals due to the mass-velocity correction and
he Darwin s-shift [40] and (2) a fully relativistic scheme with
pin-orbit coupling included in a second variational treatment
sing the scalar-relativistic eigen functions as basis [41,42].
he present computations have been carried out at both scalar-

elativistic and fully relativistic levels to determine the effects
f relativity. To calculate the total energy, a constant muffin-tin
adius (Rmt) of 2.60 a.u. is used and the plane-wave cut-off Kcut is

etermined by RmtKcut = 9.0 for all calculations. The surfaces of
m II are modeled by periodically repeated slabs of N Am layers

with one atom per layer and N = 1–7) separated by an 80 a.u.
acuum gap. Twenty-one irreducible K points have been used for

s
w
s
r

(0 0 1) 2.93 0.82
(1 1 1) 3.06 0.81

eciprocal-space integrations. For each calculation, the energy
onvergence criterion is set to be 0.01 mRy. Six theoretical levels
f approximation, namely NSP-NSO (non-spin-polarized-no-
pin-orbit coupling), NSP-SO (non-spin-polarized-spin-orbit
oupling), SP-NSO (spin-polarized-no-spin-orbit coupling),
P-SO (spin-polarized-spin-orbit-coupling), AFM-NSO (anti-
erromagnetic-no-spin-orbit-coupling), and AFM-SO (anti-
erromagnetic-spin-orbit-coupling) have been implemented in
ur calculations in order to examine effects of different theoret-
cal approximations.

. Results and discussions

A set of complete total energy calculations for (1 1 0), and
0 0 1), (1 1 1) surfaces at all six theoretical levels indicate that
owest total energy is obtained at the AFM-SO level, indicating
he ground state is AFM-SO. Thus, the present study is dedicated
o comparatively study the quantum size effects (QSE) in the
1 1 0), (0 0 1) and (1 1 1) fcc Am surfaces at the ground state
f AFM-SO. It is commonly believed that surface energy and
ork function are two parameters, which are sensitive to QSE

28,29]. We have calculated the work function, W, according to
he following formula:

= V0 − EF, (1)

here V0 is the Coulomb potential energy at the half height of the

lab including the vacuum layer and EF is the Fermi energy. The
ork functions of fcc Am (1 1 0), (0 0 1) and (1 1 1) films up to

even layers have been calculated at the AFM-SO level, and the
esults are listed in Table 1 and plotted in Fig. 1 as well. Several
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ig. 1. Work functions of fcc Am (1 1 0), (0 0 1) and (1 1 1) films as a function
f the number of layers up to seven layers (N = 1–7) at the AFM-SO level.

eatures can be observed from these results: (1) a strong QSE is
bserved for both fcc Am (1 1 0) and (0 0 1) films up to seven
ayers while the work function for fcc Am (1 1 1) films becomes
elatively stable as the number of layers reaches five. This indi-
ates that for fcc Am (1 1 0) and (0 0 1) surfaces, film thickness
reater than seven is required for any chemisorption study that
equires an accurate prediction of the adsorbate-induced work
unction shift. On the other hand, a five-layer fcc Am (1 1 1) film
ay be sufficient for any future adsorption investigation that

equires an accurate prediction of the adsorbate-induced work
unction shift. Compared with �-Pu [27], our results indicate
hat QSE is more pronounced in Am surfaces than in corre-
ponding �-Pu surfaces, especially in the (0 0 1) surface. (2) The
ork functions of fcc Am surfaces have a decreasing sequence

s (1 1 1) → (0 0 1) → (1 1 0). A similar trend has been observed
or the �-Pu surfaces [27]. The sequence of work functions is
easonable and it is consistent with the stability of these three sur-
aces, i.e., (111) surface is the most stable surface and the energy
eeded to move the electron far from the surface is therefore the
ighest, and in turn the (0 0 1) and (1 1 0) surfaces. (3) At the
round state, the work functions for fcc Am (1 1 0), (0 0 1), and
1 1 1) films with seven layers are calculated to be 2.86, 2.93,
nd 3.06 eV, respectively. We note that these values are smaller
han the corresponding work function values, namely 2.99, 3.11,
nd 3.41 eV, of �-Pu surfaces at the same level of theory [27].

The surface energy for a N-layer film has been estimated from
43]:

s = 1
2 [Etot(N) − NEB], (2)

here Etot(N) is the total energy of the N-layer slab and EB is
he energy of the infinite crystal. If N is sufficiently large and
tot(N) and EB are known to infinite precision, Eq. (2) is exact.
f, however, the bulk and film calculations are not entirely con-
istent with each other, Es will diverge linearly with increasing
. Stable and internally consistent estimates of Es and EB can,
owever, be extracted from a series of values of Etot(N) via a

e
(
a
�

ig. 2. Surface energies of fcc Am (1 1 0), (0 0 1), and (1 1 1) films as a function
f the number of layers with N = 1–7 at the AFM-SO level.

inear least-squares fit to [44]:

tot(N) = EBN + 2Es. (3)

o obtain an optimal result, the fit to Eq. (3) should only be
pplied to films which include, at least, one bulk-like layer, i.e.,
> 2. We have independently applied this fitting procedure to

he fcc Am (1 1 0) films at the ground state, respectively. The
urface energy for each film has been computed using the calcu-
ated N-layer total energy and appropriately fitted bulk energy.
he results are listed in Table 1 and plotted in Fig. 2 and com-
ared with the results for (0 0 1) and (1 1 1) surfaces. Several
eatures of the surface energies are evident from our results.
irst, for all three surfaces, the surface energy converges pretty
ell to the corresponding semi-infinite surface energy when the
umber of layers reaches three, which agrees well with the sur-
ace energy behavior of �-Pu (1 1 0), (1 1 1) and (0 0 1) films up
o seven layers [27]. From these observations, we again infer,
imilar to the (1 1 0), (0 0 1) and (1 1 1) surfaces of �-Pu [27],
hat a three layer film may be sufficient for future atomic and

olecular adsorption studies on fcc Am films, if the primary
uantity of interest is the chemisorption energy. Second, the
1 1 0) surface has the highest surface energy and (1 1 1) sur-
ace the lowest, while (0 0 1) surface is intermediate between
he (1 1 0) surface and (1 1 1) surface. Similar to the observed
ork function sequence, the sequence of surface energy is con-

istent with the stability of these three surfaces, i.e., fcc Am
1 1 0) surface is the most unstable and (1 1 1) is the most stable,
hile the stability of the (0 0 1) surface is intermediate between

hose of the (1 1 0) and (1 1 1) surfaces. Third, though the film
hickness dependence and sequence of surface energies in fcc
m are similar to those in �-Pu [27], the surface energies of

cc Am is much smaller than the corresponding �-Pu surface

nergies. At the ground state, the surface energies of (1 1 0),
0 0 1) and (1 1 1) fcc Am films are predicted to be 1.04, 0.82,
nd 0.81 J/m2, respectively, while the corresponding value for
-Pu films are 1.42, 1.21, and 1.18 J/m2.
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Table 2
Magnetic moments MM per atom (�B/atom), spin polarization energies per atom
ESP, spin orbit coupling energies per atom ESO, for the fcc Am (1 1 0) N layers
(N = 1–7)

N Theory MM (�B/atom) ESP (eV/atom) ESO (eV/atom)

1

NSP-SO 9.52
SP-NSO 7.63 4.47
SP-SO 7.43 2.46 7.51
AFM-NSO 7.74 4.54
AFM-SO 7.42 2.55 7.53

2

NSP-SO 8.77
SP-NSO 7.79 2.92
SP-SO 7.49 1.75 7.61
AFM-NSO 0 2.84
AFM-SO 0 1.69 7.62

3

NSP-SO 8.75
SP-NSO 7.53 2.72
SP-SO 7.19 1.63 7.65
AFM-NSO 2.44 2.69
AFM-SO 2.38 1.60 7.66

4

NSP-SO 8.74
SP-NSO 7.42 2.65
SP-SO 7.05 1.58 7.66
AFM-NSO 0 2.62
AFM-SO 0 1.57 7.69

5

NSP-SO 8.75
SP-NSO 7.51 2.63
SP-SO 7.12 1.56 7.67
AFM-NSO 1.44 2.60
AFM-SO 1.37 1.57 7.71

6

NSP-SO 8.75
SP-NSO 7.39 2.61
SP-SO 7.00 1.54 7.68
AFM-NSO 0 2.59
AFM-SO 0 1.56 7.72

7

NSP-SO 8.74
SP-NSO 7.37 2.59
SP-SO 6.98 1.53 7.69
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ig. 3. Density of states for 5f electrons in fcc Am (1 1 0), (0 0 1), and (1 1 1)
lms with seven layers at the AFM-SO level.

The density of states (DOS) for 5f electrons of fcc Am (1 1 0),
0 0 1), and (1 1 1) films are presented at the AFM-SO level with
even layers in Fig. 3. From the figure, we first note that in all
hree surfaces the two 5f peaks, one below the Fermi level while
he other above the Fermi level, are well separated by a wide gap
ndicating that the 5f electrons are localized. The gap width is
bout 2 eV for all three surface calculations, which is in a good
greement with the gap width found in the bulk dhcp Am [5] and
ulk fcc Am [23]. In addition, compared to (1 1 0) and (0 0 1)
urface, the center of the first peak in (1 1 1) surface appears to
e moving further away from the Fermi level. In contrast to this,
here is only one broad peak across the Fermi level in all three
-Pu films [27], indicating that the 5f electrons in �-Pu surfaces
re more delocalized than the 5f electrons in fcc Am surfaces.

We now specifically comment on some electronic structure
roperties of fcc Am (1 1 0) surface. The spin magnetic moment
er atom of fcc Am (1 1 0) films up to seven layers has been
alculated at the SP-NSO, SP-SO, AFM-NSO, and AFM-SO
evels, respectively, and the results are listed in Table 2. From
he table, several features have been observed for the magnetic
roperties. First, for the Am (1 1 0) films at both AFM-NSO and
FM-SO levels, the magnetic moment becomes smaller with

he increase of the number of layers, and it is expected that the
agnetic moment will finally approach zero. A similar trend has

een observed in our previous �-Pu surface studies [27]. Second,
or the Am (1 1 0) films at the SP-NSO and SP-SO levels, the
agnetic moments are, in general, larger than the corresponding

ulk values of 7.32 and 6.90 �B/atom [19], and with the increase
f the number of layers the magnetic moments quickly approach
he values of the corresponding bulks. For the seven layers thick
lm, the magnetic moment at the SP-NSO and SP-SO levels

s 7.37 and 6.98 �B/atom already. The spin magnetic moments
f �-Pu (1 1 0) films at the SP-NSO and SP-SO levels show a

imilar feature as found here except that the magnetic moments
f �-Pu (1 1 0) films are smaller than the corresponding magnetic
oments of Am (1 1 0) films. The difference is attributed to the

dditional 5f electron in Am.

t
s
p
e

AFM-NSO 1.03 2.58
AFM-SO 0.99 1.56 7.72

The cohesive energy for the fcc Am (1 1 0) N-layer films with
espect to N monolayers is calculated and plotted in Fig. 4. It is
ound that the cohesive energy increases monotonously with the
lm thickness at all six levels of calculations. It is also observed

hat the rate of increase of cohesive energy drops significantly
s the number of layers increases, which has been previously
oticed for the cohesive energy of �-Pu (1 1 0) surface as well,
nd we expect that the convergence in the cohesive energy can
e achieved after a few more layers. However, since to the best
f our knowledge, the experimental value for the semi-infinite
urface cohesive energy is not known, we are unable to predict
ow many layers will be needed to achieve the semi-infinite
urface energy. From the figure, obviously, spin polarization
ignificantly lowers the cohesive energy at both the scalar rela-

ivistic and fully relativistic levels of theory. On the other hand,
pin-orbit coupling increases the cohesive energy of the spin-
olarized N-layers by about ∼11–13% but reduces the cohesive
nergy of the non-spin-polarized N-layers by about ∼23–27%.
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ig. 4. Cohesive energy per atom of the fcc Am (1 1 0) films with respect to the
m monolayer vs. the number of Am layers.

hese features are in general agreement with the results of �-Pu
1 1 0) surface [27]. At the antiferromagnetic state, spin-orbit
oupling increases the cohesive energy of the N-layers by about
12–15%. All cohesive energies are positive, indicating that all

ayers of Am (1 1 0) films are bound relative to the monolayer.
To further understand the effects brought by the spin polar-

zation and the spin-orbit coupling, we also calculated spin-
olarization energies and spin-orbit coupling energies for the
cc Am (1 1 0) films at various theoretical levels, and the results
re shown in Table 2 as well as in Figs. 5 and 6. The spin-
olarization energy ESP is defined by:

SP = Etot(NSP) − Etot(SP), (4)

nd the spin-orbit coupling energy ESO is defined by:
SO = Etot(NSO) − Etot(SO). (5)

ur results showed that both spin polarization energies and spin
rbit coupling energies become pretty stable when the number

ig. 5. Spin-polarization energy (eV/atom) of a N-layer fcc Am (1 1 0) films as
function of the number of Am layers with N = 1–7.
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ig. 6. Spin-orbit coupling energy (eV/atom) of a N-layer fcc Am (1 1 0) films
s a function of the number of Am layers with N = 1–7.

f layers reaches three. Moreover, the spin-orbit coupling plays
more important role than the spin-polarization in reducing the

otal energies of the fcc Am (1 1 0) films, i.e., the spin-orbit
oupling effect reduces the total energy by 7.51–9.52 eV/atom,
hile spin-polarization effect decreases the total energy only
y 1.53–4.54 eV/atom. Comparing these to the SO coupling and
P effects in the �-Pu (1 1 0) films, which are 5.97–8.56 eV/atom
nd 0.46–3.08 eV/atom, respectively [27], the effects in fcc Am
1 1 0) films are more pronounced. Such discrepancy can also be
artially attributed to the additional 5f electron in Am and the
ocalized feature of these electrons.

In summary, we have reported a comparative study of the
hree high symmetry surfaces of fcc Am(II). Our present work
rovides the first comparative electronic structure results for
ll three fcc Am high symmetry surfaces as well as a detailed
omparison with the corresponding �-Pu surfaces. It is found
hat the 5f electrons in the three fcc Am surfaces are primarily
ocalized, of which the (1 1 1) surface is probably most localized.
t is also observed that the surface energies have an increasing
equence as (1 1 1) → (0 0 1) → (1 1 0), while the work function
hows a strong quantum size effect for fcc Am (1 1 0) and (0 0 1)
lms up to seven layers and for fcc Am (1 1 1) up to five layers.
oreover, for the fcc Am (1 1 0) surfaces, it is predicted that the

pin-orbit coupling plays a more important role than the spin-
olarization in reducing the total energies of the fcc Am (1 1 0)
lms. We also note that the spin polarization may significantly

ower the cohesive energy at both the scalar relativistic and fully
elativistic levels of theory.
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214101.
14] M. Pénicaud, J. Phys. Condens. Matter 17 (2005) 257.
15] S.Y. Savrasov, K. Haule, G. Kotliar, Phys. Rev. Lett. 96 (2006) 036404.
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