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Abstract. Electronic structures of double hexagonal close-packed americium and the (0001) surface have
been studied via full-potential all-electron density-functional calculations with a mixed APW+lo/LAPW
basis. The electronic and geometric properties of bulk dhcp Am as well as quantum size effects in the
surface energies and the work functions of the dhcp Am (0001) ultra thin films up to seven layers have
been examined at nonmagnetic, ferromagnetic, and antiferromagnetic configurations with and without spin
orbit coupling. The anti-ferromagnetic state including spin-orbit coupling is found to be the ground state of
dhcep Am with the 5f electrons primarily localized. Our results show that both magnetic configurations and
spin-orbit coupling play important roles in determining the equilibrium lattice constant, the bulk modulus
as well as the localized feature of 5f electrons for dhcp Am. Our calculated equilibrium lattice constant and
bulk modulus at the ground state are in good agreement with the experimental values respectively. The
work function of dhcp Am (0001) 7-layer surface at the ground state is predicted to be 2.90 eV. The surface
energy for dhcp Am (0001) semi-infinite surface energy at the ground state is predicted to be 0.84 J/m?.
Quantum size effects are found to be more pronounced in work functions than in surface energies.

PACS. 71.15.-m Methods of electronic structure calculations — 71.27.4+a Strongly correlated electron
systems; heavy fermions — 73.20.At Surface states, band structure, electron density of states — 75.50.Ee

Antiferromagnetics

1 Introduction

Considerable experimental and theoretical efforts have
been devoted to studying the electronic and geometric
structures and related properties of surfaces to high ac-
curacy in recent years. Actinides, as a group of strongly
correlated and heavy fermion systems, especially have re-
ceived notable increasing interests [1-5]. As is known,
experimental work on actinides is relatively difficult to
perform due to material problems and toxicity. On the
other hand, they play important roles in advanced nuclear
fuel cycles. Hence, theoretical studies are crucial for these
high-Z elements. Such studies may also lead to a better un-
derstanding of the detailed surface corrosion mechanisms
in the presence of environmental gases and thus help to
address the environmental consequences of nuclear mate-
rials.

Among the actinides, the unique electronic properties
of americium (Am), which was first successfully synthe-
sized and isolated at the wartime Metallurgical Labora-
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tory [6], have received increased interests recently, from
both scientific and technological points of view. It has
been noted that Am occupies a pivotal position in the ac-
tinide series with regard to the behavior of 5 f electrons [7].
Atomic volumes of the actinides as a function of atomic
number have experimentally displayed a sharp increase be-
tween Pu and Am [8]. In contrast to this sharp increase,
the atomic volumes of the actinides before Pu continu-
ously decreases as a function of increasing atomic num-
ber from Ac until Np, which is analogous to d transition
metals. These behaviors reveal that the properties of the
5f electrons change dramatically starting from somewhere
between Pu and Am. It has been suggested [9,10] that the
5f electrons of the actinides before Am (until Pu) partic-
ipate in bonding while the 5f electrons of the actinides
after Pu (starting from Am) become localized and non
bonding. Both theoretical calculations [11] and the X-ray
and high-resolution ultraviolet photoemission study [12]
of the 5f electrons in Am have supported the localized
picture for Am. Another notable feature is the high-
pressure behavior of americium. As pressure increases,
the crystal structures of americium display the follow-
ing phase transitions [13]: double hexagonal close packed
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(Am I) — face-centered cubic (Am IT) — face-centered or-
thorhombic (Am IIT) — primitive orthorhombic (Am IV).
Although experimental data indicates that the phase tran-
sition from Am II to Am III is probably accompanied
with the 5f electron delocalization [7,13], recent density-
functional studies by Penicaud [14] regarding the high-
pressure behavior of americium found that only the fourth
phase (Am IV) is delocalized and the 5f electrons of
the three previous americium phases are localized. The
dynamical mean field theory calculations by Savrasov
et al. [15] also indicate that the location of the Mott
transition is near the Am III to Am IV boundary and
that the f electrons start to participate in bonding in
the highly pressurized Am IV structure. Using the full-
potential linear muffin-tin orbital (FP-LMTO) method,
Soderlind et al. [16] calculated the total energies of fec,
bee, bem (o), a-U(d/), a-Np, and a-Pu structures of
Am as a function of volume. At 80 kbar, they calculated
a transition from fcc Am to monoclinic Am and a volume
collapse of 25%. They interpreted this as a Mott transi-
tion and the onset of a low symmetry crystal structure
was induced by 5f electron delocalization in Am. A later
study by Soderlind and Landa [16] indicated that the Am I
phase was stabilized by contributions from the d shell to
the cohesion whereas all other phases follow from 5f elec-
tron bonding i.e. delocalization. Such controversies clearly
indicate that further experimental and theoretical studies
are needed to improve our understanding of americium
and the associated 5f electrons.

Another controversy surrounding Am is the question
of magnetism. Experimental results, in general, indicate
that Am is nonmagnetic. For example, Naegele et al. [12],
in their photoemission study of the localization of 5 f elec-
trons in Am, assumed the ground-state electron configu-
ration to be 5f% (nonmagnetic). Huray et al. [17] in their
experimental studies of the magnetism of the heavy 5f el-
ements also found Am to have zero effective magnetic mo-
ment with an f5 probable ion configuration. Both Gouder
et al. and Cox et al. [18], in their respective photoemis-
sion studies, found Am to have localized f states in a
5f6 configuration, consistent with the absence of mag-
netic order. On the other hand, theoretical studies on
Am metal, mostly based on ab initio self-consistent den-
sity functional theory, in general, indicate the presence
of magnetism [14,16,19-21]. Using fully relativistic, full-
potential linear-muffin-tin-orbital calculations, Eriksson
and Wills [20] reported strong disagreements with exper-
imental data. Using the same method as also canonical
band theory, Soderlind and Landa [16] actually found the
fcc phase to be stable by a small margin over dhcp but
when d contribution is included, their energies were degen-
erate. They also found that the 5f electrons in Am almost
entirely spin-polarize. Penicaud [14] modeled the localiza-
tion of the 5f electrons by an anti-ferromagnetic (AFM)
configuration found to have a lower energy than a ferro-
magnetic configuration. Using the full potential Dirac rel-
ativistic basis, spin-polarized linearized-augmented-plane-
wave method, Kutepov and Kutepova [21] found also
the AFM ordering to be favored for dhcp Am. The
around-men-field LSDA+U (AMF-LSDA+U) correlated

band theory has been applied by Shick et al. [22] to study
the electronic and magnetic structure of fcc-Pu-Am alloys.
For fcc Am, they performed AMF-LSDA+U calculations,
varying the Coulomb U from 3 eV to 4 eV and keeping the
inter-atomic exchange parameter J at 0.75 eV. The calcu-
lations yielded practically zero magnetic moment, with an
equilibrium atomic volume of 186 (a.u.)? and a bulk modu-
lus of 55.1 GPa with U = 4 eV. Kotliar et al. [23] have used
dynamical-mean-field-theory (DMFT) approach to study
strongly correlated systems, such as the actinides. Using
a DMFT-based spectral density functional approach, they
observed that the f electrons in Am at zero pressure ex-
ists in a f% "F, configuration, with a U value of about
4.5 eV. Our calculations for fcc Am II [19], using the FP-
LAPW method, yielded an AFM state, with an equilib-
rium atomic volume of 195.3 (a.u.)® and a bulk modu-
lus of 28.1 GPa. The experimental equilibrium volume is
198.5 (a.u.)® and a bulk modulus of 29.4 GPa. On the
other hand, results at the NSP-SO level produce an equi-
librium atomic volume of 137.8 (a.u.)® and a bulk mod-
ulus of 63.8 GPa. Thus, a non-magnetic calculation pro-
duces an error of 31% in the atomic volume and 117%
in the bulk modulus! Savrasov et al. [15] have found that
a nonmagnetic GGA calculation failed catastrophically in
reproducing the equilibrium volume of the soft phase of
Am by about 50%. Clearly, there is strong disagreement
here between theory and experiment as far as the ques-
tion of magnetism is concerned. Given this wide spectrum
of results on Am, we believe that a systematic and fully
relativistic density functional study of Pu and Am surface
chemistry and physics using the same level of theory could
certainly lead to significant insights and knowledge about
the actinides and at the very least, produce a qualitative
and quantitative trend in our understanding of the light
to heavy actinides and stimulate further work in actinides.

The electronic structure of americium, wherein six
f electrons presumably form an inert core, decoupled from
the spd electrons that control the physical properties of
the material, also contributes to the superconductivity in
Am [24,25]. Recently, a study of the superconductivity in
americium [26] as a function of pressure has showed that
such studies may be an effective method to understand
the unique 5f electron properties of americium including
the Mott transition, i.e., the evolution of the 5f electrons
from localized to the delocalized.

Another effective way to probe the actinides (including
americium) 5 f electron properties and their roles in chem-
ical bonding is the study of their surface properties. The
unusual aspects of the bonding in bulk Am are apt to be
enhanced at a surface or in a thin layer of Am adsorbed on
a substrate, as a result of the reduced atomic coordination
of a surface atom and the narrow bandwidth of surface
states. Thus, Am surfaces and thin films may also provide
valuable information about the bonding in Am. However,
to the best of our knowledge, very few studies exist in
the literature about the Am surface, especially surfaces of
the double hexagonal close packed (dhcp) structure Am
(Am I), which is the most common phase of Am under
normal pressure.
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We have recently reported the bulk and surface prop-
erties of fcc 6-Pu and atomic and molecular adsorptions on
such surfaces and also bulk and (111) and (001) surfaces
of fcc Am II [19,27]. As a continuation of our systematic
and fully relativistic density functional studies of actinide
surface physics and chemistry, in this work, we report,
in some detail the electronic structure properties of dhcp
Am I bulk and the (0001) surface and compare them with
the corresponding properties of fcc Am II. Other motiva-
tions for such a study also stem from the following obser-
vations: (1) both plutonium and americium represent the
boundary between the “light” actinides, Th to Pu, and the
“heavy” actinides, Am and beyond; (2) whereas, Pu has
an open shell of f electrons, Am is closer to a full j = 5/2
shell; (3) the transition from delocalization-to-localization
supposedly takes place somewhere between Pu and Am;
yet there is no such apparent transition observed, at least,
in a-Pu although the 5f electrons of §-Pu are partially lo-
calized [1-10,15,23,27], as indicated by its atomic volume,
which is approximately halfway between a-Pu and Am.
For such studies, it is common practice to model the sur-
face of a semi-infinite solid with an ultra thin film (UTF),
which is thin enough to be treated with high-precision
density-functional calculations, but is thick enough to re-
alistically model the semi-infinite surface. Determination
of an appropriate UTF thickness is complicated by the
existence of possible quantum oscillations in UTF prop-
erties as a function of thickness, the so-called quantum
size effect (QSE). These oscillations were first predicted
by calculations on jellium films [28,29] and were subse-
quently confirmed by band-structure calculations on free-
standing UTFs composed of discrete atoms [30-33]. 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 magni-
tude of the QSE in a given UTF prior to using that UTF
as a model for the surface. This is particularly important
for Am films, since the strength of the QSE is expected to
increase with the number of valence electrons [28]. Though
the purpose of this work is to study the properties of Am I
(0001) surface, specifically, the quantum size effects, we
have first optimized bulk Am I. Due to severe demands on
computational resources and internal consistency, we have
not considered the possibilities of surface relaxations and
reconstructions; instead, the equilibrium bulk lattice con-
stants obtained at each level of theory have been used to
build the (0001) surface slabs with one atom per layer up
to seven layers. We do not believe that this approximation
will, in any way, alter the primary qualitative and quanti-
tative conclusions of this study. We should note also that
any relaxation is expected to be quite small. In fact, we
carried out preliminary relaxation studies of a 3-layer Am
film. The separation distance between the first and second
layer increased by 2.1% and that between the second and
third layer decreased by 0.9%, with the total energy dif-
ference between the relaxed and unrelaxed surfaces being
8.39 meV/atom. Thus the effects on physical quantities
of interest in this work such as spin-polarization energies,
spin-orbit coupling energies, surface energies, and work

functions are expected to be insignificant. We first discuss
briefly the computational method, followed by results and
discussions.

2 Computational method

The present computations have been carried out using
the full-potential all-electron method with mixed basis
APW+lo/LAPW method implemented in the WIEN2k
software [34-36]. The generalized-gradient-approximation
(GGA) with a gradient corrected Perdew-Berke-Ernzerhof
(PBE) exchange-correlation functional [37] to density
functional theory [38] is used and the Brillouin-zone in-
tegrations are conducted by an improved tetrahedron
method of Blochl-Jepsen-Andersen [39]. In the WIEN2k
code, the alternative basis set APW+1lo 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 [40]. To model the AFM state, al-
ternative layers of the thin film are occupied by up and
down spins along the c-axis. 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 [41] and (2) a fully relativistic scheme with
spin-orbit coupling included in a second variational treat-
ment using the scalar-relativistic eigenfunctions as ba-
sis [42,43]. The present computations have been carried
out at both scalar-relativistic and fully-relativistic levels
to determine the effects of relativity. To calculate the to-
tal energy, a constant muffin-tin radius (R,¢) of 2.60 a.u.
is used and the plane-wave cut-off K.,; is determined by
Rt Keut = 9.0 for all calculations. The Brillouin zone is
sampled on a uniform mesh with 111 irreducible K-points
for the bulk calculations. The (0001) surface of dhep Am
is modeled by periodically repeated slabs of N Am lay-
ers (with one atom per layer and N = 1-7) separated by
an 80 a.u. vacuum gap. Twenty-one irreducible K points
have been used for reciprocal-space integrations. For each
calculation, the energy convergence criterion is set to be
0.01 mRy. We first discuss below the results for bulk dhcp
Am, followed by detailed results for the (0001) surface of
dhcp Am.

3 Results and discussions

3.1 Bulk properties

Bulk Am I has a dhep crystal structure [44] with four
atoms per unit cell, two in positions 2a (0 0 0; 0 0 1/2)
and two in positions 2d (1/3 2/3 3/4; 2/3 1/3 1/4). With
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Table 1. Calculated physical properties of dhcp Am bulk.

Method Atomic Total energy

a (a.n.) ¢ (au.) volume  Bulk modulus differences
(a.u.?) (GPa) (Ry/atom)

NM-NSO“ 5.54 17.73 117.81  159.80°, 156.40° 0.750388

NM-SO* 5.82 18.62 136.55 68.07°, 70.82° 0.111926

FM-NSO“ 6.92 22.14 229.54 23.71°, 23.82° 0.567889

FM-SO“ 6.82 21.82 219.73 25.06°, 25.11° 0.003028

AFM-NSO* 6.73 21.54 211.23 20.98°, 20.96° 0.568108

AFM-SO° 6.61 21.15 200.07 26.97°, 27.08° 0.0

RSPFLAPW (NM)® N/A N/A 134.4 70.0

RSPFLAPW (AFM)* N/A  N/A 1973 28.3

MTO (FPLAPW) ° N/A N/A 201.45 46.8

Experimental 6.56F  21.26F  198.389 29.9" 45°

@ The present work; ® EOS values; ¢ EOS2 values; ¢ reference [21]; ¢ reference [14]; / reference [44]; 9 reference [14]; " reference [13];

¢ reference [51].

the experimental value of ideal ¢/a ratio [44], we first cal-
culated the total energies for a set of different lattice con-
stants a at six different theoretical levels i.e., AFM-SO,
AFM-NSO, FM-SO, FM-NSO, NM-SO, and NM-NSO.
Around the minimum energy several more points with a
lattice constant difference of 0.01 a.u. have been searched
again to locate the optimized equilibrium lattice constant.
To obtain the bulk modulus, we used both the Murnaghan
equation of state (EOS) [45]

E = BV/B[1/(B-1)(Vo/V)’ +1],
and EOS2 [46]

(1)

E=a+bV Y3 4cv=28 qv—t, (2)
to fit the total energy vs. volume curve through a volume
optimization tool available in WIEN2K. Results are listed
in Table 1 and compared to some of the available theo-
retical and experimental results. Our results show that,
at the nonmagnetic state, the equilibrium lattice con-
stant a of dhcp Am is underestimated by 11% and 16%,
with and without SO coupling, respectively, compared to
the experimental value. Compared to the experimental
value, the bulk modulus is significantly overestimated with
both EOS and EOS2 at the NM-SO and NM-NSO lev-
els. At the ferromagnetic configuration, the values of both
equilibrium lattice constant a and the bulk modulus are
substantially improved as compared with the experimental
values of these quantities. To be specific, the equilibrium
lattice constant a of dhcp Am now is overestimated by
4% and 5%, with and without SO coupling, respectively,
compared to the experimental value. For the bulk mod-
ulus, it is underestimated by about 16% and 21% with
both EOS and EOS2 at the FM-SO and FM-NSO level,
respectively, compared to the experimental value from ref-
erence [13]. In the anti-ferromagnetic configuration, espe-
cially with spin orbit coupling included, both the equi-
librium lattice constant a and the bulk modulus obtained
from our calculations are in very good agreement with the
experimental values. The equilibrium lattice constant a of

dhcp Am obtained at the AFM-SO and AFM-NSO level
is overestimated by 0.8% and 2.6%, respectively, com-
pared to the experimental value. At the AFM-SO level,
the bulk modulus obtained is also significantly improved
compared to the experimental bulk modulus value from
reference [13] with both EOS2 and EOS. From Table 1
we can see the underestimation is about 9% with EOS2
and 10% with EOS compared to the experimental bulk
modulus from reference [13]. Our total energy results also
clearly indicate that the ground state of dhcp Am is anti-
ferromagnetic with spin orbit coupling, in agreement with
other first-principles studies [14,16,21]. It is worth not-
ing that, without the inclusion of spin-orbit coupling, the
AFM-NSO and FM-NSO levels are practically degenerate,
with the FM-NSO level being actually very slightly lower,
0.000219 Ry/atom, in energy. With the inclusion of spin-
orbit coupling, the degeneracy is slightly lifted, with the
AFM-SO now being lower in energy, by 0.003028 Ry /atom
compared to FM-SO state. We also wish to stress here,
that without spin-polarization and spin-orbit coupling,
DFT simply fails to reproduce theoretical values close to
the experimental values for the equilibrium lattice con-
stant and bulk modulus, as in Am I mentioned before.
Also, the bulk modulus obtained via EOS2 is closer to
the experimental bulk modulus compared to the value ob-
tained via EOS, especially at the AFM-SO level, although
the improvement is not very significant.

Similar to the AFM-SO ground state nature of dhcp
Am bulk, our previous calculations for fcc Am II have also
indicated an AFM-SO ground state [19]. Moreover, our
results indicate that Am I has a lower total energy than
Am TII, though it is very small about 0.1 mRy/atom. On
the contrary, a recent FPLMTO study [16] showed that
Am II has a lower total energy than Am I with around
0.1 mRy/atom difference. Thus, both studies support the
notion that the total energy difference between Am I and
Am IT is negligible and the two phases Am I and Am II are
basically degenerate theoretically. Thus, no reliable transi-
tion pressure between these two phases can be determined
from the current electronic structure studies.
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We also calculated the spin-orbit coupling energy FEj,
defined by

Eso = Etpt(NSO) — E11(SO), (3)

at the equilibrium lattice constant to further assess the
effects brought by SO. The spin-orbit coupling energy
E,, obtained at the NM, FM and AFM level is 8.69 eV,
7.69 eV, and 7.73 eV respectively. In general, the SO cou-
pling effect is notable and will lower the total energy, al-
though the LAPW method avoids the well-known vari-
ational collapse problem because of the way the basis
set is formed, and the second-variational treatment is ex-
pected to slightly underestimate the effects of spin-orbit
coupling. On the other hand, spin-polarization energy, de-
fined at the difference in total energies at the SP and
NSP levels of theory, with and without SO coupling in-
cluded, are calculated to be 2.48 eV /atom, 1.48 eV /atom,
2.48 eV /atom, and 1.52 eV /atom, at the FM-NSO level,
FM-SO, AFM-NSO, and AFM-SO levels, respectively.
Thus, spin-orbit coupling energies are significantly larger
than spin-polarization energies at all levels of theory, un-
derscoring the importance of spin-orbit coupling compared
to spin-polarization.

3.2 (0001) surface properties

Since experimental results indicate a non-magnetic nature
for Am I and theoretical calculations indicate an AFM
configuration, for the surface studies, we have carried out
calculations at the AFM-SO, AFM-NSO, NM-SO, and
NM-NSO theoretical levels to not only study quantum
size effects but also to determine the effects of spin and
relativity for the Am I surface. Another reason for con-
sidering the non-magnetic state is because experimentally
Am is supposed to be non-magnetic. Calculations of the
total energy for dhep Am (0001) films at different theoret-
ical levels indicate that the ground state is AFM-SO, in
agreement with the results for dhcp Am bulk. The cohe-
sive energies E.op, for the dhep Am (0001) N-layer slabs
have been calculated from the difference between the total
energy per atom of the monolayer and the total energy
per atom of the N-layer slab and are found to increase
monotonously with the slab thickness (shown in Fig. 1)
at all four levels of theories. It is also noticeable that the
rate of increase of cohesive energy drops significantly as
the number of layers increase, and it is expected that the
convergence in the cohesive energy can be achieved after a
few more layers. However, since to the best of our knowl-
edge, the experimental value for the semi-infinite surface
cohesive energy is not known, we are unable to predict
how many layers will be needed to achieve the semi-infinite
surface energy. Typically, antiferromagnetic state signifi-
cantly lowers the cohesive energy at both the scalar rela-
tivistic and fully relativistic levels of theory. On the other
hand, spin-orbit coupling increases the cohesive energy by
about ~7-10% at both nonmagnetic and antiferromag-
netic states. All cohesive energies are positive, indicating
that all layers of dhcp Am (0001) films are bound relative
to the monolayer.
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Fig. 1. Cohesive energies per atom of the dhcp Am (0001)
films with respect to the Am monolayer versus the number of
Am layers.

As is known, the two primary quantities of interest
for quantum size effects are the surface energy and the
work function. The surface energy for a N-layer dhcp Am
(0001) film has been estimated from [47]

Es = (1/2)[Etot(N) - NEB]7 (4)

where FEi:(N) is the total energy of the N-layer slab
and FEp is the total energy per atom of the bulk crys-
tal. Since we have used one atom per layer, N-layer film
has N atoms. If N is sufficiently large and Fyn:(N) and
Ep are known to infinite precision, equation (4) is exact.
If, however, the bulk and film calculations are not entirely
consistent with each other, F, will diverge linearly with
increasing N. Stable and internally consistent estimates
of Es; and Ep can, however, be extracted from a series of
values of Eiot(N) via a linear least-squares fit to [48]

Eioi(N) = EgN + 2E,. (5)

To obtain an optimal result, the fit to equation (5) 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 dhcp Am (0001) films at all
four levels of theory, respectively. Accordingly, four values
of Ep,i.e., —61041.709845,-61042.351641,-61041.891373,
and —-61042.461052 Ry are derived for the dhcp Am (0001)
films at the NM-NSO, NM-SO, AFM-NSO, and AFM-SO
levels, respectively. Compared to these derived values, the
previously obtained total energies at the NM-NSO, NM-
SO, AFM-NSO, and AFM-SO levels are —61041.708447,
—61042.346909, -61041.890727, and —61042.458835 Ry, re-
spectively. Thus the derived E'p values, at the four levels
of theory, are 1,4, 4.7, 0.6, 2.2 mRy lower in energy, re-
spectively. This is attributed to the finite number of slabs
used in this study. The surface energy for each film has
been computed using the calculated N-layer total energy
and appropriate fitted bulk energy. The results are plot-
ted in Figure 2. For all surface energies several features
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Fig. 2. Surface energies for the dhcp Am (0001) films vs. the
number of Am layers.

are evident from our results. First, surface energy values
tend to saturate when the number of layers reaches three
at both AFM-NSO and AFM-SO levels; however, this is
not the case for NM-NSO and NM-SO levels. Specifically,
the fluctuations from layers 3 to 7 for the NM cases are
more than those at the AFM cases. For example, at the
NM-NSO level, the deviation (the maximum difference be-
tween two values divided by the maximum value) is 10%,
while at the AFM-SO level, the difference only 4%. From
these results, we again infer that a surface model with a
three layer film may be sufficient for future atomic and
molecular adsorption studies on Am films, if the primary
quantity of interest is the chemisorption energy. This is
similar to our previous study of fcc Pu and Am surfaces,
where also we found that a three layer film is adequate for
chemisorption studies [19,27]. Second, compared to spin
orbit coupling, the antiferromagnetic state plays a more
significant effect on surface energy. To be specific, for dhcp
Am (0001) films, the antiferromagnetic state lowers the
surface energy from ~1.4 J/m? to ~0.8 J/m?2. Third, the
surface energy of dhcp Am (0001) seven layers film at
the ground state, i.e., at the AFM-SO level, is calculated
to be 0.84 J/m? and we believe that this is also a fairly
good estimate of the semi-infinite (0001) surface energy.
We hasten to point out that though we have used the
method discussed in reference [48] to evaluate surface en-
ergies, several methods of calculating convergent surface
energies from slab calculations has been critically com-
pared by Fiorentini and Methfesel [49].

We have also studied the dependence of the work func-
tion on the dhcp Am (0001) layer thickness. The work
function, W, is calculated according to the following for-

mula
W =W - EF, (6)

where Vj is the Coulomb potential energy at the half
height of the slab including the vacuum layer and Ep is
the Fermi energy. As mentioned before, an 80 a.u. vac-
uum gap was used in the calculations. This is a rather
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Fig. 3. Work functions (eV) of the dhcp Am (0001) films vs.
the number of Am layers.

large gap but was deemed to be necessary for convergence
in the quantities used in equation (6). As mentioned by
Fall et al. [50], QSE can influence accurate determinations
of WFs from thin slab calculations. The work functions of
dhcp Am (0001) films up to seven layers have been calcu-
lated at the four theoretical levels, i.e., NM-NSO, NM-SO,
AFM-NSO, and AFM-SO, respectively, and the results are
plotted in Figure 3. We note that the work functions show
some oscillations at all four theoretical levels up to seven
layers. From the current results, we can infer that at least
a 7-layer film may be required for any future adsorption
investigation that requires, for example, an accurate pre-
diction of one-electron properties and adsorbate-induced
work function shift. On the other hand, a strong QSE was
observed for both fcc Am (110) and (001) films up to seven
layers while the work function for fcc Am (111) films be-
comes relatively stable as the number of layers reaches
five [19]. For fcc 0-Pu, the number of layers for stabiliza-
tions of the work functions are 5, 5 and 7, for (111), (001),
and (110), respectively. The calculated work functions of
dhep Am 7-layers (0001) film are found to be 3.28, 3.25,
2.89, and 2.90 eV at the NM-NSO, NM-SO, AFM-NSO,
and AFM-SO levels, respectively. These values showed
that work functions are obviously lowered when the an-
tiferromagnetic configuration is introduced. However, the
spin orbit coupling effect on work function is small and
may be negligible as the number of layers increase. We
note that though, at the AFM level, for layers 3—7 (except
for 6) the AFM-NSO and AFM-SO WF values are rather
close to each other. We do not believe that there is any
particular physical reason for this; however, a systematic
study with large number of layers (certainly significantly
larger than 7) may be necessary to determine that depen-
dence of WF on SO coupling effects. We note that at the
ground state, the work functions for fcc Am (110), (001),
and (111) films with 7-layers have been calculated to be
2.86, 2.93, and 3.06 eV, respectively and for §-Pu, the
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Fig. 4. Spin-orbit coupling energies (eV/atom) for dhcp Am
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corresponding values are 2.99, 3.11, and 3.41 eV at the
same level of theory [19,27].

The spin-orbit coupling energy F,,, defined for the
surface as for the bulk in equation (3), for the dhcp Am
(0001) films at both nonmagnetic and antiferromagnetic
levels have been calculated up to seven layers, and the re-
sults are plotted in Figure 4. It is found that the spin orbit
coupling energies become rather stable when the number
of layers equals three. It can also be seen that spin-orbit
coupling plays an important role in reducing the total en-
ergies of the dhcp Am (0001) films, i.e., spin-orbit cou-
pling effect reduces the total energy by ~8.7 eV/atom at
the nonmagnetic state and ~7.7 eV/atom at the antifer-
romagnetic state.

We also calculated the spin-polarization energy Fg,
defined by

Esp = Eiot(NSP) — Ept(SP). (7)
The results are plotted in Figure 5. We note that at both
levels, spin-polarization energy decreases as the number
of layers increases, reaching saturation at six layers. Spin-
polarization energy at the NSO level is consistently higher
than the corresponding values at the SO level, indicating,
among others, the importance of spin-orbit coupling. The
converged spin-polarization energies are 2.52 eV/atom
and 1.54 eV /atom at the NSO and SO levels, respectively.

The spin magnetic moments of dhecp Am (0001) films
per atom at the AFM-NSO, and AFM-SO levels, have
also been calculated. In Figure 6, we have plotted the
moments for dhcp Am (0001) films as well as the corre-
sponding values for dhcp Am bulk. Several features have
been observed. First, for the dhcp Am (0001) films at both
AFM-NSO and AFM-SO levels, the magnetic moments
show a behavior of oscillation, which becomes smaller with
the increase of the number of layers, and gradually the
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Fig. 6. Spin magnetic moments of the dhcp Am (0001) films
for different layers (N = 1-7). The corresponding spin mag-
netic moments of the dhcp Am bulk are also shown at the
right of the figure.

magnetic moments approach the bulk value of zero. The
dhep Am (0001) films with an odd number of layers have
magnetic moments decreasing with the increase of the
number of layers, while the dhcp Am (0001) films with
an even number of layers always have zero magnetic mo-
ments same as that of dhcp Am bulk. To some extent, this
is an artifact of the surface model used. We believe that
the important thing to note here, as mentioned above,
is that the magnetic moments of the films with odd num-
bers of layers gradually decrease. Second, for the dhcp Am
(0001) films at the anti-ferromagnetic state, the spin-orbit
coupling has negligible effect on the magnetic properties.
These features have been previously observed in the mag-
netic properties of fcc Am and 0-Pu films as well [19,27].
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3.3 5f electron properties of DHCP Am
and the (0001) surface

To understand the properties and localization of 5f elec-
trons in dhep Am bulk and the (0001) surface, the density
of states (DOS) of 5f electrons have been studied. First,
we calculated the DOS of 5f electrons at each equilibrium
lattice constant for dhcp Am bulk at both nonmagnetic
and antiferromagnetic state with and without spin-orbit
coupling and plotted the results in Figure 7. From the
DOS plot in Figure 7, (1) we notice that only at the non-
magnetic state, there is a broad peak across the Fermi
level, signifying a large density of states at the Fermi level
implying an itinerant band. In sharp contrast to this be-
havior, at the antiferromagnetic state, there are two well
separated peaks on the DOS plot, implying the first peak
is associated with the 5 f5/5 sub-shell being almost full and
the second peak can be associated with the 5 f7 /5 sub-shell
being almost empty. Such behaviors of dhcp Am 5f elec-
trons are due to its 5f electrons localization [14]; (2) at
the antiferromagnetic state, as the spin orbit coupling is
included the peak before the Fermi level becomes broader
and the center further withdraws from the Fermi level.
Here the spin-orbit coupling effects might tend to favor
the delocalization of 5f electrons in dhcp Am bulk. Spin-
orbit coupling effect has been found to favor the delocal-
ization of 5f electrons in our previous §-Pu studies [27].
We attribute this to the inherently similar properties of
5f electrons in dhcp Am and in §-Pu and further signals
the importance of spin-orbit coupling effects in the elec-
tronic structure properties of both bulk Am and Pu; (3)
we also notice that the broad peak before Fermi level of
our DOS at the AFM-SO level is centered around 1 eV be-
low the Fermi level instead of the 2.8 eV experimentally
found in the X-ray and ultraviolet photoemission spectra

of bulk dhep Am [12], although our value is in good agree-
ment with a recently calculated DOS of dhcp Am [14].
This is partly due to the correlation effects which are un-
derestimated in the present calculation given that density
functional theory has been used to describe a strongly cor-
related system like Am.

Second, we studied the localization of 5f electrons in
dhep Am (0001) films at the ground state, i.e., AFM-SO
level. The density of states of dhcp Am (0001) films at the
AFM-SO level with various number of layers (N = 1,4, 7)
have been calculated and plotted in Figure 8 respectively.
Several features are observed from the figure: (1) the two
5f peaks, one before the Fermi level and the other after
the Fermi level, that are well separated by a wide gap
indicate that the 5f electrons are localized, which is also
shown in the dhcp Am bulk DOS at the antiferromagnetic
state as previously discussed. The gap width is about 2 eV
for both our dhcp Am bulk and (0001) surface calcula-
tions; (2) the s, p, and 6d DOS are much smaller, com-
pared to the 5f DOS. For visibility of the DOS plots, we
only show 6d DOS in Figure 8. In contrast to the two well
separated peaks of 5f DOS, the 6d DOS only has a rather
dispersed and broad band across the Fermi level indicat-
ing the delocalized nature, though the magnitude is small
and may be negligible; (3) as the thickness of the (0001)
Am film increases, there are no apparent feature changes
in the DOS, meaning the localization of 5f electrons in
dhep Am (0001) films is independent of the thickness up
to 7 layers.

4 Conclusions

Full potential all electron density-functional calculations
with mixed APW+lo/LAPW basis results show that the
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anti-ferromagnetic state with spin-orbit coupling included
is the ground state of bulk dhcp Am, with a lattice con-
stant of ¢ = 6.61 a.u., a bulk modulus of 27.08 GPa, and a
zero magnetic moment, in excellent agreement with exper-
imental observations. Density of states calculations show
that 5f electrons of dhcp Am bulk are mainly localized at
the ground state. The spin-orbit coupling is found to play
an important role in determining dhcp Am bulk proper-
ties and to increase the delocalization of 5f electrons in
dhcp Am bulk at the ground state. The ground state of
dhep Am (0001) surface is determined also to be anti-
ferromagnetic with spin-orbit coupling included. As the
number of layers increases, the total energy of the dhcp
Am (0001) surface slab decreases, gradually approaching
the bulk value. The surface energy for dhcp Am (0001)
semi-infinite surface energy at the ground state is pre-
dicted to be 0.84 J/m?. In addition, the thickness de-
pendence of magnetic moments, work functions, surface
energies, cohesive energies, and spin-orbit coupling en-
ergies have been studied at various levels of approxima-
tions, namely, NM-NSO, NM-SO, AFM-NSO, and AFM-
SO. At the AFM-NSO and AFM-SO levels, the magnetic
moments show a behavior of oscillation, which becomes
smaller with the increase of the number of layers, and
gradually the magnetic moments approach the bulk value
of zero. Spin-orbit coupling can lower the total energy of
dhep Am (0001) films by ~7.7 eV/atom at the antifer-
romagnetic and ~8.7 eV /atom at the nonmagnetic state.
The work function of dhcp Am (0001) 7-layer surface at
the ground state is predicted to be 2.90 eV. Quantum size
effects are found to be more pronounced in work functions
than in surface energies.
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