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The ground-state and optical properties of the americium monopnictides, AmX (X=N, P, As, Sb, and Bi) are
investigated theoretically on the basis of first-principles electronic structure calculations, employing the local
density approximation (LDA) as well as the LDA+ U approach. The LDA predicts pseudogap-like behavior in
AmN and narrow gap (39-78 meV) semiconducting behavior in AmP to AmBi at ambient conditions. The
LDA+U calculations predict semiconducting behavior with a real gap of 192 meV for AmN and a pseudogap
in AmP to AmBi. The computed semiconducting or pseudogap character is in fine agreement with the first
photoemission experiments performed on AmN and AmSb films by Gouder et al. [preceding paper, Phys. Rev.
B 72, 115122 (2005)]. This property is shown to result from the strong Am spin-orbit interaction, the Coulomb
repulsion, and the particular p-d-f hybridizations. The calculated equilibrium lattice constants obtained for the
AmX series using the LDA+U technique are in good agreement with available experimental data. Also, the
binding energies of the 5fs computed with the LDA+U approach correspond well to 5f binding energies
deduced from the photoemission spectra measured by Gouder et al. The high, temperature-independent para-
magnetic susceptibilities of the AmX are successfully explained by a Van Vleck mechanism. A pressure-

induced valence transition at high pressure is predicted for AmN.
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I. INTRODUCTION

The lanthanide (4f) and actinide (5f) elements and their
compounds exhibit a rich variety of electronic and magnetic
properties. The complex behavior of the f electrons in both
series play a crucial role in their intriguing physical proper-
ties. As one among the various extraordinary properties,
f-electron systems may exhibit a gap in the electronic spec-
trum. Such behavior has been intensely investigated in the
case of 4f materials, where some of the interesting materials
are categorized, for example, as wide-gap magnetic semicon-
ductors or narrow-gap (~5-50 meV) mixed-valence and
heavy-fermion semiconductors.”* For 4f systems, the latter
type of semiconductors occurs frequently and they are often
referred to as Kondo insulators,’> where the gap formation is
generally attributed to a correlated magnetic coupling of va-
lence electrons to the isolated local magnetic moments of f
electrons. The understanding of the origin of the small gap is
still a complicated issue in the field of strongly correlated
f-electron systems. The behavior of 5f electrons is distinct
from that of the 4fs, because a sizable hybridization between
the f and other band states is possible, as has been shown in
various experimental and theoretical investigations.®~® How-
ever, correlated electron behavior and gap formation do oc-
cur as well,'>'? which, with regard to the hybridization-
induced broadening of the f states, require additional
theoretical considerations. To understand the possible rea-
sons for narrow-gap formation in 5f-electron systems, more
studies exploring such systems are required.
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One important aspect of interest in 5f-electron systems is
the degree of localization of the f states. Within the series of
the actinide elements, the transition from delocalized 5f
states to localized 5f states occurs at around Pu.'>'4 Ameri-
cium, the element to the right of Pu in the Periodic Table,
shows anomalous behavior in its lattice constant. The sudden
jump in the lattice constant along the actinide series of about
10% 1is attributed to the localization of the 5f states and their
withdrawal from the bonding. The photoemission
spectrum!!3 indicates that the 5f states of Am are localized
and are located some 1-3 eV below the Fermi level. How-
ever, the degree of localization depends on the atomic dis-
tances as well as on the chemical environment, which may
induce level broadening due to hybridization effects. For ex-
ample, for Am metal under pressure, discontinuous changes
in the lattice constant have been recently observed, which
were ascribed to a delocalization of the 5fs.' Hence, the
behavior of the 5f electrons in Pu or Am compounds may
vary, on account of the atomic distances and the 5f ligand or
5f-6d hybridization. For example, 5f-derived states were
observed in the vicinity of the Fermi level in the Pu mono-
chalcogenides and in the superconductor PuCoGas, in spite
of the larger Pu—Pu separation.'’-!° The equilibrium lattice
constants of the actinide monopnictides®*?! demonstrate that
the Am pnictides do not follow the monotonic contracting
trend with the atomic number that is typical for the lan-
thanide pnictides. In the same manner as the behavior of the
lattice parameters of the early actinides reflects delocalized,
bonding 5f states,' this is an indication that the 5fs in the
Am monopnictides are still delocalized to some extent. The
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TABLE I. Comparison of experimental (Refs. 20 and 36) and calculated equilibrium lattice parameters of
the americium monopnictides. Given are the experimental lattice constant (a,,,,), the LDA result (a;p,), and
the LDA+U result for U=2.5 eV (in A). For the LDA+ U calculation, the corresponding bulk moduli By, in
GPa and the pressure derivative of the bulk modulus B are also given.

LDA+U (U=2.5 eV)

Aoy arpa a By By
AmN 4.995 4.606 4.825 189.37 4.509
AmP 5.711 5.219 5.432 115.77 3.806
AmAs 5.876 5.400 5.592 102.27 4.401
AmSb 6.240 5.854 6.003 89.48 3.851
AmBi 6.338 5.991 6.076 77.80 4.527

actinide (U, Np, Pu) monopnictides reveal highly anisotropic
ferromagnetic and antiferromagnetic spin structures at low
temperatures.”” In contrast, for the americium monopnic-
tides, experimental magnetization studies  suggest
temperature-independent paramagnetism corresponding to a
trivalent Am ion (i.e., 5%, J=0 state).>>?> A similar para-
magnetic behavior was observed also for the Pu
monochalcogenides.’® On account of the combination of
nonmagnetic and narrow-gap semiconducting behavior, the
Pu monochalcogenides have been argued to be intermediate
valence materials, i.e., a 5f analogue of SmS in the 4f
series.?” Thus, the Am monopnictides, which are isoelec-
tronic to the Pu monochalcogenides are attractive systems in
which unusual electronic phenomena may appear in conjunc-
tion with the dual character (bandlike vs localized) of the 5f
electrons. Indeed, the experimental photoelectron spectros-
copy study,! conducted in conjunction with the present the-
oretical investigation, reveals intriguing semiconducting or
pseudogap behavior of the Am monopnictides.

The ground-state properties of the light actinides are quite
well described by the local spin-density approximation
(LSDA) (e.g., see Ref. 28). The LSDA description of the 5f
electrons has been used for the U monochalcogenides and
monopnictides.>3* Oppeneer et al.?! have carried out a de-
tailed study of the electronic, optical, and magnetic proper-
ties of Pu monochalcogenides employing the LSDA. They
obtained pseudogap behavior due to the combination of 5f
hybridization and spin-orbit (SO) splitting of 5f states, which
is consistent with the semiconducting behavior observed in
transport studies.'? Electronic structure calculations for vari-
ous actinide rocksalt compounds, including the Am monop-
nictides were recently performed by Petit et al.,>! who em-
ployed the self-interaction correction to the local spin-
density approximation (SIC-LSDA). In the SIC-LSDA
approach, the number of 5f electrons that are treated as lo-
calized can be chosen. Considering various possible va-
lences, Petit et al. computed the trivalent Am configuration
to be the most favorable one for all Am monopnictides.

In spite of the isoelectronic configuration (5f°) of divalent
Pu in monochalcogenides and trivalent Am in monopnictides
and the identical magnetic behavior, the stronger tendency to
localized behavior of the 5f electrons in Am suggests that
incorporating correlation effects in the LDA is essential for
the treatment of compounds containing transplutonium ele-

ments. This stimulated us to investigate thoroughly the elec-
tronic and optical properties of the Am monopnictides using
both the LDA and LDA+U approaches. The LDA+U
scheme has recently been successfully used to describe the
electronic properties of 4f and 3d systems. For actinide sys-
tems, the LDA + U approach has been used for some uranium
compounds,®? only recently, it has been applied to transura-
nium materials,>33 but not yet to transplutonium materials.
The main aim of the present work is to obtain an electronic
structure picture that is consistent with the available physical
properties for the Am monopnictides.

II. COMPUTATIONAL DETAILS

The americium monopnictides AmX (X=N, P, As, Sb, and
Bi) crystallize in the rocksalt structure at ambient conditions.
The experimental lattice parameters?® of the Am monop-
nictides are listed in Table I. We carried out relativistic, full-
potential (FP) self-consistent band-structure calculations, us-
ing the linear muffin-tin orbital (LMTO) method?” in the
FP-LMTO version as developed by Savrasov et al.*® The
atomiclike basis consists of 7s,6p,6d,5f orbitals for Am and
of (n)s, (n)p, and (n)d for the pnictogen atom, where n refers
to the principal quantum number. The 6s electrons of Am and
(n—1)d electrons of As and Sb were treated in a separate
panel and, hence, were not included in the optical calcula-
tions to be presented below. The core states were treated
fully relativistically, while for the valence states spin-orbit
coupling was included using a second variational procedure.
In the self-consistent calculations, we used 242 k points in
the irreducible Brillouin zone (BZ). The same number of k
points was used for the evaluation of the optical momentum
matrix elements.

The electronic structure has been calculated by the stan-
dard LDA method in which the 5f electrons are treated as
delocalized. The exchange-correlation potential in the LDA
was calculated using the Vosko-Wilk-Nussair parametriza-
tion. In the LDA+ U approach, the density-functional formal-
ism is modified in order to include the strong correlations
among the f electrons. In the atomic-limit LDA+U
method,® the LDA energy functional is modified by remov-
ing the LDA f-f interactions and replacing these by the on-
site Coulomb interaction among the f electrons. Theoretical
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FIG. 1. Energy-band structure of AmN, com-

puted with (a) the LDA approach and (b) the

F  LDA+U (U=2.5 eV) approach at the experimen-
tal lattice constant.
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details of the calculation were given in a previous paper.*’

The calculations were performed for different U values,
which will be discussed in detail below. The other required
Slater integrals F2, F* and F° for f electrons have been
adopted from the paper by Ogasawara et al.*! to calculate the
matrices U,,, and J,,,,,. The paramagnetic calculations have
been performed by placing three of the six f electrons in the
spin-up direction with orbital-momentum quantum number,
m;=-3,-2,—1, and the other three in the spin-down direc-
tion with m;=+3,+2,+1,*? i.e., the s, states are effectively
shifted downward by the Coulomb U while the j,, states are
shifted upward.*?

III. ELECTRONIC STRUCTURES
A. Energy-band structures

To start with, the energy-band structures of the AmX com-
pounds have been calculated for the experimental lattice con-
stants using the LDA. Within the LDA, we calculate all Am
monopnictides—except AmN—to be narrow-gap semicon-
ductors, see Figs. 1 and 2. AmN differs in its electronic struc-
ture from the other pnictides mainly because of its smaller
lattice parameter (see Table I). Correspondingly, the larger f
overlap gives rise to a larger f bandwidth; therefore, the 5f
bands near the Fermi energy (Er) become somewhat more
dispersive and, thereby, straddle the Fermi level, thus, clos-

ing the gap. The small gap values obtained for Am phosphide
to bismuthide are listed in Table II. There exist both direct
and indirect gaps. The latter correspond to the maximum of
the valence band at the I" point and minimum of the conduc-
tion band at the X or the L point, respectively. The size of the
indirect energy-band gaps is calculated to vary from
39 to 78 meV (see Table II), whereas the direct, optical-band
gaps are larger, of the order of 150 meV. The basic origin of
the gap formation is the strong Am spin-orbit interaction,
which splits away the 5f5,, and 5f5,, subbands to below and
above Ep, respectively.** As shown before for the Pu
monochalcogenides, here also the particular hybridization of
the 5fs plays a role in the gap formation.?! As our calcula-
tions are based on density-functional theory, it could be that
the computed gaps underestimate the actual, experimental
ones.*

Next, we calculated the energy-band structures of the Am
monopnictides using the LDA+ U approximation, in which
the U can suitably be chosen within a range of values
(~1-4 eV), which are in the ballpark of commonly accepted
values for actinides.*® The calculated energy bands of AmN
using the LDA+U, with U=2.5 eV, is shown in Fig. 1 as
well. As can be expected, the Coulomb repulsion drastically
modifies the energy positions of the f states. The inclusion of
the U shifts the occupied f5,, subband further downward and
the unoccupied f7,, subband further upward from the Fermi
level. This leads to differences in the energy bands near Er
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TABLE II. The energy gaps E, of the Am monopnictides as
computed using the LDA and LDA+U (U=2.5 eV) approaches.
The LDA+ U values given are the indirect gap for AmN and direct
gaps for the other Am monopnictides. The LDA gap values given
are the indirect gaps. Also listed are the experimental temperature-
independent susceptibilities .-

ELDA ELDA+U

g g Xexpt
(meV) (meV) (107 emu/mol)
AmN pseudogap 192 777
AmP 59 266 —
AmAs 65 256 550
AmSb 78 228 1250
AmBi 39 224 —

as compared to the LDA calculation. For example, the
LDA+U produces a real gap of 192 meV in AmN (see Table
I). For the other Am monopnictides, the LDA+ U approach
yields a pseudogap at Ej. The energy bands of AmBi calcu-
lated for the same U value are shown in Fig. 2. The occupied
[0 states appear now at the bottom of the p states of Bi and
are almost dispersionless except around the L point and
along the I'-K direction. For all Am monopnictides, except
AmN, the top of the pnictogen p-derived valence band just
touches the Fermi level at the I' point, whereas an unoccu-
pied band bends down and touches the Fermi level near the X
point (cf. Fig. 2). The indirect gap vanishes and consequently
the LDA+ U predicts for U=2.5 eV only pseudogap behav-
ior for the AmX (X=P, As, Sb, and Bi). In these monopnic-
tides there exists, however, a direct, optical gap between the
two aforementioned bands, which is of the order of
200-300 meV (see Table II). Furthermore, we mention that
for a smaller U value of 1 eV, the LDA+ U energy bands are
still relatively close to those of the LDA calculation and a
real band gap is obtained for all AmX compounds.

The photoelectron experiments! performed on AmN and
AmSD films confirm the insulating or pseudogap character of
these two Am pnictides. For AmN, the photoemission inten-
sity measured with He I and He II radiation smoothly van-
ishes at the Fermi level. For AmSb, the intensities at Ep
become very small, but are not completely zero. Thus, AmN
is likely a semiconductor, whereas AmSb could exhibit a
pseudogap. However, it cannot completely be excluded that
some inhomogeneity in the AmSb films is responsible for the
residual intensity.!

B. Densities of states

The angular momentum decomposed LDA+ U density of
states (DOS) of the AmX compounds are shown in Fig. 3 for
U=2.5eV. The DOS of all the pnictides are very similar as
can be expected. The two huge peaks below and above the
Fermi level are derived from the SO-split f states of Am. For
all Am pnictides the six Am f5;, bands are fully occupied and
located in the region of significant pnictogen p partial DOS.
A sizable contribution from the Am d states can also be
observed in the same region. The eight Am f;, bands are
located above Ep. The similarity in the shapes of the partial
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FIG. 3. (Color online) LDA+U partial densities of states of the
Am monopnictides computed for U=2.5 eV.

DOS indicate significant p-d, d-f, and p-f hybridizations.
The gap (for AmN) or pseudogap is formed within hybrid-
ized p-d-f bands. Some characteristic changes in the AmX
series occur due to the increase of the lattice parameter and
the SO interaction with the atomic number from N to Bi. The
increased SO interaction leads to an increased splitting of the
p bands, causing the top of the p bands to move closer to Ep.
The lattice parameter increase (see Table I) reduces the f
ligand overlap and the already small f-f overlap and, conse-
quently, the 5f bandwidth. The occupied f levels shift away
from Ep while the unoccupied f levels move closer to Ep.
Also the hybridizations among the f and p, d states become
less due to the narrowness and shift of the 5f band centers.
Nevertheless, the hybridizations of the p-d-f states are, for
the heavier pnictides, still sufficient to support the pseudogap
formation.

The features shown in the LDA+ U partial DOS (Fig. 3)
correspond quite well to the photoemission spectra obtained
with He I and He II radiation." The He I-He II difference
spectra reveal the approximated binding energy positions of
the 5f states (He II-He T spectrum) as well as of the pnicto-
gen p states (He I-He II spectrum). The Am-5f states occur
at binding energies of 2.5 and 3.3 eV for AmN and AmSb,
respectively (see Figs. 3 and 4 in Ref. 1). The LDA+U (U
=2.5 eV) calculations give 5f binding energies of ~2.5 and
4 eV for AmN and AmSb, respectively. Although atomic
multiplets might influence the photoemission spectra, the
calculations do provide a similar shift toward higher binding
energies for the heavier antimonide. The position of the pnic-
togen p band shows the opposite trend: the nitrogen p band
occurs experimentally at ~3.8 eV, the antimonide p band at
2 eV. The LDA+U calculations place the main p partial
DOS below 3 eV for AmN and at about 2 eV for AmSb.
Furthermore, the photoelectron spectra reveal that the pnic-
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togen p band decreases smoothly from its extremal energy
position toward the Fermi energy. This occurs for the com-
puted p partial DOS, too, which decreases toward, and van-
ishes at, E (see Fig. 3).

Within the Am monopnictide series, the calculated LDA
+ U 5f-occupation numbers vary from 5.97 to 6.10, for AmN
to AmBi, respectively. The Am valency is thus close to triva-
lent, as one would expect. For smaller lattice constants, the
f-occupation number diminishes and the d-occupation num-
ber accordingly increases. For AmN this suggests that possi-
bly a valence transition from trivalent to tetravalent Am oc-
curs under pressure, which would render mixed valency
behavior in compressed AmN.

The properties of AmN are different from the other
monopnictides on account of its small lattice constant. To
study the effect of the lattice constant on the electronic struc-
ture, we calculated both the LDA and LDA+ U band struc-
tures of AmN as a function of the lattice parameter. Using
the LDA, at the experimental lattice constant two (doubly
degenerate) bands near the I' point and one band near the X
point just cross the Fermi level Er and consequently give rise
to metallic behavior. As the lattice parameter increases, the
bands near the I" point move slightly downward from E
while the other band at X moves slightly upward, sufficient
to open a gap at Er. Noticeable changes do not occur at the
other high-symmetry points and axes. Thus, for AmN, the
LDA predicts the opening of a gap for a larger lattice con-
stant in between 5.15 to 5.29 A. Within the LDA + U, on the
other hand, there already exists a gap which becomes re-
duced under pressure due to a broadening of the f bandwidth
and reaches zero for pressures around 40 GPa. For AmN the
width of the f band, thus, plays a role in the gap formation,
in addition to the SO splitting.

C. Calculated lattice parameters

The equilibrium lattice parameters of the AmX have been
determined from total-energy calculations by the standard
LDA as well as LDA+ U methods. The calculated total en-
ergies versus unit-cell volume along with the available ex-
perimental values?*3¢ are shown in Fig. 4 for U=2.5 eV and
4 eV together with the LDA result. The most notable finding
is that the equilibrium volumes given by the LDA+ U total-
energy calculation are much closer to the experimental value
than the corresponding LDA data. The equilibrium volume
Vo is determined here by fitting the total energy by
Murnaghan’s equation of state

B,V %
E(V)-Ey=—"| ———+1], (1)
B, | Bj-1

where E, is an arbitrary constant, B, is the bulk modulus,
and B its pressure derivative. The best-fitted equilibrium
lattice constants, as well as B, and B, (for U=2.5 eV) are
given in Table I. The LDA total-energy calculations yield
equilibrium lattice parameters for the AmX, which are 5-8%
smaller than their experimental counterparts. LDA+U total
energy calculations with U=2.5 eV, however, give values
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FIG. 4. (Color online) The total energy versus volume for the
Am monopnictides as obtained from LDA and LDA+U calcula-
tions (U=2.5 and 4 eV). The experimental equilibrium volumes are
indicated by the straight green lines.

which are about 4—5% smaller than the experimental values.
It is an established fact that the LDA usually underestimates
the lattice parameter and overestimates the binding energy.
However, the deviations obtained for the AmX are too large
and point to a deficit in the LDA localization treatment of the
Am-5f electrons. SO coupling may counteract the LDA
overbinding due to excess electronic pressure arising from
the filled relativistic f5,, subband as was observed in calcu-
lations for the Pu monochalcogenides,?! but this effect does
not suffice to provide large enough lattice parameters. The
LDA+U approach clearly predicts lattice parameters closer
to the experiment, which supports a substantial degree of 5f
localization in the AmX. The Coulomb U of 4 eV yields
somewhat better equilibrium volumes, as compared to the
experiment, but it also yields a higher total energy as com-
pared to U=2.5 eV (see Fig. 4). Thus, while we do not want
to put emphasis on a particular U value, the more
stable state would be attained for a U of about 2.5 eV. For
this value, the bulk modulus decreases monotonously while
its pressure derivative remains almost constant along the
series (see Table I).

D. Magnetic susceptibility

Apart from the equilibrium lattice parameters, not many
physical properties have been measured for the Am monop-
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nictides. One of the few measured properties is the magnetic
susceptibility y. The Am monopnictides were reported”~2 to
exhibit a very high, temperature-independent susceptibility
of ~0.50—1.25X 1073 emu/mol. In a previous attempt®' to
explain the high susceptibility, Pauli paramagnetism was as-
sumed in conjunction with a high 5f density of states at E.
In this explanation, the modified Pauli paramagnetic suscep-
tibility is expressed by y=uiN(Ep), with N(Ey) being the
density of states at Er and up the Bohr magneton. In the
SIC-LSDA approach of Ref. 31, indeed, a very high 5f DOS
is obtained at E, which could give rise to an extremely high
Pauli susceptibility. The recent photoemission experiments,
however, detect no Sf-related emission near the Fermi
energy.! Our LDA and LDA + U calculations also do not pre-
dict a high 5f DOS in the vicinity of E; the Pauli paramag-
netic y calculated from the very small DOS at Er would be
smaller than the experimental data by three orders of magni-
tude or even more.

Therefore, we suggest that the magnetic behavior of the
Am pnictides can be explained by a Van Vleck susceptibility,
which, for atoms, can appear for a J=0 ground state when a
gap exists between the ground state and first-excited state.
The Van Vleck atomic susceptibility is expressed by

Mo,
X=2Nus > 2)

n En_EO’

where N, is Avogadro’s number, E,—E| is the energy differ-
ence between the ground and first-excited states, and M), is
the matrix element of 1_+2s, between the ground and excited
states. Our aim is to approximate Eq. (2) to estimate values
for the Van Vleck susceptibilities of the Am monopnictides.
To this end, we need the appropriate equivalent of the energy
difference in the formulation for periodic solids. A derivation
of the Van Vleck susceptibility for energy band states in a
periodic solid is given in the Appendix. The Van Vleck sus-
ceptibility (per unit cell) is calculated to be

Z |<kn|252|km>|2

, 3
Enk - Emk ( )

X=2up >

nun kK

m occ.

where |nk) are the Bloch band states and E, are the corre-
sponding band energies. From Eq. (3), it can be recognized
that the direct energy gap E, between energy bands is the
equivalent of the energy difference between the ground and
first-excited states in the Van Vleck atomic susceptibility.
Combining this with Eq. (2), we can use the direct gap E, to
approximate the Van Vleck molar susceptibility by y
z(8NA,LL12;)/EA,. Note, that in the case of a vanishing band
gap, the susceptibility does not diverge but, taking the limit
appropriately, the intraband contribution reduces to the Pauli
susceptibility (see the Appendix).

In the case of AmN, the magnetic susceptibility calculated
according to this expression would give x=1.3
% 1073 emu/mol, which compares reasonably to the experi-
mental value of 0.78 X 10> emu/mol.>* For the other Am
monopnictides, the direct gaps in the LDA+U calculation
would lead to Van Vleck susceptibilities of 0.95-1.15
X 1073 emu/mol. The direct gaps obtained within the LDA
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FIG. 5. (Color online) The absorptive part of the optical con-
ductivity, Re[o(w)], as computed by the LDA and LDA+U ap-
proaches for the Am monopnictides.

calculation are quite small (~150 meV) and would lead to
higher Van Vleck susceptibilities (~1.7 X 1073 emu/mol)
than those that were experimentally obtained. Nevertheless,
the Van Vleck mechanism would predict the correct order of
magnitude for the susceptibility.

E. Optical conductivity

Information about the energy positions of different elec-
tronic states can be derived from optical studies. The com-
plex dielectric function &(w) is related to the optical conduc-
tivity o(w) by e(w)=1+4mio(w)/w. The optical
conductivity can be computed from the energy-band struc-
ture using the common linear-response expression (e.g., see
Ref. 47)

dk|Pnn’(k)|25(Enk - En’k - ﬁw) .

2
olw)= Sm*mw BZ

’
nn

(4)

Here P, is the matrix element of the momentum operator,
P, =(nk|p|n'k). For a cubic solid, one has P=P,=P,
=P,. The absorptive part of the interband-optical conductiv-
ity, i.e., Re[o(w)], has been calculated from Eq. (4) using
both the LDA and LDA+ U approaches. The computed spec-
tra are shown in Fig. 5. A notable difference exists between
the LDA and LDA+U spectra in the low-energy region
0-—4 eV, which is caused by the differences in the energy
positions of the 5fs. In the LDA+ U, the low-energy absorp-
tion below 1 eV is reduced due to the removal of the 5f
states which, consequently, do not take part in the interband
transitions in this energy interval. Also, the direct optical
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gaps become larger in the LDA+U spectra (note that the
calculated spectra have been lifetime broadened through con-
volution with a Lorentzian with an inverse lifetime of
0.34 V). The conductivity spectra show—for each of the
monopnictides—three major peaks. For AmN these are lo-
cated just above 1 eV, 3.5 eV, and ~9.5 eV. For the heavier
pnictogen anions, these peaks shift successively to lower en-
ergies. For the bismuthide, these peaks are located slightly
below 1 eV, at 2 eV, and ~5 eV. The origin of the peaks for
AmN are as follows: the peak at 1 eV stems mainly from
d-f transitions, which, in reciprocal space, occur along the
I'-X direction. The second peak at 3.5 eV arises from various
interband transitions involving hybridized p, d, and f states,
taking place along different BZ directions. The broad peak
near 9.5 eV arises mainly from p—d transitions and some
f—d transitions as well. Traversing the pnictogen series
from N to Bi, the peaks shift to lower energies, because the
unoccupied Am d and f bands move closer to Er and the
main weight of the occupied pnictogen p band moves closer
to Er as well. The partial DOS as depicted in Fig. 3 shows
that the states around —2 eV are mainly of pnictogen p and
Am d character. The third peak of AmN is observed at a high
energy of 9.5 eV, because a substantial part of the nitrogen p
band is located deeper below E than for the other pnictides.
The later peak is located at energies between 4—6 eV for the
other pnictides and it is primarily due to p-d transitions with
some admixture of f-d transitions.

IV. DISCUSSIONS AND CONCLUSIONS

Previously not much was known about the electronic
structure of the americium monopnictides. Our LDA as well
as LDA+U calculations indicate that the Am monopnictides
display either narrow-gap semiconducting behavior or
pseudogap behavior. A third approach, which is often applied
to compute f-electron materials, is the f-core method, in
which the occupied f states are treated as unhybridized core
electrons. In order to estimate the effect of complete 5f lo-
calization on the AmX electronic structures, we performed
calculations with the f-core scheme as well. Also this ap-
proach to treat the 5f electrons led to pseudogap behavior for
the Am monopnictides. On account of its small lattice pa-
rameter, the behavior of AmN deviates from that of the other
monopnictides. The origin of the gap formation is the large
SO interaction of Am which splits the Am-5fs, and
Am-5f7,, subbands away from E, in combination with the
f-d and f-p hybridization. The inclusion of the Coulomb U
leads to an additional shift of the 5f5, and 5f;,, subbands
away from Ep, with an extremely small DOS remaining at
the Fermi level. The obtained semiconducting behavior and
the very low density of states at Er agree very well with the
first photoemission studies performed on AmN and AmSb.!
The photoemission studies show, indeed, a practically van-
ishing valence-band response in the vicinity of the Fermi
edge and a broad, 5f response at binding energies of
~2-4 eV. As mentioned before, such binding energies cor-
respond well with the positions of the f bands in the LDA
+U calculations (see Fig. 3).*® The LDA places the main
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occupied 5f band at binding energies of 1-2 eV, which are
too small compared to the photoemission data. The presence
of an excitation gap in the Am monopnictides is supported
also by the measured high magnetic susceptibilities, which
can be compellingly explained by a Van Vleck mechanism.
On account of the computed 5f-occupation numbers being
close to 6 for all monopnictides, Am is in a trivalent state
(5f°,7=0). AmN is the only monopnictide which shows a
somewhat different behavior because of its small lattice pa-
rameter. Under pressure, the Am-5f occupation is reduced
while the d occupation increases. This might lead to a mixed-
valence state of trivalent and tetravalent Am ions.

Our calculations suggest electronic structures for the Am
monopnictides which are in several respects different from
the SIC-LSDA calculations of Ref. 31. The SIC-LSDA cal-
culations also predict a trivalent Am configuration, but in
addition it predicts the Am pnictides to be metallic with a
very high 5f density of states at Er. Such high DOS would
actually render the Am pnictides to be heavy-fermion mate-
rials. While further experiments are undoubtedly needed to
understand better the behavior of the Am-5f electrons, the
photoemission experiments did not detect any f response
near the Fermi edge.! Also, the valence-band signal vanished
smoothly at the Fermi edge, suggesting the Am pnictides to
be semiconductors.

The agreement between the experimental and LDA+U
computed lattice parameters suggests a fair amount of local-
ization of the Am-5f electrons. The strong SO interaction
causes a split of the 5f subbands, removing them from the
Fermi level and the Coulomb U adds a further splitting of the

f subbands on top of that. We note, however, that the local-

ization of the 5fs is still much less than that seen for the
related lanthanide pnictides. This can be recognized from the
evolution of the equilibrium lattice parameters across the
lanthanide and actinide monopnictide series (for plots, see
Refs. 20 and 21). While the lanthanide monopnictide series
clearly shows the typical lanthanide lattice contraction with
increasing atomic number, such behavior does not occur in
the corresponding actinide series about Am. In this series,
going from the Pu monopnictide to its Am equivalent and to
the curium equivalent there is an increase in the lattice con-
stant. This increase is the largest for the lighter pnictogen
atoms and levels off for the heavier pnictogens (the lattice
parameter of CmBi is not precisely known). The localization
tendency, thus, appears to be the largest for the heavier pnic-
togen anions, Sb and Bi.

Among the lanthanide compounds® and actinide
compounds'®1? as well, there are several narrow-gap mate-
rials. Some of these have been classified as Kondo insulators,
in which a correlated magnetic coupling of valence electrons
to the localized f electrons leads to gap formation. The
mechanism leading to gap formation in the Am monopnic-
tides is distinctly different. The precursor to the gap forma-
tion is the large SO interaction, which removes the 5fs from
the vicinity of Ey. If we artificially reduce the Am SO inter-
action in the calculations, we immediately obtain the Am
monopnictides to be metals. Furthermore, there are the f-d
and f-p hybridizations, which contribute to the gap forma-
tion, in a way similar as demonstrated previously for the Pu

115123-7



GHOSH et al.

monochalcogenides.?! Thus, the actinide rocksalt compounds
differ from the corresponding rare earths for two reasons: (i)
relativistic effects lead to prominent changes in the energy
positions of the actinide f states and (ii) the larger spatial
extension of the 5f wave functions results in an increased
hybridization with other states.

To further elucidate the electronic structure of the Am
monopnictides, we suggest resistivity and infrared reflectiv-
ity measurements to probe their conducting properties. Mea-
surements of the resistivity and lattice parameter under pres-
sure are also desirable as these could show changes of the
gap and, particularly for AmN, changes of the 5f valency.
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APPENDIX: DERIVATION OF VAN VLECK
SUSCEPTIBILITY
The interaction Hamiltonian for an applied field H is
H' =—ugH-m (A.1)

in up with m=1+2s. In terms of the Green’s function, the
electron number and magnetic moment are

1
n=Trp=—.§ dz Tr G(2),
2i Ep

1
m = Tr{mp} = —ff; dz Tr{mG(2)}, (A.2)
2i Ep
where G contains 2 X 2 spin-matrix components.
The Dyson equation for the Green’s function is
G=G"+G’H'G=G"+G"H'G"+---,  (A.3)

where, for linear response, only the first two terms in the
expansion are required. The change in the Fermi energy, due
to the applied field, is second order in the field. The induced
moment is, therefore, to first order in a magnetic field H,
applied along the z direction,

mz=‘H?3£ T GOmGD)  (Ad)
E

Tl
F

and the uniform magnetic susceptibility is consequently

X= ;—ljg dz Tr{m.G(2)m.G°(2)}. (A.5)
i),

For pure spin magnetism, we have m,=2s,uz=0,up and,
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since o, commutes with G° and of =1, the susceptibility be-
comes

2 2 0
- dG
Y= M{?Tr§ dZGO(Z)2 — 'Ll'_B.Tr% dZJ
i Ep 2mi g, dz

2

= BB 1 e GO(E) = 12N (E), (A.6)
ar

where N(E) is the density of states at the Fermi level. Thus,
we obtain Pauli paramagnetism.

In the presence of the spin-orbit interaction, the Green’s
function commutes with neither o, nor m, since it has off-
diagonal components in spin. If the solutions to the wave
equation in the presence of spin-orbit interaction are denoted
by |kn), we can rewrite the trace in Eq. (A.5) using that
G2 =(z-H""

Tr{m.G’(2)m.G"(z)} = > (kn|m,G°[km)(km|m.G°|kn)

nmk

= 2> [(knm, L

nmk E,xz—Ex
(A.7)

The contour integral Eq. (A.5) has to enclose the poles on the
energy axis up to the chemical potential. The integration can
be chosen along z=E*=FE+ie and z=E~=E—ie, which, to-
gether with 1/E*=P(1/E)—mid(E) gives

-1 1 1
X=5- f dE 2 M}, =
2mi - nm,k EmkE _Enk
1 1
- _f dEZ |M1Z1m : +
nmk EmkE _Enk
1
=— | dEX M, 2[ + wi&(E—E,,lk)]
f nm,k E_Emk
X{P + Wi&(E—Enk)}
E- nk
1
+— f dE D, |M:,, 2[ — i SE - Emk)]
2mi)_ nm,k — Lmk
X{P ! i S8(E-E )} (A.8)
— i - s .
E-E, .

where M, is introduced for the spin-matrix element. After a
straightforward integration, the susceptibility becomes
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zf(Enk) _f(Emk) .

=P |k
x=-P2 [(kn| £, _E.

nm,k

m_|km)| (A.9)

The interband matrix elements are the equivalent of the Van
Vleck contribution for localized systems. The intraband con-
tribution reduces again [with df/JE——-8E-Eg)] to the
equivalent of the Pauli susceptibility. In the interband case,
the double sum can be further rewritten by separating the
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occupied and unoccupied states, which, for the spin suscep-
tibility at 7= 0, gives

s s Ml

(A.10)
nun. k nk Emk

mocc.

This has to be multiplied by Avogadro’s number to obtain the
molar susceptibility. The interband matrix elements are diag-
onal in the wave vector; therefore, the direct band gap is to
be used to evaluate the Van Vleck susceptibility.
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