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Abstract. The electronic properties of rare-earth arsenides have been calculated from first principles. In
the calculations we have treated the rare-earth f electrons both as core-like and as valence-like electrons.
We consider the changes in the energy bands and in the density of states near the Fermi level which are
found to be relevant, except for the case of LuAs, and discuss this in relation with the role played from
the rare-earth 5d derived states. Moreover we show that the rare-earth 5d related bands are particularly
sensitive to the variation of the lattice constant; change in the lattice constant of less than 1% leads
to a different behaviour with respect to the crossing of the rare-earth 5d derived bands and the As 4p
derived bands along the ∆-direction. This point is discussed in connection with the possibility of having a
semimetal-semiconductor transition in the rare-earth arsenides.

PACS. 71.20.-b Electron density of states and band structure of crystalline solids – 71.20.Eh Rare earth
metals and alloys

1 Introduction

There is a growing interest in the study of the elec-
tronic properties of rare-earth pnictides (RE-V group com-
pounds); this is due to the variety of their magnetic
and electrical properties despite their common rocksalt
structure [1]. Moreover in the case of rare-earth arsenide
(REAs) materials, it has been demonstrated that they
can be grown epitaxially on III-V semiconductors [2–6].
It is expected that these systems will play a role in the
electronic and photonic technology as materials especially
focused on electronics and photonics based on low dimen-
sional metals and semimetals. One can envisage applica-
tions like metal base, hot-electron, or resonant tunneling
transistors as well as like distributed Schottky diode ar-
ray; buried ground plates and buried Schottky contacts
could be improved by the successful development of these
systems.

The REAs heterostructures have,also, interesting mag-
netic behaviour; ErAs is, for example, an antiferromag-
netic semimetal, whose magnetism is induced by the
nearly filled 4f shell [3]. Transport measurements [3] on rel-
atively thick (200 Å) ErAs films buried in GaAs confirmed
the prediction of Hasegawa and Yanase [7] of semimetal-
lic conduction in this material. Finally it was argued
that the quantum confinement could lead to a semimetal-
semiconductor transition for very thin ErAs layers [4].
However, ErAs shows no semimetal-semiconductor tran-
sition when the layer thickness is reduced to 3 ML. This
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result was confirmed by our ab initio calculation of the
electronic properties of ErAs/GaAs and YbAs/GaAs su-
perlattices [8], where our main finding was that, on reduc-
ing the thickness of the REAs layer, indeed a gap opens
up in the band structure of YbAs embedded in GaAs,
albeit above the Fermi energy. The failure to produce a
transition to semiconducting behaviour is most likely re-
lated to the complexities of the real band structure espe-
cially at the X point, and to the character of the interface
between the rare-earth arsenide and the GaAs. Neverthe-
less, this result is very important from a technical point of
view. Projected applications include transistor-like struc-
ture where electrons are injected through ultra thin semi-
metal films. If these films reverted to a semiconducting
state, their potential impact in resonant tunneling hot-
electron transistors would be lost.

From theoretical point of view, an interesting aspect
of these compounds is the occurrence of localized strongly
correlated 4f electrons for which the Local Density Ap-
proximation (LDA) in the Density Functional Theory
(DFT) presents some failures. There were several attempts
to improve the LDA in order to take into account strong
electron-electron correlations. One of the most popular ap-
proaches is the self-interaction correction (SIC) method
[9–11]. A different way to incorporate some correction ef-
fect in systems with localized d or f states was successfully
done in the so-called LDA+U method [12]. In this case
a simple mean-field Hubbard-like term is added to LDA
functionals for the localized state.
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It should be noted, also, that the correct treatment
of rare-earth 4f electrons in the calculations is still un-
der discussion: should the 4f electrons be treated as core-
like or as a part of the valence bands? Discussions on
this controversy are provided in references [1,13]. These
points (whether a localized or itinerant model of the
f electrons is appropriate, and secondly whether or not
the LDA provides an adequate description of these mate-
rials) affected studies on the band structure of the rare-
earth-V compounds. It is interesting to note that recent
studies based on the LDA+SIC method, where the s-d
and f electrons are described on the same footing [10,11],
have shown a third possibility, where part of the f-electron
manifold is treated as itinerant and the other part as lo-
calised. In the case of YbAs the trivalent configuration has
been found favorable over the divalent and the calculated
equilibrium volume agrees well with the experimental one.

In the absence of available results on Er-V compounds,
the first interpretations of the experimental investigations
of ErAs were largely based directly on the Hasegawa and
Yanase work on the Gd-V compounds [7] and on the sub-
sequent tight-binding calculations by Xia et al. [14]. This
was obviously not completely satisfactory. While one ex-
pects a qualitative similarity between the band structures
of Gd and Er compounds, there must be quantitative dif-
ferences. Recently Petukhov et al. have calculated the elec-
tronic structures of ErAs and ErxSc1−xAs [15] and of rare-
earth pnictides [1]. In this last paper they present results
of the electronic band structures and magnetic moments
for several rare-earth pnictides, including GdAs and ErAs,
where the 4f states were treated as core states. The op-
timum valency for Er is found to be Er3+ (4f 11). Since
Er atoms have 12 f electrons, this can be obtained by the
promotion of a 4f electron to a 5d one; thus the atomic con-
figuration of Er atoms in the calculations is 4f 115d 16s 2,
which is similar to that of Gd atoms (4f 75d 16s 2). As it
comes out from the ErAs calculations in the Er3+ config-
uration, the Er 5d bands are hybridized with the As 4p
derived bands; as consequence one Er 5d band (the ∆

′
2

band) dips below the As 4p derived band (the ∆5 band) at
X, crossing it near X, below the Fermi energy. As a result
the X3 point, that belongs to the ∆

′
2 line, lies in energy

below the double degenerate X5 point ending the ∆5 line.
This is one of the main reasons for the semimetallic char-
acter of ErAs. It is worthwhile to note that in references
[1,15] the calculations have been performed for the theo-
retical equilibrium lattice constants, determined through
total energy minimisation. Earlier, Takegahara and
Kaneta calculated the electronic band structure for Lu
compounds [16] and YbAs and Yb4As3 [17], showing sim-
ilar results.

In this paper, we present band structure and density
of states studies of a series of monoarsenides compounds.
We consider YAs, ErAs, TmAs, YbAs and LuAs. The rea-
sons for studying this range of monoarsenides are that
they show a large variety of situations with respect to
the f electrons occupancy. Y atom has no f electrons but
shows a similar atomic configuration to the RE atoms in
monoarsenides with respect to the d occupancy, only when

the rare-earth f electrons are treated as core-like; Tm and
Er atoms have a nearly full 4f shell, 12 and 13 f electrons
respectively, whereas Yb and Lu atoms possess a full 4f
shell (with Lu having also a 5d electron). This large range
will permit us to study the trends within the group of the
RE elements. The case of CeAs has been not considered
due to the fact that Svane et al. [18] have shown that in
this case the ground state has 1 f state occupied. By taking
the f electron in the core, the situation will be very similar
to that of YAs which is present in our calculations. To our
knowledge, these presented here are the first calculations
in the case of YAs and TmAs.

The paper is organized as follow: Section 2 describes
the computational method, Section 3 is related to the re-
sults of the band structure of ErAs, in particular with
respect to their dependence on the lattice constant, in
Section 4 the results for the density of states and energy
band structure for all the considered monoarsenides are
present and discussed, also in connection with the treat-
ment of the f electrons; and finally Section 5 is devoted to
the conclusions.

2 Electronic properties: the method

We have used the Density Functional Theory (DFT) [19]
in the local spin density approximation (LSDA), where
exchange and correlation were treated in the formulation
of von Barth and Hedin [20]. The scalar relativistic lin-
ear muffin-tin orbital (LMTO) method [21] is used in the
atomic sphere approximation (ASA) including the com-
bined correction term. Empty spheres [22] were introduced
in order to have closed-packed lattices. In the calculations
we use, in the case of ErAs, both the experimental lat-
tice parameter [23] and the equilibrium lattice parameter
determined by total energy calculation [1,15], whereas for
the other compounds we use only the experimental lattice
parameter [23]. The unit cell contains 4 atoms: 1 As, 1 RE
atom and two empty spheres. The radii of the atomic and
empty muffin-tin spheres were all chosen to be equal. The
choice of equal spheres is a natural one making the un-
derlying sphere packing the same as in the bcc structure
for which the ASA is known to be accurate; moreover this
choice has been tested for a variety of cases, see for exam-
ple reference [24], where LMTO calculations for 34 elemen-
tal and compound semiconductors are reported. Table 1
collects the lattice parameter and the atomic-sphere radii
used in the calculations.

In the LMTO self-consistent computations we used
two separate energy panels; the lowest energy panel cov-
ers the region of the RE 5p states, whereas the second
panel contains the rest of the states. The treatment of
the RE 5p states as valence-like band electrons is neces-
sary because treating the RE 5p states as (renormalized)
frozen-core states leads to non-negligible renormalization
effects. These effects can be made negliglible with a dif-
ferent choice of atomic-sphere radii for the 4 spheres in
the calculation, but these radii would be so different that
errors due to spurious overlaps could not be excluded.
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Table 1. Lattice parameter a and radii S of the atomic spheres used in the calculations. In all cases the lattice parameter is
the experimental one, except for ErAs, where we perform calculations for both the experimentally and theoretically determined
lattice parameters (see text). Also the different atomic configurations used, concerning the treatment of the f electrons as
core-like or valence-like electrons, are given. For YAs, which do not possess f electrons, only one configuration has been used.

YAs ErAs TmAs YbAs LuAs

a (Å) 5.786 5.743 (5.700) 5.711 5.698 5.680

S (a.u.) 2.692 2.672 (2.652) 2.657 2.651 2.645

(a) f core 4p64d15s2 4f11:5p65d16s2 4f12:5p65d16s2 4f13:5p65d16s2 4f14:5p65d16s2

(b) f valence 4p64d15s2 4f125p66s2 4f135p66s2 4f143p66s2 4f145p65d16s2

As already pointed out in the introduction, the 4f elec-
trons can be treated as part of the “pseudo”core or as part
of the valence electrons. We have performed band struc-
ture and density of states calculations considering both
possibilities; this help us in the determination of how the f
electrons affect the band states: through the crystal poten-
tial due to its Coulomb and exchange interaction (f pseu-
docore), or through direct hybridization (f valence). The
atomic configurations used in our calculations for both
cases are, also, collected in Table 1. It is important to
note that the use of the 5d electron in the calculations,
promoting a RE f electron to a d one and treating the f
electrons as partially filled core, results in a push-up of
the remaining unoccupied f electron levels well above the
Fermi level, thus mimicking the LDA+U approach.

3 The energy bands of erbium arsenide:
the role of the lattice parameter

In this section we will discuss our results for the energy
band structure of ErAs; this is the mostly investigated
compound within the REAs and its behaviour is charac-
teristic of the entire group. In order to compare our results
with previous calculations [1,15], we will limit us here to
the case where the RE f electrons are treated as core-like.
Thus the atomic configuration of Er is 4f 11:5p 65d 16s 2,
which means that the f electrons are treated as core elec-
trons and that 1 f electron has been promoted to a d one
in order to have a trivalent valence configuration.

Figure 1 shows our results for the energy band struc-
ture of ErAs related to the case where the experimental
lattice parameter (a = 5.743 Å) [22] has been used in
the calculation (ErAs(a)). We see that the compound is
semimetallic in agreement with the previous calculations
[1,15]. We note that the Fermi level is well below the Γ 15

point (located 0.90 eV above the Fermi level), that is de-
rived from the As 4p states. Even at Γ we found that
the Γ ’25 point, which originates from the Er 5d states, is
separated, with respect to the Γ 15 point, by an energy
difference of 0.33 eV.

Particularly important is the energy bands behaviour
in the Γ -X direction; here we note around the Fermi level
two different lines, which play an important role in the
semimetallic character of the rare-earth arsenides. The
first line (the ∆5 line that accomodates two electrons and
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Fig. 1. Selfconsistent energy band structure of ErAs. The Er
f electrons have been treated as core-like and the experimental
lattice parameter a = 5.743 Å has been used in the calculation.
The zero energy is related to the Fermi energy.

originates from the As 4p electrons) starts from the Γ 15

point and, after the cross of the Fermi level, reaches X at
the double degenerate X’5 point (located at −0.81 eV with
respect to the Fermi level); the second line (the ∆’2 line)
is due to the Er 5d electrons, this line starts from the Γ ’25

point, crosses the Fermi level near X and reaches at X the
X3 point (at −0.73, below the Fermi energy). Differently
from the results of Pethukov et al. [1,15] our energy band
structure do not show the crossing between the two ∆
lines; a small energy difference is still present between the
two lines. In order to investigate this discrepancy we have
performed a second calculation for ErAs (ErAs(t)) taking
as lattice parameter the theoretically estimated lattice pa-
rameter of Pethukov et al. [1,15]: a = 5.700 Å .

Figure 2 shows our results for this case.
We see now that the ∆’2 line dips rapidly in the Γ -X

direction and crosses the ∆5 line shortly before X. There-
fore the double degenerate X’5 point is now located in en-
ergy above the X3 point, in agreement with the Pethukov
calculations [1,14]. Table 2 collects our results for these
selected symmetry points at Γ and X for the two ErAs(a)
and ErAs(t) different calculations. From Table 2 and Fig-
ures 1 and 2 we see that are in particular the ∆’2 line
and consequently the X3 point which are affected by the
change in the lattice parameter.
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Fig. 2. Selfconsistent energy band structure of ErAs. The Er
f electrons have been treated as core-like and the theoretical
lattice parameter a= 5.700 Å has been used in the calculation.
The zero energy is related to the Fermi energy.

Table 2. Selected energy states (in eV, with respect to the
Fermi energy) at Γ and X points in the band structures of
ErAs for calculations related to the experimentally (a) and
theoretically (t) determined lattice parameter a, indicated in
the table.

ErAs(a) ErAs(t)
(a = 5.743 Å ) (a= 5.700 Å )

Γ 15 0.90 0.96
Γ ’25 1.23 1.22
X3 −0.73 −0.80
X’5 −0.81 −0.78

It is worthwhile to note that the two calculations dif-
fer only by less than 1% in the used lattice parameter,
this means that the Er 5d derived bands are particularly
sensitive to changes in the pressure or to the presence of
strain. We do not try to find the energy minimum in our
calculations, which is beyond the realm of this work; the
key point here is that the presence of pressure or strain,
which produces variation in the lattice parameter and/or
in the nearest neighbour distances, can originate an en-
ergy difference between the ∆’2 and ∆5 lines or alterna-
tively their crossing. This result is important with respect
to the possibility of producing a semimetal-semiconductor
transition in REAs epitaxially grown on semiconductors.
Usually the adsorbate (here the REAs) takes, at the first
stage of growth, the lattice constant of the underlying sub-
strate (the semiconductor); thus in principle it is possible
to resolve the crossing of the ∆ lines with appropriate con-
ditions. Hovewer to produce a semimetal-semiconductor
transition one needs not only to resolve the crossing of
the ∆ lines, but also to really open an energy gap (for
example by rising up in energy the X points); a short dis-
cussion on this point has been presented in reference [8].
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Fig. 3. Total density of states (TDOS) for YAs and ErAs. The
RE f electrons are treated as core-like in the calculations. The
zero energy is related to the Fermi energy.

4 Density of states and energy bands

4.1 f electrons treated as core-like electrons

Here we present our results for the density of states and
the energy band structure of all the considered com-
pounds; as pointed out before, in the calculations we have
used the experimental lattice parameters collected in Ta-
ble 1. Regarding the RE f electrons, we will show here the
results obtained considering the f electrons as core-like.
Thus a 4f electron has been promoted (as in the case of
ErAs) to a 5d electrons, except for the case of LuAs; the
atomic configurations used are collected in Table 1.

Figure 3 and Figure 4 show our calculated total den-
sity of states (TDOS) for YAs and ErAs and for TmAs,
YbAs and LuAs respectively. All the compounds are found
semimetallic in agreement with previous calculations
[1,7,15–17]. The TDOS shows overall similar features. The
spectra are composed mainly from three groups of states;
at around 10 eV below the Fermi level we found the s-
like states of As; just below the Fermi energy the As 4p
derived states are predominant and show remarkable hy-
bridization with the RE 5d derived states, originating the
semimetallic character of the compounds. Finally the RE
5d derived states form the most important contribution to
the empty states.

These characteristics are clearly shown in Figures 5
and 6, which display the partial density of states (PDOS)
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Fig. 4. Total density of states (TDOS) for TmAs, YbAs and
LuAs. The RE f electrons are treated as core-like in the calcu-
lations. The zero energy is related to the Fermi energy.

projected on the different components of the two atoms
present in the calculations, in this case s, p, d for both
RE and As atoms (we show here the case of TmAs as
an example, the results for the other compounds are very
similar).

If we consider the energy band structures, these are
shown in Figures 7 and 8. Also here the similarity between
the different compounds is quite evident. Table 3 contains
the energy values of selected k-points in the band struc-
tures. We note that, on going from Y to Lu, the energy
separation between the Γ ’25 and Γ 15 points increases; the
same happens for the separation between X3 and X’5. This
trend is exactly opposed to that of the lattice parameter,
that decreases on going from Y to Lu. As in the previ-
ously discussed case of ErAs, for all the compounds the
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Fig. 5. Partial density of states (PDOS) projected on the dif-
ferent components of the Tm atom in the TmAs compound.
The Tm f electrons are treated as core-like in the calculations.
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Table 3. Selected energy states (in eV, with respect to the
Fermi energy) at Γ and X points in the band structures of
the monoarsenides. The upper panel is devoted to the calcula-
tions, where the f electrons are treated as core-like, the lower
is related to the f valence-like calculations.

YtAs ErAs(a) TmAs(a) YbAs(a) LuAs(a)
Γ 15 0.89 0.90 0.92 0.91 0.90
Γ ’25 1.12 1.23 1.26 1.28 1.32
X3 −0.71 −0.73 −0.74 −0.72 −0.71
X’5 −0.77 −0.81 −0.85 −0.90 −0.96

ErAs(b) TmAs(b) YbAs(b) LuAs(b)
Γ 15 1.73 1.74 1.75 0.79
Γ ’25 2.71 2.76 2.86 1.35
X3 0.53 0.53 0.65 −0.65
X’5 0.58 0.52 0.38 −0.94



196 The European Physical Journal B

0

10

20

30

40

50

60

-12 -10 -8 -6 -4 -2 0 2 4 6 8

P
D
O
S
(s
ta
te
s/
eV

-a
to
m
)

Energy (eV)

As - s

0

5

10

15

20

25

30

-12 -10 -8 -6 -4 -2 0 2 4 6 8

P
D
O
S
(s
ta
te
s/
eV

-a
to
m
)

Energy (eV)

As - p

0

0.5

1

1.5

2

-12 -10 -8 -6 -4 -2 0 2 4 6 8

P
D
O
S
(s
ta
te
s/
eV

-a
to
m
)

Energy (eV)

As - d

Fig. 6. Partial density of states (PDOS) projected on the dif-
ferent components of the As atom in the TmAs compound.
The Tm f electrons are treated as core-like in the calculations.
The zero energy is related to the Fermi energy.

calculations at the experimental lattice parameter show
no crossing of the ∆’2 and ∆5 lines. The result for YAs
is thus in agreement with the outcome for ScAs (the two
compounds are very similar differing only for the principal
number of the valence p,d,s states) [15].

4.2 f electrons treated as valence-like electrons

The second possibility in the calculation of the electronic
properties of REAs is the inclusion of the f electron in the
valence. Thus we have performed total density of states,
partial density of states and energy band structure calcu-
lations of ErAs, TmAs, YbAs and LuAs treating the RE
f electrons as valence-like electrons.

We first discuss the case of LuAs; in this compound the
inclusion of the f electrons in the valence do not imply a
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Fig. 7. Selfconsistent energy band structure of YAs and TmAs.
The RE f electrons have been included as core-like in the cal-
culations. The zero energy is related to the Fermi energy.

modification regarding the RE 5d presence in the atomic
configuration (see Tab. 1), therefore we will expect mi-
nor changes in this case with respect to the previous one.
Figure 9 shows the band structure of LuAs with the f elec-
trons included as band electrons (LuAs(b)) and Table 3
collects some important band energy values. First of all
we note the presence of the Lu f derived states at about
−5 eV below the Fermi energy, moreover we see that the
inclusion of the f electrons in the valence do not change
very much the behaviour of the other bands; the energy
lines and points in the band structure of Figure 9 (except
for the f derived bands) are practically the same of the
corresponding result in Figure 8 (see also Tab. 3). This
result is in agreement with the LuAs density of states cal-
culation of Takegahara [17] and with the band structure
calculation of Pethukov et al. [1] for the similar case of
GdAs, also Gd (like Lu) possesses a 5d electron.
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Fig. 10. Selfconsistent energy band structure of ErAs, TmAs
and YbAs. The RE f electrons have been included as valence-
like in the calculations. The zero energy is related to the Fermi
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The situation is completely different for the other
considered REAs (ErAs, TmAs and YbAs). The band
structure for these compounds, calculated including the f
electrons as valence-like, are shown in Figure 10. The pres-
ence of the RE 4f derived bands changes strongly the band
structure, in particular in the vicinity of the Fermi level.
The f derived bands are, in all the three considered cases,
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Fig. 11. Partial density of states (PDOS) projected on the
different components of the Tm atom in the TmAs compound.
The Tm f electrons have been included as valence-like in the
calculation. The zero energy is related to the Fermi energy.

located near the Fermi level and show a strong mixing with
the As 4p derived states. As consequence two Γ 15 states
repel each other, therefore the valence band is shifted up
in energy around the Γ point. Looking at Table 3, we note
that now both Γ 15 and Γ ’25 points are higher in energy
with respect to the Fermi level by about 1 eV, this upshift
is stronger for the Γ ’25 point, consequently the energy
difference between these two Γ points is enhanced with
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Fig. 12. Partial density of states (PDOS) projected on the
different components of the As atom in the TmAs compound.
The Tm f electrons have been included as valence-like in the
calculation. The zero energy is related to the Fermi energy.

respect to the previous case (f electrons as core-like). Also
the ∆ lines are strongly affected by the presence of the f
electrons. They now are located entirely above the Fermi
level, hovewer the X3-X’5 energy differences is increased
for YbAs, whereas is decreased for TmAs and ErAs, where
now the X’5 point is in energy above the X3 one; this
is another indication of the particular role played by the
RE d and As p derived bands. The results shown in Fig-
ure 10 are in good agreement with the outcomes for sim-
ilar configurations of Pethukov et al. for ErAs [1] and of
Takegahara and Kaneta for YbAs [16]. The above discus-
sion on the energy band behaviour is confirmed by the
PDOS of TmAs shown in Figures 11 and 12, which are
related to the s, p, d and f components for the Tm and
s, p, d for the As atoms respectively (note the presence of
Tm 4f derived bands just below and at the Fermi energy).
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These results confirm that an inclusion of the f elec-
trons as band electrons in a pure LDA calculation is
not satisfactory; all the compounds, except LuAs, are no
more semimetals, due to the non realistic position of the
Fermi level pinned by the presence of the f electrons.
A theoretical analysis which go beyond the LDA would
be necessary, that allows to split in energy the occupied
and unoccupied f bands, without loosing hybridization
effects, this is exactly what happens using SIC, as recently
shown [10,11] (see also references therein).

5 Conclusions

We have performed first-principle calculations of the den-
sity of states and the energy band structure of rare-earth
arsenides. We have considered ErAs, Tm As, YbAs and
LuAs covering a large range of f occupancy. Moreover we
have considered the case of YAs, whose atomic configura-
tion is quite similar to those of REAs when the RE 4f elec-
trons are treated as core-like electrons. We have, also, con-
sidered the situation where the RE f electrons are treated
as valence band electrons. A strong variation in the energy
bands and in the density of states near the Fermi level is
found; this is due to the strong mixing between RE 4f de-
rived states and As 4p derived bands, that raises up the
valence band above the Fermi level. The LuAs compound
is an exception, in this case the f derived bands are located
at about 5 eV below the Fermi level, this happens because,
differently from the other considered REAs, Lu has a 5d
electrons in both cases (f electrons treated as core-like or
valence-like electrons). A particular role is played from the
rare-earth 5d derived states, we have shown that they are
particularly sensitive to the choice of the lattice constant
in the calculations; variation of the lattice constant of less
than 1% leads to a different behaviour with respect to
the crossing of the rare-earth 5d derived bands and the
As 4p derived bands along the ∆-direction near X. This
fact can be relevant in connection with the possibility of
originating a semimetal-semiconductor transition in the
rare-earth arsenides.
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