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The results of first-principles calculations of the electronic band structures, equilibrium lattice constants,
cohesive energies, bulk moduli, and magnetic moments are presented for the rare-earth pnictides with the
rocksalt structure and chemical formulaR-V, whereR5Gd, Er, and the group-V elements N, P, and As. The
linear-muffin-tin-orbital method was used in the atomic sphere approximation. The 4f states were treated as
localized corelike states with fixed spin occupancies. Justifications for this procedure are presented. The
systems were studied with the 4f spins on all rare-earth ions aligned~ferromagentic phase! and with the spins
randomly oriented~paramagentic phase!. Within the local spin-density approximation, all systems studied were
found to be semimetallic with a hole section of the Fermi surface nearG and electron section nearX. The
nitrides, however, have a nearly zero band-gap overlap. We estimated quasiparticle self-energy corrections
using an approach previously used for semiconductors. With these corrections, GdN is found to be a semicon-
ductor in the paramagnetic phase and a semimetal in the ferromagnetic phase. ErN, on the other hand, is found
to be a semiconductor in both phases. All systems correspond to a trivalent state of the rare-earth element and
are characterized by ionic bonding. The results for the lattice constants and the qualitative conclusion about the
semimetallic nature are in agreement with experimental data and with the previous calculations for Gd-
pnictides. For ErAs, the calculated magnetic exchange splittings, electron and hole concentrations, Fermi-
surface cross-sectional areas, and cyclotron masses are in satisfactory agreement with the available
Shubnikov–de Haas data on ErxSc12xAs when account is taken of the differences due to the presence of Sc
and of the self-energy corrections to the local-density approximation.

I. INTRODUCTION

The rare-earth pnictides~i.e., group-V compounds!, which
we shall denoteR-V, form an interesting family of materials,
because of the great variety of their magnetic and electrical
properties,1 despite their common simple crystal structure,
the rocksalt structure. An interesting aspect of these com-
pounds is the occurence of localized strongly correlated 4f
electrons, the treatment of which presents a challenge to
band-structure theory. The strong exchange coupling be-
tween the localized rare-earth 4f spins and the valence and
conduction electrons in these materials~which are either
semimetals or semiconductors! also leads to interesting mag-
netic properties. For example, theR-As andR-P compounds
have antiferromagnetic ground states, while the correspond-
ing R-N compounds are ferromagnets.2 The spin ordering
vector is along the unusual^111& direction. The Ne´el and
Curie temperatures of these materials are extremely low~a
few K!. These properties are rather intriguing. While they are
perhaps not of great use for usual magnetic applications, the
exchange coupling of the valence bands to the 4f ’s offers the
possibility of modifying the electronic properties of theR-V
compounds by an external magnetic field. This might in turn
be used to magnetically tuneR-V/semiconductor interface
properties, e.g., in spin superlattices. Previous work on spin
superlattices has focused on dilute magnetic impurties in
semiconductors, such as Zn12xMn xSe/ZnSe.

3 R-V com-
pounds offer the prospect of achieving a much larger concen-

tration of local magnetic moments in such systems and hence
the observation of large enhancements of the Zeeman effects
on the valence and conduction bands.

Recently, the interest in these materials has sharply in-
creased by the demonstration that they can be grown epitaxi-
ally on semiconductors.4–7 This opens the way to the devel-
opment of electronic devices, such as metal base transistors.5

Important progress towards this goals was achieved by
Palmstro”m et al.,4 by demonstrating heteroepitaxial growth
of rare-earth monoarsenide ErxSc12xAs on GaAs and vice-
versa. Allenet al.8 explored the band structure of these thin
epitaxial films of ErxSc12xAs buried in GaAs by measure-
ments of the Hall resistance, transverse magnetoresistance,
and Shubnikov–De Haas~SdH! oscillations. This study
showed that ErxSc12xAs is a semimetal with an electron and
a hole concentration of (3.160.1)31020 cm23 and has large
exhange splittings induced by the 4f open shell. Further de-
tails of the Fermi surface were obtained by subsequent SdH
studies at higher magnetic fields by Bogaertset al.9–11

The first band-structure investigation from first-principles
of the rare-earth group-V compounds was carried out by Ha-
segawa and Yanase~HY! ~Ref. 12! and was concerned with
the Gd monopnictides~GdSb, GdAs, GdP, and GdN!. Later,
calculations were also reported on CeSb,13 DyBi, and DyP.14

Closely related are studies of theIIIb -V compounds, such as
LaSb, LaBi,15 and ScN.16,17In the absence of results on Er-V
compounds, the first interpretations of the experimental in-
vestigations of ErxSc12xAs ~Refs. 8–10! were largely based
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directly on HY’s work on the Gd-V compounds12 and subse-
quent tight-binding calculations by Xiaet al.,18 which were
parametrized by means HY’s results. This is obviously not
completely satisfactory. While one expects a qualitative simi-
larity between the band structures of Gd and Er compounds,
there must be quantitative differences, especially regarding
the exchange splittings. Also, HY’s calculations did not in-
clude spin-polarization effects and used theXa potential in-
stead of employing local spin-density~LSD! functional
theory. In a previous paper,19 we focused on the analysis of
these experiments, using LSD calculated band structures of
ErAs and ErxSc12xAs.

Recently, resonant tunneling devices with a thin ErAs
layer sandwiched between AlAs barriers embedded in GaAs
were fabricated and their behavior in the presence of a mag-
netic field were studied by Zhanget al.20 A theoretical study
of the latter based on our band-structure results will be pre-
sented elsewhere.21

In this paper, we present a band-structure study of some
otherR-V compounds: namely, those withR5Er, Gd and
V5As, P, N. A preliminary report on these results was pre-
sented in Ref. 22. In the present paper, we describe these
results in full. Our reasons for studying the Gd compounds,
in addition to those of Er, are that this provides a comparison
with the early work of HY,12 and, in addition, allows us to
evaluate the effects of different 4f shell filling. One expects
larger spin induced effects in Gd than in Er. Our decision to
consider a range of pnictides permits us to study the trends
with the group-V element. Of particular interest here is the
information obtained about theR nitrides. From previous
work,1,12,16 it is not even clear whether these materials are
semimetals or semiconductors. One reason for this is the
uncertainties on the band gaps in LSD calculations. The
comparison with experimental Fermi-surface data in our pre-
vious work on ErAs~Ref. 19! allows us to make estimates of
the quasiparticle corrections beyond the LSD theory. We,
thus, are also able to make more reliable estimates of the gap
corrections for the nitrides. In this connection, we note, as
was pointed out in Monnieret al.’s17 study of ScN, that an
indirect semiconductor with a sufficiently small gap may un-
dergo a phase transition to a metallic electron-hole liquid
ground state.

Finally, there were no previous attempts to calculate the
equilibrium properties, such as cohesive energies, equilib-
rium lattice constants, and bulk moduli for this family of
materials. The results presented here remedy this situation
for theR-V compounds considered.

Additional first-principles total energy calculations will be
required to establish the relative stability of different mag-
netic phases of these materials and are planned for the near
future. In the present paper, we limit ourselves to the para-
magnetic and ferromagnetic phases. The latter can also be
thought of as the saturated limit of the paramagnetic state in
a magnetic field.

The paper is organized as follows: Sec. II describes our
computational method with special emphasis on our treat-
ment of 4f states and localized versus itinerant magnetic
moments. In Sec. III, we present some test calculations for
ErAs and GdAs, justifying our treatment of the 4f electrons
as corelike states rather than bandlike states. We then de-
scribe our main results in Sec. IV. Section IV A describes our

total energy results. Section IV B presents the band struc-
tures without spin polarization and describes the nature of
the bonding. Section IV C describes the spin-polarized band
structures and exchange splittings at the Fermi level. Section
IV D presents results on the induced magnetic moments.
Section IV E describes the calculated Fermi surfaces. A com-
parison with experimental data for ErxSc12xAs is given.
While this part has already been presented in Ref. 19, it is
briefly summarized here in order to make the paper self-
contained. In addition, we briefly address some aspects of
these data involving spin-orbit coupling corrections, an issue
not addressed in our previous work. Section IV F gives cal-
culated effective masses. The discussion, Sec. V, provides
estimates for the quasiparticle corrections~Sec.V A!, which
leads to improved values for the gaps of the nitrides and
returns to the question of the interactions with the 4f elec-
trons in Sec. V B. Finally, Sec. VI summarizes our conclu-
sions and draws attention to some of the most interesting
predictions of the present work.

II. COMPUTATIONAL METHOD

Except for the special treatment of the 4f electrons dis-
cussed below, the general framework within which the cal-
culations are performed is the density functional theory23 in
the local ~spin-! density approximation@L~S!DA#.24 The
linear-muffin-tin-orbital ~LMTO! method25 is used in the
atomic sphere approximation~ASA!, including both the
combined correction term and the muffin-tin or Ewald
correction.26 As usual for non-closed-packed lattices, empty
spheres27 were introduced in the appropriate interstices: here
centered at (a/4)(1,1,1) and (a/4)(3,3,3). The atomic and
empty spheres were all chosen to be of equal size, thus mak-
ing the underlying sphere packing the same as in the bcc
structure for which the ASA is known to be accurate.

The calculations were performed scalar relativistically.
The Brillouin zone integrations were performed with the tet-
rahedron method28 on a regular mesh of 1000 points in the
Brillouin zone of the rocksalt lattice. These were found to be
sufficient to provide well-converged results.

Because of the strongly correlated nature of 4f electrons,
they cannot be adequately described within the standard
LSDA framework, which is essentially a one-electron theory.
A sounder conceptual starting point is provided by the peri-
odic Anderson Hamiltonian.29 Here, it describes a narrow 4f
band with strong Coulomb correlations, which can hybridize
with broadbands~e.g., Er 5d, As 4p! in which explicit Cou-
lomb correlations are neglected~or, more precisely in our
case, are treated at the LSDA level in an effective one-
electron approximation. A first approximation to this Hamil-
tonian consists of neglecting the hopping between 4f orbit-
als. It is then reduced to the Anderson ‘‘impurity’’
Hamiltonian. A further approximation neglects the coupling
between the narrow and the broadbands. In this approxima-
tion, the charge density of the 4f states becomes essentially
independent of the Bloch-related boundary conditions at the
Wigner-Seitz sphere, which can be replaced by ‘‘atomic’’
boundary conditions. Clearly, this works because of the very
localized nature of the 4f electrons, which is a result of the
high centrifugal ‘‘barrier’’ l ( l11)/r 2 for the 4f electrons.
Thus, in spite of the fact that their energetic position may
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overlap the broadbands of the system, these levels form a
very narrow resonance. In this treatment, the dominant on-
site Coulomb terms can be included easily. Total energy cal-
culations with different occupations of the 4f level ~treated
as an impurity by either a Green’s function or supercell tech-
nique! can be used to obtain the effective on-site Coulomb
interactionU.30 From such calculations — or, equivalently,
from Slater’s transition state approach31 — one may also
obtain the binding energy of the 4f level with respect to the
Fermi level. We have not actually carried out such calcula-
tions for the present materials, but can anticipate what the
result would be from studies on similar systems. The impor-
tant self-interaction correction for the ground state occupa-
tion 4f n will effectively lead to a 4f band position well
below the Fermi level, even though this 4f band is not com-
pletely filled.U is sufficiently large that the state 4f n11 with
an additional 4f electron lies above the Fermi level. Esti-
mates ofU for our systems can be obtained from a combi-
nation of photoemission and inverse photoemission spectra
for the pure rare-earth metals.32,33 The basic features of the
occupied and empty 4f level position, with respect to the
bands, are also excellently discussed by Herbstet al.45 Since
it is clear that in the present case the rare-earth element is
trivalent ~we will, in fact, prove it to be by varying the 4f
occupation!, the ground state corresponds to 4f 11 for Er and
4 f 7 for Gd. Within our corelike treatment of the 4f states,
this completely specifies the 4f charge density, even though
we did not really attempt to calculate the actual binding en-
ergies of the 4f levels. That this approach is accurate for the
rest of the band structure will be shown by its success in
describing total energy ground state properties as well as
detailed agreement with magnetotransport measurements.

We now turn to the magnetic effects. We know from the
atomiclike multiplet splittings,1 of the 4f states in Er13 and
Gd13 ions, that Hund’s first rule is satisfied.~Again, our
LSDA calculations for the atoms also find this rule to hold.!
We can thus choose fixed 4f spin-up and spin-down occupa-
tion numbers corresponding to the maximal total spin con-
figuration. The existence of the localized magnetic moments
resulting from the 4f spins in theR-V compounds has been
well established8 even up to fairly elevated temperatures
~e.g., well above the Ne´el temperature in ErAs!. The magne-
tism in these materials is thus a combination of localized
magnetic moments from the open 4f shell and induced itin-
erant magnetic moments in the valence bands. Above the
Néel or Curie temperatures, these moments remain well es-
tablished and almost constant~for all temperatures of intrest
here!, but point in random directions. In fact, a reasonably
strong magnetic field can align them, as described by the
classical Brillouin theory of paramagnets.8

In this context, we need to discuss briefly the meaning of
our calculations with or without spin polarization. The low
Néel temperature (TN54.560.25 K in ErAs! ~Ref. 8! indi-
cates that the energetic difference between the antiferromag-
netic and paramagnetic phases is small. This is consistent
with the existence of the moments aboveTN mentioned
above. Clearly, intra-atomic 4f spin polarization will make a
substantial contribution to the total energy both in the~anti-!
ferromagnetic and paramagnetic states. We hence include the
spin-polarization contribution of the 4f states to the total
energy in both phases. The fully spin-polarized 4f electrons

in the paramagnetic phase produce a strong spin-dependent
random potential for band electrons. The situation is quite
similar to that in a disordered alloy. The electronic structure
of such a ‘‘spin alloy’’ could, for example, be calculated by
means of the coherent potential approximation.34 From the
point of view of the alloy model, a non-spin-polarized LDA
calculation may be viewed as corresponding to the virtual
crystal approximation.

The spin-polarized calculations, on the other hand, may
be thought of as representing either a ferromagnetic phase or
the saturation limit of the paramagnetic phase in a magnetic
field. In the case of the arsenides and phosphides, the latter
interpretation is more relevant, because the actual magnetic
structure at low temperature is antiferromagnetic. The in-
duced magnetic moments in the valence bands will differ
from those in the ferromagnetic state considered here. In
fact, anticipating the results of Sec. IV A, we note that in the
ferromagnetic phase, the spins on theR-5d are parallel to the
4 f spin, while opposite spins are also induced on the As.
Since we know from experiment2 that the spins in the anti-
ferromagnetic phase order along^111&, a direction along
which R planes and As planes alternate, the net spin on the
As atom in that case can be expected to be zero by symme-
try, because it lies between an up-spinR and a down-spinR
plane, so that the opposite exchange couplings must cancel
each other.

It should be noted that the treatment of rare-earth 4f elec-
trons has been somewhat controversial. While the early
work12,35 tended to follow our present approach of treating
4 f ’s as core states, later work emphasized the need for in-
cluding the band character of 4f electrons.36–38 Effectively,
the present treatment of the 4f electrons as open shell
corelike states is equivalent to theconstrainedlocal spin-
density functional approach of Dederichset al.40 It is also
closely related to that used by Hasegawa and Yanase,12 who
used a frozen core treatment. Brookset al.35 used a similar
approach in their treatment of rare-earth-transitional-metal
compounds, although they used slightly different boundary
conditions for the 4f states at the Wigner-Seitz sphere. The
papers by Brookset al.35 and Ahujaet al.39 provide excellent
discussions of this controversy with ample references to the
previous literature.

In order to further justify our procedure, we have also
performed a few test calculations, in which the band charac-
ter of the 4f ’s is taken into account. As will be shown in Sec.
III, a straightforward LSDA band treatment for the 4f’s in
ErAs and GdAs leads to very different and definitely poorer
results than the approach described above and the one fol-
lowed for the remainder of the paper. This is obvious be-
cause the band treatment must lead to a narrow 4f band at
the Fermi level. In addition, we will show that it strongly
perturbs the rest of the band structure. Our corelike treat-
ment, on the other hand, is expected to be closer to the actual
situation in which a set of narrow occupied 4f levels, several
eV below the Fermi level and a narrow set of unoccupied 4f
states several eV above it only have a minor effect on bands
near the Fermi level. From the above calculations, we obtain
an estimate of the effective 4f band width resulting from the
4 f hopping and hybridization to the broadbands, i.e., the
terms we neglected in the Anderson Hamiltonian. Together
with estimates ofU, these terms can be used to gauge their
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effect on the Fermi surface. In fact, we will use these esti-
mates to argue that the effect is negligible and hence justifies
our procedure.

It is thus clear, as far as the quasiparticle excitation spec-
tra are concerned, that narrow bands like 4f cannot be
treated adequately in a LSDA single-particle band picture.
Treating them as semilocalized core states is a convenient
and reasonable way to remove them from the electronic
spectrum near the Fermi energy on which we are focusing in
the present work. Of course, for a study of the spectral fea-
tures directly involving the 4f states, such as, e.g., photo-
emission, additional calculations are required. For example,
their binding energies could be calculated by means of the
transition state procedure mentioned above. Alternative treat-
ments such as LDA1U have been proposed by others.41,13

Essentially, such a treatment corresponds to a Hartree-Fock
treatment of the average 4f electron configuration with a
screened effectiveU. A Hartree-Fock like treatment for 4f
electrons was also proposed by Bylander and Kleinman.42

The essential feature of these models is that the energy func-
tional is orbital dependent rather than only density depen-
dent. For the present purpose, which is mainly to describe
the band structure relevant for transport~i.e., the states near
the Fermi level!, we do not need this more elaborate treat-
ment of the 4f electrons.

As far as ground state properties are concerned, the
charge density associated with the 4f electrons appears to be
sufficiently well described without taking into account their
band dispersion. That description is also more convenient,
since it avoids problems with reaching self-consistency re-
lated to the occurence of very narrow 4f bands at the Fermi
level in a single-particle band picture.

Because of the high ionicity of the present compounds,
the rare-earth 6p like states were on average found to make
only a small contribution to the valence bands of interest. On
the other hand, our fairly small Wigner-Seitz radii for the
rare-earth ions~due to the use of empty spheres! meant that
the 5p semicore electronic states were not completely ad-
equately described with atomic boundary conditions. They
were hence included in the basis set as band states instead of
the 6p like bands. This was found to be important for the
total energy properties, especially under compressive stress.

III. TEST CALCULATIONS

In this section, we describe some test calculations of ErAs
and GdAs strictly within LSDA, i.e., treating the 4f states as
bands. By comparison to the results described in Secs. IV B,
IV C, which will be shown to be in good agreement with
experiment, we argue that a strict band treatment for the 4f
states is totally inadequate.

Figure 1 shows the results of a self-consistent calculation
for ErAs including the 4f states as bands and neglecting spin
polarization. As expected, a narrow 4f band is present at the
Fermi level. The width of this band is about 0.2 eV. Com-
parison with Fig. 2~c! shows that this band has a strong per-
turbing effect on the other bands. Specifically, the mainly As
4p derived band, which has a ‘‘valence-band maximum’’ at
G15 forms bonding and antibonding states with the 4f band,
which lie, respectively, 0.5 eV below and 1.7 eV above the
Fermi level. This leads to a very heavy mass for the bonding

state below the Fermi level. The Er 5d derived band, which
crosses the As 4p band alongD, remains completely above
the Fermi level instead of dipping below it atX. The pure
LDA band structure is thus incompatible with the observed
semimetallic nature of ErAs. Here, we ignore the narrow 4f
band, which, one might argue, would not contribute to the
normal electronic transport, because of its narrowness.

In ErAs, even if we include spin polarization, a partially
filled 4f band is expected at the Fermi level and hence simi-
lar strong perturbation of the remaining bands is obtained. In
GdAs, where the 4f shell is exactly half filled, one might

FIG. 1. Band structure of ErAs in which Er 4f states are treated
as bands without taking into account the strong Coulomb interac-
tions. The 4f ’s are seen to strongly perturb the band structure com-
pared to that in Fig. 4~c!.

FIG. 2. Spin-polarized band structure of GdAs~dashed lines are
the minority spin bands!, in which Gd 4f states are treated as bands
without taking into account the strong Coulomb interactions. The
4 f ’s are seen to strongly perturb the minority spin bands, while the
majority spin bands are in fair agreement with the band structure of
Fig. 4~c!.-
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expect that the LSDA treatment would be better. Figure 3
shows that this is the case for the majority spin bands, but
not for the minority spin bands. Indeed, the occupied 4f ↑

band lies at about 4.3 eV below the Fermi level and the
spin-up As 4p-derived and Er 5d-derived bands are similar
in character to their counterparts in Fig. 4~c! ~see Sec. IV B!.
However, the 4f ↓ lies less than 1 eV away from the Fermi
surface and shows strong perturbation effects on the remain-
ing spin-down bands similar to that for ErAs.

Clearly, a pure band treatment of the 4f levels is not
adequate. We will return to the question of the 4f band ef-
fects on the Fermi surface in the discussion in Sec. V B.

IV. RESULTS

A. Cohesive and elastic properties

As explained in Sec. II, we carried out both non-spin-
polarized LDA and spin-polarized LSDA band structure and
total energy calculations with fixed numbers of 4f spin-up
and spin-down electrons, assuming that 4f spins of different
rare-earth ions are aligned ferromagnetically in the fully
spin-polarized state. The calculations were performed for dif-
ferent values of the rocksalt lattice constanta and the Rose
et al.43 equation of state was then fitted to theE(a) curves in
order to determine the equilibriuma, bulk modulusB, and
its pressure derivativeB85dB/dp. Variation of the total
number of 4f electrons shows that the energetically stable
configurations of the rare-earth ions correspond to the charge
state R31, i.e., to n4 f57 in the Gd compounds and
n4 f511 in the Er compounds.

In Table I, we present the results of our total energy cal-
culations. As can be seen from this table, the calculated equi-
librium lattice constants are in rather good agreement with
experimental data. They are, as is usual for the LDA, slightly
lower than the experimental values. We are currently not
aware of any data on the bulk moduli or their pressure de-
rivatives. The values obtained appear reasonable in compari-
son with those of known semiconductor and transition-metal
pnictides.

As mentioned above, the valence electron~excluding 4f !
contribution to the total energyEtot

P,LDA obtained from the
non-spin-polarized LDA calculations can be considered as
that of the paramagnetic phase, while the total energy of
fully spin-polarized stateEtot

F,LSDA with n4 f↑2n4 f↓57 in the
Gd compounds andn4 f↑2n4 f↓53 in the Er compounds can
be associated either with the ferromagnetic phase or with the
paramagnetic phase in the presence of an external magnetic
field sufficiently strong to produce complete spin alignment.
~Note that the energy of interaction with the external filed is
not included explicitly.!

The results of LSDA calculations for free atoms show that
in accordance with Hund’s rule the ground state of both Gd
and Er atoms corresponds to the fully polarized atomic con-
figuration with maximal total spin, i.e., to the
4 f 75d16s2(S54) for Gd and 4f 115d16s2 (S52) for Er.
The corresponding cohesive energies are defined as the dif-
ference betweenEtot and the energy of freeR andX atoms in
their fully spin-polarized state. For the solid’s paramagnetic
phase, we add a correction for the intra-atomic 4f spin po-
larization energy, which is not included in our band-structure
calculation of the non-spin-polarized LDA total energy. The
energy of 4f spin polarization can be extracted from a sepa-
rate atomic calculation in which we consider the hypothetical
atomic configuration with fully polarized 4f shell and non-

FIG. 3. Non-spin-polarized electronic band structure of gado-
linium pnictides:~a! GdN, ~b! GdP, and~c! GdAs.
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polarized 5d shell, i.e.,n5d↑5n5d↓51/2 andS5Smax21/2.
The difference between the total energy of this configuration
and the total energy of the non-spin-polarized configuration
with the same total populations of particular shells andS50
gives the energy of intra-atomic spin polarization of 4f elec-
trons:

E4 f5Etot~Smax21/2!2Etot~0!. ~1!

The value ofE4 f obtained for Gd was 8.96 eV and for Er
was 1.74 eV. These values are then added as a correction to
our non-spin-polarized total energy calculaton for the solid
because, as mentioned in Sec. II, the 4f moments are as-
sumed to persist in the paramagnetic state, but are disordered
so that they do not induce a net spin polarization in the rest
of the bands.

The cohesive energies of the paramagnetic and ferromag-
netic phases ofR-V compounds are listed in the Table I. The
closeness of these energies for a given compound confirms
the fact that the spin polarization energy of the band elec-
trons represents a very small contribution to the cohesive
energy in comparison withE4 f and is consistent with the
small Néel temperature. The fact that these~small! energy
differences are significantly larger in the Gd compounds than
the Er compounds reflects the larger 4f moments in the
former. We note that within the precision of our numerical
procedure the theoretical values of the lattice constants are
the same in both the paramagnetic an ferromagnetic phases.
An adequate study of the phase transition between the para-
magnetic and~anti-! ferromagnetic phases would require a
more rigorous treatment of the paramagnetic phase~e.g., in-
cluding fluctuation effects! and would require the determina-
tion of the actual preferred magnetic ordering~antiferromag-
netic, ferromagentic, or other!.

B. Non-spin-polarized band structure and nature
of the bonding

The non-spin-polarized LDA band structures of Gd-V and
Er-V compounds forV5As, P and N are shown in Figs. 3
and 4, respectively. The most striking feature of these results
is the remarkable similarity of the bands of the correspond-
ing Gd and Er compounds. These differ only in minor de-
tails, which are almost undiscernable on the scale of the fig-
ures. Another important general feature is that the bands of
the phosphides and arsenides are very similar, while those

for the nitrides differ significantly. While the former are
clearly semimetals with a hole section of the Fermi surface
near G and an electron section nearX, the nitrides have
almost a zero gap overlap. The results for Gd-V compounds
are in good agreement with those of Hasegawa and Yanase.12

The lowest valence band is essentially pnictogen~i.e.,
group-V element! s like. It is not shown in the figures, be-
cause we want to provide better resolution for the more im-
portant higher lying bands. It lies in the range213 to211
eV for the nitrides,210.5 to28.5 eV for the phosphides
and211 to29.5 eV for the arsenides. The next set of three
are pnictogenp-like bonding withR 5d. The next five bands
are mainlyR 5d like, which are antibonding with pnictogen
p. At G, these split into a threefoldt2g state and a doubly
degenerateeg state. The fact that the lowestR 5d-derived
band, which alongG-X in the x direction is essentiallydyz
like, dips below the mainly pnictogen-p-like band~crossing
it nearX! is responsible for the semimetallic character of the
material. Finally, the next higher conduction-band state at
G is 6s like. As emphasized in Sec. II, here, we are not
attempting to calculate the 4f band positions. Since they are
decoupled from the valence bands by our treating them as
corelike states, they do not appear in the band structures of
Figs. 3 and 4.

Despite our decoupling of the 4f electrons, we noted in
Sec. IV A above that we obtain the correct 4f occupation,
that corresponding to a trivalent state of the rare-earth ion, by
minimizing the total energy with respect to 4f occupation.
Basically, this is explained by the fact that allows for the
most optimal filling of the three upper pnictogen-p-like va-
lence bands. Thus, although the systems are semimetallic,
the bonding is essentially ionic with theR valence charge
being transferred to the pnictogen. In contrast to the free
atoms situations in which the 6s state is occupied, the mainly
6s derived bands in the solid are high up in energy, because
of their antibonding interactions with the anions and conse-
quently do not significantly participate in the bonding. This
is consistent with the notion of a strongly ionic limit of the
Er13 or Gd13 ions. So, if it were not for theR-5d states,
which dip below the valence bands, these materials would be
wide-gap insulators.

C. Spin-polarized bands

The spin-polarized LSDA band structures of GdP and ErP
are shown in Figs. 5 and 6, respectively. The spin-polarized

TABLE I. Equilibrium lattice constants, cohesive energies, and bulk moduli.

Compound a ~Å!, theor. a ~Å!, exp.a Ecoh
P,LDA b Ecoh

F,LSDA c B ~GPa! B8

GdN 4.977 4.999 5.874 5.956 188.47 4.4
GdP 5.704 5.729 5.280 5.321 94.16 4.0
GdAs 5.843 5.854 4.951 4.989 86.04 4.1
ErN 4.789 4.839 4.447 4.452 220.25 4.3
ErP 5.557 5.595 3.552 3.553 102.95 3.8
ErAs 5.700 5.732 3.172 3.174 93.70 4.1

aReference 1.
bCohesive energy~eV/atom! for the paramagnetic phase~including the 4f spin-polarization energyE4 f , but
no spin polarization of the valence electrons!, with respect to neutral atoms in their fully spin-polarized
LSDA ground state. Zero point motion is not included.
cCohesive energy~eV/atom! of the ferromagnetic phase~fully spin polarized!.
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band structures of the remaining compounds GdAs, GdN,
ErAs, and ErN were previously published in Ref. 22 and for
ErAs also in Ref. 19. The corresponding densities of states
for ErAs and GdAs are presented in Figs. 7 and 8, as an

example. The principal feature of these results is that the
energy bands in Gd-V compounds display much larger ex-
change splittings than do the corresponding Er-V com-
pounds. Again, this is, of course, due to the larger 4f mag-
netic moment in Gd, which hasS57/2 rather than in Er,
which hasS53/2.

It is interesting to note, that GdN turns out to be semime-
tallic for spin-down electrons, but has a finite band gap for
spin-up electrons~by convention, we chose the direction of
the 4f spins as ‘‘down’’!. Further inspection of these results
shows that the induced magnetism in the compounds consid-
ered cannot be described with a simple rigid shift model, i.e.,
the splitting of the spin-up and spin-down bands strongly
depends on the particular band state. This leads not only to
splittings of several peaks in the densities of states, but also

FIG. 5. Spin-polarized electronic band structure of GdP. Dashed
lines correspond to the majority spin states~parallel to the 4f
spins!.

FIG. 4. Non-spin-polarized electronic band structure of erbium
pnictides:~a! ErN, ~b! ErP, and~c! ErAs.

FIG. 6. Spin-polarized electronic band structure of ErP. Dashed
lines correspond to the majority spin states~parallel to the 4f
spins!.
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to redistributions in their intensities. Since the upper valence
bands are formed mostly by thep states of the pnictogen and
the lower conduction bands are formed mostly by theR 5d,
the latter display much stronger exchange splitting.

For the same reason, there is a strong anisotropy of the
exchange splitting for conduction electrons near the Fermi
surface. The exhange splittingsDxc

e' along X-W and Dxc
ei

along G-X are presented in Table II. The reason for this
anisotropy is that the conduction band, which crosses the
Fermi level in theG-X direction, is formed mainly byR 5d
states, while a share of these states in the perpendicular di-
rection is much smaller. In this table, we also give the much
smaller exchange splitting for the holes.

Experimental information on the exchange splittings at
the Fermi level is available from Allenet al.’s8 SdH mea-
surements. These were carried out on quasi-two-dimensional
~100! layers of ErxSc12xAs, with the magnetic field parallel
to ~100!. They observed beatings in the SdH spectra, due to
the different~but nearly equal! areas of extremal orbits for
spin-up and spin-down electrons in the plane perpendicular
to the magnetic field, and extracted a value of theDxc

e' in the
range 55–91 meV by normalizing their values for two
samples of different Er concentrations to 100% Er. Our cal-
culated value ofDxc

e'580 meV, is in good agreement with
their range of values, and in fact, agrees extremely well with
the value that these authors quote for their sampleB, which
yielded 81610 meV after normalization to 100% Er.

A direct experimental value for the longitudinal electron
exchange splitting of theD28 energy band is not available. It
is implicitly involved in the exchange splitting of the SdH
frequencies of the ‘‘longitudinal’’ ellipsoids measured by
Bogaertset al.,9 discussed below in Sec. IV E. The experi-
mental value for this splitting in ErxSc12xAs is 136–170 T
~depending on whether we use our peak assignment or the
original one of Bogaertset al.9! Our calculation appears to
overestimate this splitting with a value of 208 T.

We note that the electron exchange splittings of the nitride
compounds are significantly larger than those for the ars-
enides and phosphides. This can be explained by the stronger
ionicity of the nitrides. The electron bands involved thus
have a stronger rare-earth component.

The exchange splitting of the hole bands at the Fermi
level is considerably weaker than that of the electrons, but is
not entirely negligible. It is only weakly anisotropic, being

FIG. 7. Local densities of minority spin~solid lines! and major-
ity spin ~dashed lines! states in GdAs.

FIG. 8. Local densities of minority spin~solid lines! and major-
ity spin ~dashed lines! states in ErAs.

TABLE II. Exchange splittings near the Fermi level in meV.

Compound Dxc
hh Dxc

lh Dxc
ei Dxc

e'

GdN 110 90 510 377
GdP 100 70 423 193
GdAs 140 110 439 213
ErN 30 30 182 162
ErP 40 30 147 70
ErAs 50 40 157 80
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slightly larger along theD then theL direction. The anisot-
ropy is of the order of 10 meV. Also, it is slightly smaller for
the light-hole than for the two heavy-hole bands~which are
degenerate along the above two symmetry lines.! In Table II,
we give an average iostropic value for the heavy and light
holes, the precision of which is about 10 meV. Our values for
the hole exchange splitting in ErAs~about 50 meV! is in
good agreement with those extracted from the resonant tun-
neling measurements of Brehmer et al.,20 as discussed in Ref.
21. For the other materials, no data are available.

D. Magnetic moments

The induced spin moments of the band electrons are listed
in Table III. In all materials the induced moments on the
rare-earth ions and the anions are opposite to each other and
nearly cancel. Note that there is also a contribution from the
empty spheres. In the nitrides, this cancellation is almost
exact when the empty sphere contribution is included. The
net ferromagnetism is thus almost completely due to the 4f
electrons. We note that the induced moments on the rare-
earth ions, which comes from theR 5d states, are aligned
parallel to the 4f spins in accordance with Hund’s rule.

We also calculated the separate contributions of the elec-
tron and hole pockets to the induced magnetic moments by
calculating their respective volumes ink space for each spin
polarization. Taking the differences between spin-up and
spin-down volumes gives us the net contribution to the in-
duced moment, while adding them up gives us the total car-
rier concentration. These results are given in columns 4, 5,
and 7 of Table III. The fact that these moment contributions
do not coincide with the rare-earth and pnictogen contribu-
tions, respectively, indicates that there is a significant hybrid-
ization of these states.

As mentioned in Sec. II the moments obtained here for
the As and P compounds correspond to the ferromagnetic
phase or the saturation limit of the paramagnetic phase in the
presence of a magnetic field. The induced magnetic moments
in the antiferromagnetic phase of these compounds will be
different. In particular, we expect that the rare-earth moment
would be similar in magnitude to the ones obtained here,
while the anion moments would be vanishing.

E. Fermi surface

The calculated effective carrier concentration given in
Table III is a factor three larger than the experimental value

for ErAs.8 The study of this discrepancy and the related is-
sues of the Fermi-surface volume was the primary subject of
our previous detailed study of ErxSc12xAs.

19 It was found
that this is primarily an LDA error, which is similar to the
gap problem in semiconductors. As in a semiconductor,
where the lowest unoccupied band must be shifted up with
respect to the valence band, in the present semimetals, the
lowest mostly unoccupied band, which here is theR 5d
band, should be shifted up by a self-energy correction. This
leads to a reduction of the effective electron concentration.
Since in these systems with only closed sections of the Fermi
surface, the hole and electron concentrations must equal, the
Fermi level must simultaneously shift with respect to the
valence bands. Since this is a more or less rigid shift, it does
not significanlty affect quantities like the exchange splitting

FIG. 9. Cross sections of the Fermi surface of ErAs for~a! holes
in theGXW plane,~b! electrons in theGXW plane,~c! electrons in
theWXU plane.

TABLE III. Decomposition of the total induced spin moment of band electronsm tot into moments on the
rare-earthmR and pnictogenmV ions, and into moments asociated with the free electronsme and holesmh in
units ofmB per unit cell; and the concentration of both spins of free electrons~holes! ne(5nh) per unit cell
~and, in parentheses in 1020 cm23).

Compound mR mV me mh m tot
a ;p ne5nh

GdN 0.101 20.119 0.002 20.002 ,1024 0.002~0.75!
GdP 0.102 20.089 0.013 0.004 0.017 0.037~8.0!
GdAs 0.106 20.083 0.017 0.005 0.022 0.040~8.0!
ErN 0.032 20.037 0.001 20.001 ,1024 0.001~0.4!
ErP 0.033 20.027 0.005 0.002 0.007 0.041~9.5!
ErAs 0.036 20.027 0.006 0.002 0.008 0.042~9.0!

am tot also includes a contribution from empty spheres.
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or effective mass parameters very much, but it does affect
strongly the overall size of the Fermi surface. Before we
further discuss the corrections beyond the LDA, we describe
our results for the Fermi surface obtained within LSDA.

The Fermi surfaces have the same topology in all the
materials considered. As already mentioned, each consists of
closed electron pockets atX and hole pockets atG. In Fig. 9,
we show the cross section of the hole Fermi surface in the
GXW plane and the two sections of the electron Fermi sur-
face in the same plane and in theXWU plane. The hole
Fermi surfaces consist of three sheets that correspond to the
light- and two heavy-hole bands. We note that our present
calculations do not include spin-orbit coupling. The effect of
spin-orbit coupling would be to split off the band, which here
is called the light hole band, and to further increase the split-
tings between the two heavy-hole bands. For example, their
degeneracy alongD andL would be lifted. In semiconduc-
tors, these top two bands, denoted here as hh1 and hh2 are
referred to as heavy- and light-hole bands. The electron
Fermi surface consists of three closed pockets~one at each of
the equivalentX points! and contains one sheet, which is
‘‘ellipselike’’ in the longitudinal GXW and ‘‘squarelike’’ in
the transverse cross section (XWU). The figure corresponds
to the non-spin-polarized calculation. Each of these bands
also is split by the exchange splitting in the spin-polarized
case. The ellipselike cross section of the Fermi surface is
actually rather elongated. One could call it a cigar-shaped
Fermi surface rather than an ellipsoidal surface. This is
closely related to the band crossing alongD. In the corrected
band structures~see below!, the Fermi surface becomes more
nearly ellipsoidal.

Direct experimental information on the areas of these
various cross sections is available for ErxSc12xAs from SdH
measurements.8–10 In our previous work,19 we gave a de-
tailed account of these measurements, which is briefly sum-
marized here in Fig. 10. First of all, our interpretation of the

various SdH signals is different from the original experimen-
tal one. We obtain the longitudinal electron cross sections
~spin split by a large exchange splitting! to be larger than
those for the holes. Because spin-orbit coupling was not in-
cluded, however, this result must still be considered to be
tentative. Second, as noted above for the Fermi-surface vol-
ume, all values are larger than experiment. In Ref. 19, we
investigated explicitly the effects of the Sc addition and of
corrections beyond LDA. The dilution by~nonmagnetic! Sc
was found to account well for the reduction of the exchange
splitting, but not for the overall size of the Fermi surface. A
simple upward shift of the Er-5d ~mixed with Sc 3d! band by
about 0.4 eV, however, reduces the Fermi surface volume
and its various cross sections by the desired amount to agree
well with experiment. The origin of this shift is discussed in
Sec. V A.

There remain some smaller discrepancies, which were not
discussed in Ref. 19. The light-hole~lh! cross section, which
was identified by us with a SdH freqeuncy peak at 153 T, is
in our calculation found at 281 T, even with the corrected
band structure. We note that this is likely to be the result of
our neglect of spin-orbit coupling. The latter would shift this
band downward and hence reduce its cross section. In fact, in
very thin samples where size quantization effects become
significant and may shift this level totally below the Fermi
level, this signal appears to be absent.11 Second, a peak in the
SdH Fourier transform spectrum was observed at about 600
T.10,11 This peak was not identified in the earlier work,9 be-
cause it was obscured by the second harmonic signals of the
main electron peaks. It was subsequently observed in both
magnetoresistance and Hall resistance. Among others, be-
cause of its stronger appearance in the Hall resistance, it was
identified as being related to holes. This is because the holes
and electron conductivities enter in different ways in the lon-
gitudinal magnetoresistance and the Hall resistance. The Hall
measurement is more sensitive to the holes. Our calculation
obtains the heavy-hole peaks at 885 and 925 T. One may
again anticipate that spin-orbit coupling will lower the mass
of the hh1 band and hence reduce its Fermi-surface cross
section. We, thus, think that the 600 T peak is related to the
band, which here is called hh1 and which conventionally is
called the lh band in semiconductors. Preliminary estimates
of the spin-orbit coupling using a Kohn-Luttinger Hamil-
tonian and a value of 0.3–0.4 eV for the spin-orbit splitting
at G ~i.e., similar to the value in GaAs!, indicate that the
effect is of the correct order of magnitude to shift the lh peak
down to the 600 T region. Likewise, we then expect the
heavy-hole peak to shift up. Any change in the total hole
Fermi surface volume must be accompanied by a corre-
sponding change in the electron Fermi-surface volume. This
means that the identification of the peaks in the 900–1250 T
region must still be considered somewhat uncertain. A defini-
tive conclusion on these questions awaits a calculation in
which spin-orbit coupling is explicitly included. However,
the main point that an LDA correction is required to explain
the overall size of the Fermi surface should remain valid.

While the large spin splitting of the electron parts of the
Fermi surface are in good agreement with experiment~even
without the Er 5d band shift correction!, the spin splittings
of the hole bands are too small to be seen in the SdH mea-
surments. Evidence of their presence, however, was recently

FIG. 10. Comparison of Shubnikov–de Haas frequencies be-
tween theory~with and without self-energy shift of Er 5d! and
experiment.
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obtained from resonant tunneling measurements.20 These re-
sults will be discussed elsewhere.21

A detailed study of the Fermi surfaces for the otherR-V
compounds has not yet been made, mainly because of the
absence of experimental data for comparison. In addition, the
lack of data inhibits us from making empirical adjustments
of the overall scale of the Fermi surface volume to compen-
sate for the LDA problem discussed above.

F. Effective masses

The cyclotron effective masses for the carriers are given
by44

m5
\2

2p

]SF
]EF

, ~2!

whereSF is the area of the extremal cross section of the
Fermi surface enclosed by the orbit in the plane normal to
the magnetic field. The relevant cross sections of the Fermi
surface have already been described in the previous section.
We define the corresponding masses asm(GXW) and
m(WXU), respectively. If we model the actual Fermi surface
by an ellipsoid of revolution,m' corresponds tom(WXU),
andmi follows from

m~GXW!5~mim'!1/2. ~3!

The value of the cyclotron masses for all the materials are
given in the Table IV. We note that the value ofm'50.17
for ErAs is in perfect agreement with the value reported by
Allen et al.,8 for ErxSc12xAs with x'0.5. Our previous
work19 shows that the Sc addition only changes this mass by
0.01 tom'50.16. This mass was also found to be insensi-
tive to the quasiparticle correction of the Er 5d band. The
longitudinal electron and hole masses were also found to be
in fair agreement with the experimental values for
ErxSc12xAs, although there are somewhat larger uncertain-
ties for them due to the different possible assignments of the
SdH frequencies and the neglect of spin-orbit coupling in our
calculations.

Generally speaking, the masses vary only slowly with the
energy. Since, as noted above, the quasiparticle corrections
lead to a nearly rigid shift of the bands, this implies that the
masses are not very sensitive to the corrections. The calcu-
lations have verified this.

V. DISCUSSION: CORRECTIONS TO THE LDA

As mentioned in Sec. IV E and discussed in detail in Ref.
19, an upward shift of the Er 5d band by about 0.4 eV was
found necessary to account for the size of the Fermi surface
as given by SdH measurements and carrier concentrations by
Hall effect measurements. Here, we discuss two possible ori-
gins of this shift. Both are quasiparticle self-energy effects,
which are corrections to the LDA. The first kind of self-
energy correction that we address is typical of wide bands
and is well known to provide the major correction for the
underestimate by the LDA of band gaps in semiconductors.
We will show that this correction has the correct order of
magnitude to account for the empirically determined shift.
The second effect that we consider is the interaction of the
4 f electrons on the states near the Fermi level, i.e., the hy-
bridization terms that we have left out of the Anderson
Hamiltonian in our corelike treatment of the 4f electrons.
We will show that this is expected to lead to negligible cor-
rections.

A. Wide band self-energy corrections

As is well known, the LDA Kohn-Sham eigenvalues do
not strictly speaking correspond to quasiparticle excitations.
The state of the art for calculating the latter is a so-called
GW calculation, which is the first term in Hedin’s perturba-
tion series expansion46 of the self-energy correction terms of
the screened Coulomb interactionW and the one-electron
Green’s functionG. While such calculations have been per-
formed for several semiconductors,47,48it is quite difficult for
materials withd bands. Only one calculation for such a ma-
terial has been done to our knowledge.49 A simplified imple-
mentation of theGW method was suggested by Bechstedt
and del Sole~BDS!.50 It is based on a very simplified tight-
binding two band model and provides reasonable agreement
with experimental band gaps for many of theANB82N com-
pounds, including some ionic compounds that form in the
rocksalt structure, as well as most of the conventional semi-
conductors, which have the zinc-blende structure.50 The
semimetallic nature of theR-V compounds presents an addi-
tional complication for applying theGW method, because
one should, in principle, take into account off-diagonal ma-
trix elements of the self-energy operator between valence-
and conduction-band states. Neglecting this, the approach of
BDS should still provide a meaningful estimate of the ex-
pected upward shift of the mainly emptyR 5d-derived con-
duction band forming the electron pocket atX, with respect
to the mainly anion-p derived hole pocket atG. The BDS
approach is based on evaluating the matrix elements of the
difference between the effective Coulomb interaction
screened by a model dielectric function for the semiconduc-
tor and the Lindhard dielectric function for the free electron
gas. The former involves the macroscopic dielectric constant
and can be applied to a semimetal if we define an effective
dielectric constant ē by means of the Penn-Phillips
formula51,52 as

ē511~\vp /Ep!
2, ~4!

wherevp is the plasma frequency of the valence electrons
andEp is the effective ‘‘dielectric’’ or ‘‘Penn’’ gap. The Penn

TABLE IV. Cyclotron effective masses of light holesml , heavy
holesmh1 ,mh2 , and electronsme,i ,me,' , which are defined in the
text ~in units of the free electron massm0).

Compound ml mh1 mh2 me,i me,'

GdN 0.20 0.62 0.91 1.32 0.08
GdP 0.12 0.47 0.57 1.57 0.16
GdAs 0.13 0.44 0.47 1.33 0.19
ErN 0.18 0.61 0.87 1.42 0.09
ErP 0.14 0.47 0.54 1.71 0.17
ErAs 0.12 0.46 0.57 1.76 0.17
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gap may be estimated as the gap between valence and
conduction bands at the Baldereschi point53,54

kB5(0.622,0.295,0)2p/a. The quantityē is certainly mean-
ingful for narrow-gap semiconductors such as Ge and such
as the ErN considered here, which have a semimetallic band
structure in LDA, but become a semiconductor when the gap
correction is applied. It still retains an approximate validity
even for true semimetals,52 because their optical response is
still dominated by a peak at the Penn gap. We can, thus, use
it for an estimate of the gap correctionDEg , which in the
BDS approach50 is given by

Dg5
qTF
ē

~117.62qTFr eff!
21. ~5!

Here,qTF , is the Thomas-Fermi wave vector and

r eff5F ~12ap!
r A
2

1~11ap!
r B
2 G ~6!

is an effective radius, given in terms of the polarity of the
bondsap ~which is obtained from atomic energy levels as in
Harrison’s universal tight-binding approach55! and effective
radii of cation and anion Slater orbitals given as
r A/B5(a/4p)(1.770.05uZA2ZBu).

The quantitiesEp , ē, andDEg are summarized in Table
V. One can see that for all compounds consideredDEg; 0.3
eV, which is rather small compared to that found in most
semiconductors. The main reason for this is the large value
of ē.

One can define the ‘‘band gap,’’Eg , of R-V compounds
as the difference between the top of the ‘‘valence band’’
G15 and the bottom of the ‘‘conduction band’’X3 in the para-
magnetic phase and as the difference between the spin-down
energyX3↓ and the spin-up energyG15↑ in the ferromagnetic
phase. In the nitrides,X3 is theX state closest toEF , while
in the phosphides and arsenides, it lies below the doubly
degenerateX5 state due to the crossing of theD5 and D28
bands.

Our calculated values for the gaps with and without spin
polarization and with and without the corrections are listed in
Table V. We first note that the arsenides and phosphides
remain semimetals even with the correction, in agreement
with experiment. The self-energy shift of the conduction
band must be accompanied by a corresponding shift in the
valence band both measured from the Fermi level in order to
maintain an equal electron and hole concentration, as is re-
quired by the present Fermi-surface topology. These shifts
significantly decrease the concentration of electrons and
holes. From the magnitude of the shift, we estimate that the

concentrations may generally decrease by a factor two to
three. For ErxSc12xAs and ErAs, where a comparison to
experiment is possible, we found19 that a shift of 0.4 eV
accounts for the observed carrier concentrations of
ne,h'331020 cm23. The estimated uncertainty in the BDS
approach is of order 0.2 eV. The Er 5d band shift~0.22 eV!
calculated from the BDS approach is thus of the right order
of magnitude. TheGW self-energy correction is thus at least
a plausible cause for the required shift.

Next, we note that the corrections are rather similar in the
whole series of compounds under study. We, thus, may ex-
pect similar shifts of order 0.2–0.4 eV, for the band gaps of
the other compounds. While for phosphides and arsenides
the estimated self-energy corrections give rise only to quan-
titative changes~mostly a reduction of the carrier concentra-
tion!, for the nitrides they may lead to qualitative changes of
the electronic structure. Indeed, the corrections predict ErN
to be a semiconductor both in the paramagnetic and the fer-
romagnetic phase~see Table V!. GdN reveals even more in-
teresting features — it would be a semiconductor in the para-
magnetic phase and a semimetal in the ferromagnetic phase.
These calculations thus predict a metal-insulator phase tran-
sition in GdN as a function of external magnetic field or
temperature. Furthermore, the nature of this transition is
rather unusual: whereas many systems open a gap when the
spins are polarized, the opposite effect is predicted here. As
mentioned in the introduction, we should also keep in mind
that very near the zero gap crossing, an electron-hole liquid
may spontaneously form.17 The fact that in GdN one might
tune through this transition by simply changing the magnetic
field is quite appealing. In addition, the resulting electron-
hole liquid would have the unique property of involving
electrons of only one spin and holes of the opposite spin.

Because of the rather large uncertainties on our estimates
of the self-energy corrections, these conclusions are still
somewhat tentative. A more detailed theory should take into
account quasiparticle corrections to the self-energy and ef-
fects of spin disorder on an equal footing. Nevertheless, it
appears worthwile to try to confirm these predictions by ex-
periment because of the possibly interesting phenomena as-
sociated with such an unusual metal-insulator transition.

B. Hybridization with 4 f bands

A second possible cause for the upward shift in the Er 5d
band near the Fermi level that we need to consider is the
interaction of the 5d band with the 4f states that we have
neglected by the artifice of handling the latter as a core state.
As discussed in Sec. II, the 4f bands are expected to give

TABLE V. Penn gaps~eV!, effective dielectric constants, self-energy corrections~eV!, LSDA and LDA
‘‘band gaps’’~eV!, and estimated ‘‘band gaps’’~eV!, with self-energy corrections included.

Compound Ep ē DEg Eg
F,LSDA Eg

P,LDA Eg
F,est Eg

P,est

GdN 3.72 26.5 0.28 20.49 20.18 20.21 0.10
GdP 3.22 23.9 0.27 21.50 21.04 21.23 20.77
GdAs 3.18 22.8 0.28 21.66 21.19 21.37 20.91
ErN 4.22 22.9 0.33 20.26 20.15 0.07 0.18
ErP 3.39 22.9 0.29 21.61 21.53 21.32 21.24
ErAs 3.35 22.1 0.22 21.65 21.63 21.36 21.41

53 4335ELECTRONIC STRUCTURE OF RARE-EARTH PNICTIDES



rise to narrow bands both below and above the Fermi level.
To assess its importance, we first study a simple analytically
solvable tight-binding model, which provides us with ex-
plicit relations between the desired 5d band shift and its
model parameters such as bandwidths, effective Coulomb
interaction, and thed-f energy level difference. We can then
by analogy apply these simple relations appropriately
adapted to the present system. We emphasize that the simple
model from which the relations are derived is not meant to
provide a realistic description of the rare-earth compounds.

For simplicity, we first consider a simple cubic model in
which d orbitals andf orbitals are replaced by nondegener-
ate s-like orbitals, so that we have only two orbitals perR
site. The Anderson-impurity Hamiltonian for this system is

Ĥ5(
is

eddis
† dis1(

is
e f f is

† f is

1Vdf(̂
i j &

(
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~dis
† f js1 f js

† dis!

1Vdd(̂
i j &

(
s

~dis
† djs1djs

† dis! ~7!

1
U

2(
is

~ n̂fisn̂fi2s2nfn̂fis!,

with s being the spin index. Here, only on-site Coulomb
terms are included and then only for the localizedf elec-
trons, since thed orbitals are meant to represent any broad-
band for which an effective one-electron model is appropri-
ate. Also, onlyd-d andd-f hopping terms are included. The
average number off electrons per sitenf appears in the last
term and is a constant. This term avoids double counting of
interactions already included in the one-electron terms. We
will focus on the half-filledf -band casenf51. The above
simple model is almost directly applicable to GdAs, which
has indeed a half-filledf shell — apart from the obvious
complications of dealing with the degeneracies off and d
states.

In this model, when we takeU50 and we assume that the
f level andd band are in separate energy regions so that we
can apply downfolding~or second order perturbation theory!
for the interaction of thef - and d orbitals, we obtain ad
band width

Wd52NVdd1Vdf
2 N2/~ed2e f !, ~8!

with N56 the number of nearest neighbors. Clearly, the first
term comes from the directd-d hopping, while the second
comes from the indirect interactions via thef orbital. Simi-
larly, the f level also broadens into a band given by

Ef5e f1
@2Vdf(acos~kaa!#2

ed12Vdd(acos~kaa!2e f
, ~9!

with width

Wf5~NVdf!
2/~ed6NVdd2e f !, ~10!

and where the1(2) prevails ifVdd.0 (,0).
When theU term is added in the mean field approxima-

tion ~spcified by n̂fisn̂fi2s5n̂fis^nfi2s&1n̂fi2s^nfis&), the
majority spin f↓ level is shifted down byU/2, while the
minority spin f↑ level is pushed up by U/2:
e f↑(↓)5e f6U/2. If we neglectVdd in the denominator in Eq.
~10!, which is legitimate if thed band andf band are well
separated, we see thatWf}Vdf

2 /(ed2e f), while the interac-
tion effects on thed band, due to the interaction with the
f -levels split byU, is given byVdf

2 /(e f6U/22ed). Thus, if
U is comparable in magnitude withued2e f u, we can estimate
the f -level hybridization effects to be about half the width of
the f band. IfU@ued2e f u, then the hybridization effect is of
the order 2Vdf

2 /U.
From the test calculations of Sec. III, we can place an

upper limit of 0.2 eV onWf , since the bandwidth of the
actual 4f band includes both hopping between 4f states and
hybridization with the other bands. The effectiveU can be
estimated from a combination of photoemission and inverse
photoemission data on pure rare-earth metals.32 For Gd, the
occupied 4f states form a narrow multiplet at 8 eV below the
Fermi level, while the unoccupied states lie 4 eV above the
Fermi level ~also in a narrow multiplet!. In Er, there are
several occupied multiplet states spread over a considerable
range of energy, the highest of which lies about 4 eV below
the Fermi level, while the lowest unoccupied multiplet lies
about 2 eV above the Fermi level. Theued2e f u value can be
estimated, from the center-of-the-band potential parameters
Cl in our LMTO calculations of Sec. III to be about 6–10 eV
and is thus comparable toU. We can thus expect interactions
of order 0.1 eV. However, in the case of Er, where part of the
minority spin 4f bands are filled and part are empty, there
will be a significant cancellation between upward shifts by
interactions with the occupied lower 4f states and a down-
ward shift from interactions with the empty higher lying 4f
states. We thus expect that the net effect on the bands near
the Fermi level will be smaller than 0.1 eV. One might per-
haps also expect a small reduction of the spin splitting, be-
cause the majority spin electrons only will suffer upward
shifts from the 4f interactions, while the minority spin elec-
tron band is expected to suffer the largest interaction from
the closest lying 4f band, which is above it.

We can also estimate directly the magnitude of theVdf

hopping integrals using the LMTO expressionAD fSd fADd,
where Dd, f are potential parameters andSdf are structure
constants. For example,Sdfs510A35(w/d)6 in the un-
screened representation, our calculated potential parameters
D5d'1 eV,D4 f'0.04 eV, which givesVdfs'0.02 eV. Tak-
ing into account a degeneracy factor forf orbitals of 7, the
net shift of a singled band by its interaction with thef ’s is
expected to be of order 7(NVdf)

2/(e f2ed6U/2), which
again is expected to be slightly below 0.1 eV. This is consis-
tent with the above estimates, which were based on the test
calculations of Sec. III, which in some sense contain the
hybridization and structural aspects more realistically.

As a further confirmation, we performed calculations for
GdAs starting from the Gd 4f band treatment of Sec. III, in
which we artificially shifted the minority Gd 4f potential
parameters up by an arbitraryU↑ shift and the majority Gd
4 f potential parameters down byU↓, while keeping all re-
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maining potential parameters frozen. When the 4f ’s were
shifted byU ’s obtained from experiment as discussed above,
we found that their effect on the Gd 5d band nearX became
negligible. However, there still was a substantial effect on
the As 4p-like hole bands nearG. In ErAs, a similar treat-
ment faces the problem that the spin-down 4f band is still
partially occupied. The crystal field splitting of thef states
leads to a three-fold state followed by a singlet and another
three-fold state. One should, thus, occupy the lower triplet
and the singlet and empty the higher triplet, which would
thus be placed above the Fermi level by theU interaction.
We have not yet pursued this possibility. By placing the com-
plete set of spin-down states either above or below the Fermi
level with arbitraryU shifts, we found that opposite shifts of
order 0.1 eV were introduced on the Er 5d bands near the
Fermi level, consistent with the above estimates.

Since theseU shifts are rather arbitrary, we do not show
these results explicitly here. They only serve to confirm our
order of magnitude estimates of the 4f effects. A second
problem with these frozen potential parameter calculations is
that the remaining potential parameters are affected by their
interaction with the 4f ’s through the latter’s effect on the
self-consistent potential. In fact, the latter was calculated
with unshifted LSDA treated 4f ’s. We found that this gave
generally worse agreement with experiment for the Fermi-
surface parameters. This indicates that if we wish to treat
4 f ’s as bands in an ‘‘LDA1U ’’ treatment, a self-consistent
treatment of the potentials in the presence of theU-shifted
4 f ’s will be essential.

Finally, we found that in these frozen potential parameter
calculations for ErAs with shifted 4f bands, the overestima-
tion of the Fermi-surface volume by a factor 2–3 persisted.
We, thus, conclude that although a more elaborate treatment
of 4 f states~e.g., based on ‘‘LDA1U ’’ ! would be of inter-
est, 4f interaction effects cannot be the main origin of the
large overestimate of the Fermi-surface volume by the LDA.

VI. CONCLUSIONS

We have presented results of first-principles local spin-
density functional calculations of the electronic band struc-
tures, equilibrium lattice constants, cohesive energies, bulk
moduli, and magnetic moments for the rare-earth pnictides
with rocksalt structure and chemical formulaR-V, where
R5Gd, Er andV5N, P, As. These results were obtained
using the linear-muffin-tin-orbital method in the atomic
sphere approximation and treating the localized 4f electrons
as atomic boundary insensitive corelike electrons.

We conclude this treatment of the 4f electrons is quite
satisfactory for most purposes not directly involving the 4f
states. This treatment was found to provide lattice constants
in good agreement with experiment showing that the 4f ’s are
not significantly involved in the bonding in these materials
and that their charge density is well represented. It accounts
well for the major features of the electronic structure and
magnetic properties of this family of materials. In particular,
it leads to a semimetallic band structure~bordering on a tran-
sition to semiconductors for the nitrides!, while a straightfor-
ward band treatment of the 4f states does not. Furthermore,
the maximum electron spin alignment of the localized 4f

electrons provides a natural explanation for the existence of
well established local moments, which in turn induces ex-
change splittings in the valence bands in the presence of an
external magnetic field or in the low temperature~anti-! fer-
romagnetic phases. This induced itinerant magnetism al-
though small leads to observable effects in magnetotransport.
The persistence of such moments also explains the small
energy difference between the nonmagnetic and magnetic
phases~because the latter is almost entirely due to the small
induced moments!, which is consistent with the small Ne´el
temperatures observed in ErAs and ErP. Furthermore, we
showed that interaction effects between the actual 4f multip-
lets and the bands in the neighborhood of the Fermi level are
expected to be small. Although we have in the present work
not attempted to directly determine the actual positions of the
4 f -derived bands with respect to the bands, we anticipate
that this can be achieved by means of Slater’s transition state
rule and expect them to be similar to those in the correspond-
ing pure rare-earth metals.

Our calculations provide several predictions of presently
unknown properties of these materials. These include the
bulk moduli and induced magnetic moments, as well as
band-structure dispersions, band gaps, effective masses, and
exchange splittings. For ErAs, the only material in this fam-
ily that has been studied experimentally to some extent, we
obtain good agreement for most of the band-structure related
properties, as determined from magnetotransport measure-
ments. This is the case for the overall topology of the Fermi
surface, the exchange splittings and the effective masses. We
reviewed our previous detailed study19 of the magnetotrans-
port properties in ErxSc12xAs and augmented it in view of
recent additional measurements. We concluded that inclusion
of the spin-orbit coupling is likely to explain the remaining
discrepancies. The only exception to the good agreement is
the overall size of the Fermi surface, as determined by
Shubnikov–de Haas oscillations and the carrier concentra-
tion obtained from Hall effect measurements. In fact, we
found that our LDA calculations give an overestimate of the
Fermi-surface volume by about a factor of three. This dis-
crepancy, however, could be eliminated by a simple rigid
band shift of the Er 5d band by only 0.4 eV. A shift of this
magnitude can be expected to arise from quasiparticle self-
energy corrections of the same type that affect band gaps in
semiconductors. This was shown by explicitly estimating
such corrections within a simple model. While, unfortu-
nately, this model is too crude to allow an accurate determi-
nation, it does yield roughly the correct shift for for ErAs.
Furthermore, since the gap corrections were predicted by the
simple model to be rather constant throughout the series of
materials investigated, we can with some confidence expect
corrections for the other materials of roughly the same mag-
nitude as for ErAs. This allows us, for example, to predict
that ErN and Gd are narrow gap semiconductors in their
paramagnetic phases.

However, our calculations predict that the induced ex-
change splittings in GdN are sufficiently large that the gap
would disappear in the ferromagnetic phase, because the mi-
nority spin bands would still overlap in a semimetallic fash-
ion. This is due first of all to the smallness of the gaps in the
nonmagnetic case and second to the large magnetic effects
induced by the half-filled Gd 4f band, which are further
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enhanced~relative to the other Gd pnicitides! by the more
ionic nature of the nitrides. Another interesting prediction of
our calculations for GdN is that the semimetallic overlap of
the Gd 5d bands nearX and As 4p-derived bands nearG
only occurs for the minority spin bands. This is true even in
our LSDA calculation and remains the case after the gap
correction is applied as long as the gap correction remains
smaller than the negative LSDA gap of the minority spin
band. This situation is of interest as it would lead to carriers
of only one spin direction. This may be of interest for ex-
periments in which one would like to inject carriers of a
given spin polarization into a semiconductor or two-
dimensional~2D! electron gas~provided that a 2D electron
gas could be formed at an interface with GdN!. Further in-
terest in this system arises from the fact that this semimetal-
semiconductor transition may be accompanied by the forma-
tion of an electron-hole liquid near the zero gap crossing. An
electron-hole liquid, which, furthermore, may have unique
properties, due the spin polarization of its components and,
the density of which might be changed by the application of
an external magnetic field. Although these conclusions about
GdN are still somewhat tentative, because of the limited ac-
curacy of our estimate of the band-gap self-energy correc-
tion, we think this phenomenon of a magnetic field induced

semiconductor to metal transition is sufficiently different that
we find it worthwile drawing attention to it. Hopefully an
experimental verification will be undertaken. Finally, we
note that even if in pure GdN the gap correction turns out to
be large enough to eliminate the effect, one could expect that
the desired situation would hold in a suitable GdPxN12x
alloy, because one expects alloying would allow one to tune
the gap to the desired value in relation to the spin splitting.

We conclude that the electronic and magnetic properties
of the rare-earth pnictides are quite interesting, because of
their unusual combination of a semimetallic or semiconduct-
ing character with the magnetism induced by the strong cou-
pling to the 4f localized moments. In particular, this implies
that the Fermi surface may be affected efficiently by a mod-
erate external magnetic field.
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