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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 formuaV, whereR= Gd, Er, and the group-elements N, P, and As. The
linear-muffin-tin-orbital method was used in the atomic sphere approximation. Tis¢ates were treated as
localized corelike states with fixed spin occupancies. Justifications for this procedure are presented. The
systems were studied with thd 4pins on all rare-earth ions aligné@rromagentic phasend with the spins
randomly orientedparamagentic phasenithin the local spin-density approximation, all systems studied were
found to be semimetallic with a hole section of the Fermi surface heand electron section neaf. 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,BSc,;_,As when account is taken of the differences due to the presence of Sc
and of the self-energy corrections to the local-density approximation.

[. INTRODUCTION tration of local magnetic moments in such systems and hence
the observation of large enhancements of the Zeeman effects
The rare-earth pnictidgse., groupV compounds which  on the valence and conduction bands.

we shall denot&-V, form an interesting family of materials, Recently, the interest in these materials has sharply in-
because of the great variety of their magnetic and electricatreased by the demonstration that they can be grown epitaxi-
properties. despite their common simple crystal structure,ally on semiconductor.’ This opens the way to the devel-
the rocksalt structure. An interesting aspect of these comepment of electronic devices, such as metal base transistors.
pounds is the occurence of localized strongly correlatéd 4 Important progress towards this goals was achieved by
electrons, the treatment of which presents a challenge tBalmstvon et al,* by demonstrating heteroepitaxial growth
band-structure theory. The strong exchange coupling besf rare-earth monoarsenide BSc; _,As on GaAs and vice-
tween the localized rare-earttf 4pins and the valence and versa. Allenet al® explored the band structure of these thin
conduction electrons in these materidishich are either epitaxial films of ExSc,_,As buried in GaAs by measure-
semimetals or semiconductpiso leads to interesting mag- ments of the Hall resistance, transverse magnetoresistance,
netic properties. For example, tReAs andR-P compounds and Shubnikov—-De Haa$SdH) oscillations. This study
have antiferromagnetic ground states, while the corresponghowed that EfSc, _,As is a semimetal with an electron and
ing R-N compounds are ferromagnétdhe spin ordering a hole concentration of (3:10.1)x 10?°cm ™2 and has large
vector is along the unusugll1l) direction. The Nel and exhange splittings induced by thé 4pen shell. Further de-
Curie temperatures of these materials are extremely(bbw tails of the Fermi surface were obtained by subsequent SdH
few K). These properties are rather intriguing. While they arestudies at higher magnetic fields by Bogaetsl*~**
perhaps not of great use for usual magnetic applications, the The first band-structure investigation from first-principles
exchange coupling of the valence bands to this éffers the  of the rare-earth group-compounds was carried out by Ha-
possibility of modifying the electronic properties of tReV ~ segawa and YanagelY) (Ref. 12 and was concerned with
compounds by an external magnetic field. This might in turnthe Gd monopnictide§GdSb, GdAs, GdP, and GdNLater,
be used to magnetically tunig-V/semiconductor interface calculations were also reported on Cceé8pyBi, and DyP**
properties, e.g., in spin superlattices. Previous work on spilosely related are studies of thiéb -V compounds, such as
superlattices has focused on dilute magnetic impurties i.aSb, LaBi'® and ScN'®!’In the absence of results on Er-V
semiconductors, such as ZnMn,Se/ZnS€ R-V com- compounds, the first interpretations of the experimental in-
pounds offer the prospect of achieving a much larger concensestigations of EfSc; _,As (Refs. 8—10were largely based
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directly on HY’s work on the Gd¥ compound¥’ and subse- total energy results. Section IV B presents the band struc-
quent tight-binding calculations by Xiet al,'® which were  tures without spin polarization and describes the nature of
parametrized by means HY’s results. This is obviously nothe bonding. Section IV C describes the spin-polarized band
completely satisfactory. While one expects a qualitative simistructures and exchange splittings at the Fermi level. Section
larity between the band structures of Gd and Er compounddY D presents results on the induced magnetic moments.
there must be quantitative differences, especially regardin§€ction IV E describes the calculated Fermi surfaces. A com-
the exchange splittings. Also, HY’s calculations did not in-Parison with experimental data for g3c, ,As is given.

clude spin-polarization effects and used ¥ potential in-  While this part has already been presented in Ref. 19, it is
stead of employing local spin-densit.SD) functional briefly summarized here in order to make the paper self-

theory. In a previous pap&},we focused on the analysis of contained. In addition, we briefly address some aspects of

these experiments, using LSD calculated band structures §f€S€ data involving spin-orbit coupling corrections, an issue
ErAs and ExSc, As not addressed in our previous work. Section IV F gives cal-
_As.

culated effective masses. The discussion, Sec. V, provides
stimates for the quasiparticle correctiq®ec.V A, which
eads to improved values for the gaps of the nitrides and

Recently, resonant tunneling devices with a thin ErAs
layer sandwiched between AlAs barriers embedded in GaA
were fabricated and their behavior in the presence of a ma X . ) )

eturns to the question of the interactions with thieelec-

netic field were studied by Zhareg al?° A theoretical study = Sec. VB. Firallv. Sec. VI ; |
of the latter based on our band-structure results will be pret_rons In Sec. - Finally, Sec. VI summarizes our conciu-

sented elsewherd. sion; a_md draws attention to some of the most interesting
In this paper, we present a band-structure study of somBredictions of the present work.
other R-V compounds: namely, those wiR=Er, Gd and
V=As, P N. A preliminary report on these results was pre- Il. COMPUTATIONAL METHOD
sented in Ref. 22. In the present paper, we describe these
results in full. Our reasons for studying the Gd compounds, Except for the special treatment of thé 4lectrons dis-
in addition to those of Er, are that this provides a comparisorcussed below, the general framework within which the cal-
with the early work of HY:? and, in addition, allows us to culations are performed is the density functional th&biy
evaluate the effects of differentf &hell filling. One expects the local (spin) density approximation{L(S)DA].?* The
larger spin induced effects in Gd than in Er. Our decision tdinear-muffin-tin-orbital (LMTO) method® is used in the
consider a range of pnictides permits us to study the trendgtomic sphere approximatiofASA), including both the
with the groupV element. Of particular interest here is the combined correction term and the muffin-tin or Ewald
information obtained about thR nitrides. From previous correction?® As usual for non-closed-packed lattices, empty
work, 2218t is not even clear whether these materials aresphere$’ were introduced in the appropriate interstices: here
semimetals or semiconductors. One reason for this is theentered at /4)(1,1,1) and &/4)(3,3,3). The atomic and
uncertainties on the band gaps in LSD calculations. Thempty spheres were all chosen to be of equal size, thus mak-
comparison with experimental Fermi-surface data in our preing the underlying sphere packing the same as in the bcc
vious work on ErAgRef. 19 allows us to make estimates of structure for which the ASA is known to be accurate.
the quasiparticle corrections beyond the LSD theory. We, The calculations were performed scalar relativistically.
thus, are also able to make more reliable estimates of the gdihe Brillouin zone integrations were performed with the tet-
corrections for the nitrides. In this connection, we note, asahedron methdd on a regular mesh of 1000 points in the
was pointed out in Monnieet al’s!’ study of ScN, that an Brillouin zone of the rocksalt lattice. These were found to be
indirect semiconductor with a sufficiently small gap may un-sufficient to provide well-converged results.
dergo a phase transition to a metallic electron-hole liquid Because of the strongly correlated nature bfefectrons,
ground state. they cannot be adequately described within the standard
Finally, there were no previous attempts to calculate the-SDA framework, which is essentially a one-electron theory.
equilibrium properties, such as cohesive energies, equilibA sounder conceptual starting point is provided by the peri-
rium lattice constants, and bulk moduli for this family of odic Anderson Hamiltoniaf® Here, it describes a narrowf 4
materials. The results presented here remedy this situatidmand with strong Coulomb correlations, which can hybridize
for the R-V compounds considered. with broadbandse.qg., Er 5, As 4p) in which explicit Cou-
Additional first-principles total energy calculations will be lomb correlations are neglectédr, more precisely in our
required to establish the relative stability of different mag-case, are treated at the LSDA level in an effective one-
netic phases of these materials and are planned for the neglectron approximation. A first approximation to this Hamil-
future. In the present paper, we limit ourselves to the paratonian consists of neglecting the hopping betweéro#bit-
magnetic and ferromagnetic phases. The latter can also ks. It is then reduced to the Anderson “impurity”
thought of as the saturated limit of the paramagnetic state iklamiltonian. A further approximation neglects the coupling
a magnetic field. between the narrow and the broadbands. In this approxima-
The paper is organized as follows: Sec. Il describes oution, the charge density of thef 4tates becomes essentially
computational method with special emphasis on our treathdependent of the Bloch-related boundary conditions at the
ment of 4f states and localized versus itinerant magnetidNVigner-Seitz sphere, which can be replaced by “atomic”
moments. In Sec. Ill, we present some test calculations foboundary conditions. Clearly, this works because of the very
ErAs and GdAs, justifying our treatment of thé 4lectrons localized nature of the #electrons, which is a result of the
as corelike states rather than bandlike states. We then dbigh centrifugal “barrier” | (I+1)/r? for the 4f electrons.
scribe our main results in Sec. IV. Section IV A describes ourThus, in spite of the fact that their energetic position may
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overlap the broadbands of the system, these levels form ia the paramagnetic phase produce a strong spin-dependent
very narrow resonance. In this treatment, the dominant onrandom potential for band electrons. The situation is quite
site Coulomb terms can be included easily. Total energy calsimilar to that in a disordered alloy. The electronic structure
culations with different occupations of the 4evel (treated  of such a “spin alloy” could, for example, be calculated by
as an impurity by either a Green’s function or supercell techmeans of the coherent potential approximafibftrom the
nigue can be used to obtain the effective on-site Coulomipoint of view of the alloy model, a non-spin-polarized LDA
interactionU.3® From such calculations — or, equivalently, calculation may be viewed as corresponding to the virtual
from Slater's transition state approdth— one may also crystal approximation.
obtain the binding energy of thef4evel with respect to the The spin-polarized calculations, on the other hand, may
Fermi level. We have not actually carried out such calculape thought of as representing either a ferromagnetic phase or
tions for the present materials, but can anticipate what theénhe saturation limit of the paramagnetic phase in a magnetic
result would be from studies on similar systems. The impor{ield. In the case of the arsenides and phosphides, the latter
tant self-interaction correction for the ground state occupainterpretation is more relevant, because the actual magnetic
tion 4f" will effectively lead to a 4 band position well structure at low temperature is antiferromagnetic. The in-
below the Fermi level, even though thi$ #and is not com- duced magnetic moments in the valence bands will differ
pletely filled.U is sufficiently large that the statef%"* with ~ from those in the ferromagnetic state considered here. In
an additional 4 electron lies above the Fermi level. Esti- fact, anticipating the results of Sec. IV A, we note that in the
mates ofU for our systems can be obtained from a combi-ferromagnetic phase, the spins on B¥&d are parallel to the
nation of photoemission and inverse photoemission spectréaf spin, while opposite spins are also induced on the As.
for the pure rare-earth meta$33 The basic features of the Since we know from experiménthat the spins in the anti-
occupied and empty f4level position, with respect to the ferromagnetic phase order alofd11l), a direction along
bands, are also excellently discussed by Heebsl*®> Since  which R planes and As planes alternate, the net spin on the
it is clear that in the present case the rare-earth element j&s atom in that case can be expected to be zero by symme-
trivalent (we will, in fact, prove it to be by varying thef4 try, because it lies between an up-spirand a down-spiiR
occupation, the ground state corresponds tb*4for Er and  plane, so that the opposite exchange couplings must cancel
4f7 for Gd. Within our corelike treatment of thef 4states, each other.
this completely specifies thef &£harge density, even though It should be noted that the treatment of rare-earitteilec-
we did not really attempt to calculate the actual binding entrons has been somewhat controversial. While the early
ergies of the 4 levels. That this approach is accurate for thework'?3° tended to follow our present approach of treating
rest of the band structure will be shown by its success intf's as core states, later work emphasized the need for in-
describing total energy ground state properties as well asluding the band character off &lectrons’®~3 Effectively,
detailed agreement with magnetotransport measurements. the present treatment of thef 4electrons as open shell

We now turn to the magnetic effects. We know from thecorelike states is equivalent to tl®nstrainedlocal spin-
atomiclike multiplet splittings, of the 4f states in Ef®and  density functional approach of Dederichsal It is also
Gd*2 ions, that Hund's first rule is satisfiedAgain, our  closely related to that used by Hasegawa and Yattast@p
LSDA calculations for the atoms also find this rule to hpld. used a frozen core treatment. Broaksal>® used a similar
We can thus choose fixed 4pin-up and spin-down occupa- approach in their treatment of rare-earth-transitional-metal
tion numbers corresponding to the maximal total spin concompounds, although they used slightly different boundary
figuration. The existence of the localized magnetic momentsonditions for the 4 states at the Wigner-Seitz sphere. The
resulting from the 4 spins in theR-V compounds has been papers by Brookst al2 and Ahujaet al®° provide excellent
well establisheli even up to fairly elevated temperatures discussions of this controversy with ample references to the
(e.g., well above the Na temperature in ErAsThe magne- previous literature.
tism in these materials is thus a combination of localized In order to further justify our procedure, we have also
magnetic moments from the operfi 4hell and induced itin- performed a few test calculations, in which the band charac-
erant magnetic moments in the valence bands. Above thier of the 4’s is taken into account. As will be shown in Sec.
Neel or Curie temperatures, these moments remain well edH, a straightforward LSDA band treatment for thés4in
tablished and almost constaffior all temperatures of intrest ErAs and GdAs leads to very different and definitely poorer
herg, but point in random directions. In fact, a reasonablyresults than the approach described above and the one fol-
strong magnetic field can align them, as described by théowed for the remainder of the paper. This is obvious be-
classical Brillouin theory of paramagnéts. cause the band treatment must lead to a narrévband at

In this context, we need to discuss briefly the meaning othe Fermi level. In addition, we will show that it strongly
our calculations with or without spin polarization. The low perturbs the rest of the band structure. Our corelike treat-
Neel temperature Ty=4.5+0.25 K in ErAg (Ref. 8 indi- ment, on the other hand, is expected to be closer to the actual
cates that the energetic difference between the antiferromagituation in which a set of narrow occupied levels, several
netic and paramagnetic phases is small. This is consistes below the Fermi level and a narrow set of unoccupiéd 4
with the existence of the moments aboVg mentioned states several eV above it only have a minor effect on bands
above. Clearly, intra-atomicf4dspin polarization will make a near the Fermi level. From the above calculations, we obtain
substantial contribution to the total energy both in theti-) an estimate of the effectivef4oand width resulting from the
ferromagnetic and paramagnetic states. We hence include tdé hopping and hybridization to the broadbands, i.e., the
spin-polarization contribution of the f4states to the total terms we neglected in the Anderson Hamiltonian. Together
energy in both phases. The fully spin-polarizedelectrons  with estimates otJ, 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 ErAs
our procedure. 5

It is thus clear, as far as the quasiparticle excitation spec-
tra are concerned, that narrow bands liké dannot be
treated adequately in a LSDA single-particle band picture. 3
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 # 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 LDAU have been proposed by othéts? -3
Essentially, such a treatment corresponds to a Hartree-Fock
treatment of the averagef4electron configuration with a L
screened effective). A Hartree-Fock like treatment forf4 -5
electrons was also proposed by Bylander and KleinfAan.

The essential feature of these models is that the energy func-

tional is orbital dependent rather than only density depen- FIG. 1. Band structure of ErAs in which Eff &tates are treated
dent. For the present purpose, which is mainly to describ@s bands without taking into account the strong Coulomb interac-
the band structure relevant for transpore., the states near tions. The 4’s are seen to strongly perturb the band structure com-
the Fermi level, we do not need this more elaborate treat-pared to that in Fig. &).

ment of the 4 electrons.

As far as ground state properties are concerned, thetate below the Fermi level. The Ed%lerived band, which
charge density associated with thE dlectrons appears to be crosses the As 4p band alodg remains completely above
sufficiently well described without taking into account their the Fermi level instead of dipping below it &t The pure
band dispersion. That description is also more convenient,DA band structure is thus incompatible with the observed
since it avoids problems with reaching self-consistency resemimetallic nature of ErAs. Here, we ignore the narrdw 4
lated to the occurence of very narrow Bands at the Fermi band, which, one might argue, would not contribute to the
level in a single-particle band picture. normal electronic transport, because of its narrowness.

Because of the high ionicity of the present compounds, In ErAs, even if we include spin polarization, a partially
the rare-earth p like states were on average found to makefilled 4f band is expected at the Fermi level and hence simi-
only a small contribution to the valence bands of interest. Orlar strong perturbation of the remaining bands is obtained. In
the other hand, our fairly small Wigner-Seitz radii for the GdAs, where the # shell is exactly half filled, one might
rare-earth iongdue to the use of empty sphereseant that
the 5p semicore electronic states were not completely ad- GdAs
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.
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Ill. TEST CALCULATIONS

In this section, we describe some test calculations of ErAs
and GdAs strictly within LSDA, i.e., treating thef &tates 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 4
states is totally inadequate.

Figure 1 shows the results of a self-consistent calculation
for ErAs including the 4 states as bands and neglecting spin
polarization. As expected, a narrow Band is present at the
Fermi level. The width of this band is about 0.2 eV. Com-

parison with Fig. Zc) shows that this band has a strong per- kG 2. spin-polarized band structure of Gd@ashed lines are
turbing effect on the other bands. Specifically, the mainly Asihe minority spin bandsin which Gd 4 states are treated as bands
4p derived band, which has a “valence-band maximum” atwithout taking into account the strong Coulomb interactions. The
I';5 forms bonding and antibonding states with thiel¥and,  4f's are seen to strongly perturb the minority spin bands, while the
which lie, respectively, 0.5 eV below and 1.7 eV above themajority spin bands are in fair agreement with the band structure of
Fermi level. This leads to a very heavy mass for the bondingrig. 4(c).-
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band lies at about 4.3 eV below the Fermi level and the
spin-up As 4-derived and Er 8-derived bands are similar
in character to their counterparts in Figcy(see Sec. IV B
However, the 4 | 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 thd 4evels is not
adequate. We will return to the question of the dand ef-
fects on the Fermi surface in the discussion in Sec. V B.

IV. RESULTS
A. Cohesive and elastic properties

As explained in Sec. Il, we carried out both non-spin-
polarized LDA and spin-polarized LSDA band structure and
total energy calculations with fixed numbers of 4pin-up
and spin-down electrons, assuming thétspins 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 constanand the Rose
et al*® equation of state was then fitted to théa) curves in
order to determine the equilibriui, bulk modulusB, and
its pressure derivativ®8’=dB/dp. Variation of the total
number of 4 electrons shows that the energetically stable
configurations of the rare-earth ions correspond to the charge
state R®", i.e., to nig=7 in the Gd compounds and
n4s=11 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 electtercluding &)
contribution to the total energih;"®* 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 stat& ;-5 with nyp; —n,g =7 in the
Gd compounds and,s; —Nnys =3 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
4f75d'6s%(S=4) for Gd and 4'5d'6s? (S=2) for Er.

The corresponding cohesive energies are defined as the dif-
ference betweek,,; and the energy of freR andX atoms in
their fully spin-polarized state. For the solid’s paramagnetic

FIG. 3. Non-spin-polarized electronic band structure of gadoPhase, we add a correction for the intra-atomfcspin po-

linium pnictides:(a) GdN, (b) GdP, and(c) GdAs.

larization energy, which is not included in our band-structure
calculation of the non-spin-polarized LDA total energy. The

expect that the LSDA treatment would be better. Figure 3nergy of 4 spin polarization can be extracted from a sepa-
shows that this is the case for the majority spin bands, butate atomic calculation in which we consider the hypothetical

not for the minority spin bands. Indeed, the occupidd(4

atomic configuration with fully polarized f4shell and non-
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TABLE |. Equilibrium lattice constants, cohesive energies, and bulk moduli.

Compound a (A), theor. a (A), exp? EP,LDAD Sl B (GPa B’

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

®Reference 1.

®Cohesive energyeV/aton) for the paramagnetic phagecluding the 4 spin-polarization energg,, but

no spin polarization of the valence electrjnwith respect to neutral atoms in their fully spin-polarized
LSDA ground state. Zero point motion is not included.

‘Cohesive energyeV/aton) of the ferromagnetic phagéully spin polarized.

polarized % shell, i.e.,nsq;=nsq =1/2 andS=S,,,—1/2.  for the nitrides differ significantly. While the former are
The difference between the total energy of this configuratiorclearly semimetals with a hole section of the Fermi surface
and the total energy of the non-spin-polarized configuratiomearI" and an electron section next, the nitrides have
with the same total populations of particular shells &30 almost a zero gap overlap. The results for Gdompounds
gives the energy of intra-atomic spin polarization éfelec-  are in good agreement with those of Hasegawa and YdRase.
trons: The lowest valence band is essentially pnictodee.,
groupV element s like. It is not shown in the figures, be-
E4t= Etot Smax— 1/12) = Eio(0). (1)  cause we want to provide better resolution for the more im-

. portant higher lying bands. It lies in the rang€l3 to — 11
The value ofE,; obtained for Gd was 8.96 eV and for Er eV for the nitrides,—10.5 to —8.5 eV for the phosphides

was 1.74 eV. These values are then added as a correction é?ld—ll to—9.5 eV for the arsenides. The next set of three
our non-spin-polarized total energy calculaton for the solidare pnictogem-like bonding withR 5d. The next five bands
because, as mentioned in Sec. Il, the shioments are as-

o . ) are mainlyR 5d like, which are antibonding with pnictogen
sumed to persist in the paramagnetic state, but are dlsorderE(.d ALT, these split into a threefolth, state and a doubly

so that they do not induce a net spin polarization in the res egenerate, state. The fact that the loweB 5d-derived

of the bands. band, which alond’-X in the x direction is essentially,,

The cohesive energies of the paramagnetic and ferromagm( . : ; : :
. : ) e, dips below the mainly pnictogemHike band(crossing
netic phases dR-V compounds are listed in the Table I. The it nearX) is responsible for the semimetallic character of the

closeness of these energies fqr a given compound COnf'm?ﬁaterial. Finally, the next higher conduction-band state at
the fact that the spin polarization energy of the band elec;

trons represents a very small contribution to the cohesivr Is 6s like. As emphasized in Sec. Il, here, we are not
P . Y ) ; . Eétttempting to calculate thefdband positions. Since they are
energy in comparison witl,; and is consistent with the

decoupled from the valence bands by our treating them as
small Neel temp(_era'gqre. The fact _that theamal) energy corelike states, they do not appear in the band structures of
differences are significantly larger in the Gd compounds tharf:igs 3 and 4

the Er compounds reflects the largef #noments in the

brocedure the theoretcal values.of the Iatice constants aiiSC: VA above that we obtain the cortect dccupaion,
P hat corresponding to a trivalent state of the rare-earth ion, by

the same in both the paramagnetic an ferromagnetic phas s : :
An adequate study of the phase transition between the paﬁﬁimmlzmg the total energy with respect td Hceupation.

; : : ; %asically, this is explained by the fact that allows for the
magnetic andanti) ferromagnetic phases V.VOUId require a most optimal filling of the three upper pnictogerike va-
more rigorous t_reatment of the paramagpetlc phase, " Jence bands. Thus, although the systems are semimetallic,
cluding fluctuation effecisand would require the determina-

tion of the actual preferred magnetic orderiamtiferromag- the bonding is essentially ionic with the valence charge
. P! 9 2 9 being transferred to the pnictogen. In contrast to the free
netic, ferromagentic, or other

atoms situations in which thesttate is occupied, the mainly

6s derived bands in the solid are high up in energy, because

B. Non-spin-polarized band structure and nature of their antibonding interactions with the anions and conse-
of the bonding guently do not significantly participate in the bonding. This

The non-spin-polarized LDA band structures of @d&ind IS consistent with the notion of a strongly ionic limit of the
Er-vV Compounds fON:AS, P and N are shown in F|gs 3 Er+3 or Gd+3 ions. SO, if it were not for thdR-5d States,
and 4, respectively. The most striking feature of these result¢/hich dip below the valence bands, these materials would be
is the remarkable similarity of the bands of the correspondWide-gap insulators.
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 spin-polarized LSDA band structures of GdP and ErP
the phosphides and arsenides are very similar, while thosare shown in Figs. 5 and 6, respectively. The spin-polarized

Despite our decoupling of thef4electrons, we noted in

C. Spin-polarized bands
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FIG. 4. Non-spin-polarized electronic band structure of erbium
pnictides:(a) ErN, (b) ErP, and(c) ErAs.
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FIG. 5. Spin-polarized electronic band structure of GdP. Dashed
lines correspond to the majority spin statgmarallel to the 4
sping.

example. The principal feature of these results is that the
energy bands in G¥- compounds display much larger ex-
change splittings than do the correspondingVEcom-
pounds. Again, this is, of course, due to the largémdag-
netic moment in Gd, which haS=7/2 rather than in Er,
which hasS=3/2.

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 electrongby 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

Energy (eV)

]
N
T T
T

Te=] T T 1§

L T X W K

—

band structures of the remaining compounds GdAs, GdN,
ErAs, and ErN were previously published in Ref. 22 and for  FIG. 6. Spin-polarized electronic band structure of ErP. Dashed

ErAs also in Ref. 19. The corresponding densities of state
for ErAs and GdAs are presented in Figs. 7 and 8, as a

Bnes correspond to the majority spin statgmrallel to the 4
Bpinsg.
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o . . . . A direct experimental value for the longitudinal electron
to redistributions in their intensities. Since the upper Valenc%xchange splitting of tha., energy band is not available. It
bands are formed_mostly by tipestates of the pnictogen and is implicitly involved in the exchange splitting of the SdH
the lower cpnducnon bands are formed mostly pyP@héd, frequencies of the “longitudinal” ellipsoids measured by
the latter display much stronger exchange splitting. Bogaertset al.® discussed below in Sec. IV E. The experi-
For the same reason, there is a strong anisotropy of the,onial value for this splitting in EBSc, ,As is 136-170 T
exchange splitting for conduction electrons near the Ferm('depending on whether we use our peak assignment or the
surface. The exhange splittingsg; along X-W and Ag original one of Bogaertgt al®) Our calculation appears to
along I'-X are presented in Table Il. The reason for thisgyerestimate this splitting with a value of 208 T.
anisotropy is that the conduction band, which crosses the e note that the electron exchange splittings of the nitride

Fermi level in thel'-X direction, is formed mainly bR 5d  compounds are significantly larger than those for the ars-
states, while a share of these states in the perpendicular dinides and phosphides. This can be explained by the stronger
rection is much smaller. In this table, we also give the muchonicity of the nitrides. The electron bands involved thus
smaller exchange splitting for the holes. have a stronger rare-earth component.

Experimental information on the exchange splittings at The exchange splitting of the hole bands at the Fermi
the Fermi level is available from Alleet al's®> SdH mea-  |evel is considerably weaker than that of the electrons, but is

surements. These were carried out on quasi-two-dimensiongbt entirely negligible. It is only weakly anisotropic, being
(100 layers of ExSc;_,As, with the magnetic field parallel

to (100. They observed beatings in the SdH spectra, due to TABLE Il. Exchange splittings near the Fermi level in meV.
the different(but nearly equalareas of extremal orbits for

hh Th €] el
spin-up and spin-down electrons in the plane perpendicula?ompound Bre B A% B
to the magnetic field, and extracted a value of A§¢ in the  GdN 110 90 510 377
range 55-91 meV by normalizing their values for two GdP 100 70 423 193
samples of different Er concentrations to 100% Er. Our calGdAs 140 110 439 213
culated value ofA§é=8O meV, is in good agreement with ErN 30 30 182 162
their range of values, and in fact, agrees extremely well withgrp 40 30 147 70
the value that these authors quote for their sarBplevhich  grag 50 40 157 80

yielded 8110 meV after normalization to 100% Er.
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TABLE lll. Decomposition of the total induced spin moment of band electggsinto moments on the
rare-earthug and pnictogenu,, ions, and into moments asociated with the free electganand holesuy, in
units of ug per unit cell; and the concentration of both spins of free electtbakes n.(=n;) per unit cell
(and, in parentheses in ¥cm—3).

Compound MR Ky e Kh Riot® P Ne=np

GdN 0.101 ~0.119 0.002 —0.002 <1074 0.002(0.75
GdP 0.102 —0.089 0.013 0.004 0.017 0.033.0)
GdAs 0.106 —0.083 0.017 0.005 0.022 0.048.0)
ErN 0.032 —0.037 0.001 —0.001 <1074 0.001(0.9
ErP 0.033 —0.027 0.005 0.002 0.007 0.049.5
ErAs 0.036 —0.027 0.006 0.002 0.008 0.042.0

810t @lso includes a contribution from empty spheres.

slightly larger along the\ then theA direction. The anisot- for ErAs® The study of this discrepancy and the related is-
ropy is of the order of 10 meV. Also, it is slightly smaller for sues of the Fermi-surface volume was the primary subject of
the light-hole than for the two heavy-hole ban@ich are  our previous detailed study of E8c;_,As.2® It was found
degenerate along the above two symmetry linesTable II,  that this is primarily an LDA error, which is similar to the
we give an average iostropic value for the heavy and lighgap problem in semiconductors. As in a semiconductor,
holes, the precision of which is about 10 meV. Our values fowhere the lowest unoccupied band must be shifted up with
the hole exchange splitting in ErA@bout 50 meVY is in  respect to the valence band, in the present semimetals, the
good agreement with those extracted from the resonant tuewest mostly unoccupied band, which here is the 5d
neling measurements of Brehmer et@las discussed in Ref. band, should be shifted up by a self-energy correction. This
21. For the other materials, no data are available. 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
The induced spin moments of the band electrons are listegh|ence bands. Since this is a more or less rigid shift, it does

in Table 1Il. In all materials the induced moments on the o significanlty affect quantities like the exchange splitting
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 (a)
exact when the empty sphere contribution is included. The y holes
net ferromagnetism is thus almost completely due to the 4
electrons. We note that the induced moments on the rare-
earth ions, which comes from thHe 5d states, are aligned
parallel to the 4 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 krspace 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, k
and 7 of Table Ill. 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- electrons X
ization of these states.
As mentioned in Sec. Il 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 k,
presence of a magnetic field. The induced magnetic moments (c)
in the antiferromagnetic phase of these compounds will be electrons
different. In particular, we expect that the rare-earth moment
would be similar in magnitude to the ones obtained here, X
while the anion moments would be vanishing.

D. Magnetic moments

—

k x
E. Fermi surface . .
. . . . . FIG. 9. Cross sections of the Fermi surface of ErAs(&holes
The calculated effective carrier concentration given inin theI’XW plane,(b) electrons in thd" XW plane,(c) electrons in
Table Il is a factor three larger than the experimental valughe WXU plane.
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T y « . ' various SdH signals is different from the original experimen-
tal one. We obtain the longitudinal electron cross sections
(spin split by a large exchange splittingp 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
== ==

Expt.

investigated explicitly the effects of the Sc addition and of
&5—F corrections beyond LDA. The dilution bnhonmagnetig Sc
LDA + correction was found to account well for the reduction of the exchange
splitting, but not for the overall size of the Fermi surface. A
®o— o simple upward shift of the Er<b(mixed with Sc 3d band by
Lpa 'herer hhi hh2 e € 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. VA.
, ‘ ‘ ‘ , , , There remain some smaller discrepancies, which were not
0 500 1000 1500 2000 discussed in Ref. 19. The light-halln) cross section, which
Shubnikov -de Haas Frequency (T) was identified by us with a SdH freqeuncy peak at 153 T, is
in our calculation found at 281 T, even with the corrected
FIG. 10. Comparison of Shubnikov—de Haas frequencies beband structure. We note that this is likely to be the result of
tween theory(with and without self-energy shift of Erdd and  our neglect of spin-orbit coupling. The latter would shift this
experiment. 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
or effective mass parameters very much, but it does affedtvel, this signal appears to be absEriecond, a peak in the
strongly the overall size of the Fermi surface. Before weSdH Fourier transform spectrum was observed at about 600
further discuss the corrections beyond the LDA, we describg 19! This peak was not identified in the earlier wdrke-
our results for the Fermi surface obtained within LSDA.  cause it was obscured by the second harmonic signals of the
The Fermi surfaces have the same topology in all thenain electron peaks. It was subsequently observed in both
materials considered. As already mentioned, each consists pfagnetoresistance and Hall resistance. Among others, be-
closed electron pockets Atand hole pockets dt. In Fig. 9,  cause of its stronger appearance in the Hall resistance, it was
we show the cross section of the hole Fermi surface in thédentified as being related to holes. This is because the holes
I’XW plane and the two sections of the electron Fermi surand electron conductivities enter in different ways in the lon-
face in the same plane and in th&VU plane. The hole gitudinal magnetoresistance and the Hall resistance. The Hall
Fermi surfaces consist of three sheets that correspond to tlmeeasurement is more sensitive to the holes. Our calculation
light- and two heavy-hole bands. We note that our presendbtains the heavy-hole peaks at 885 and 925 T. One may
calculations do not include spin-orbit coupling. The effect ofagain anticipate that spin-orbit coupling will lower the mass
spin-orbit coupling would be to split off the band, which here of the hhl band and hence reduce its Fermi-surface cross
is called the light hole band, and to further increase the splitsection. We, thus, think that the 600 T peak is related to the
tings between the two heavy-hole bands. For example, thelsand, which here is called hhl and which conventionally is
degeneracy along and A would be lifted. In semiconduc- called the Ih band in semiconductors. Preliminary estimates
tors, these top two bands, denoted here as hhl and hh2 agé the spin-orbit coupling using a Kohn-Luttinger Hamil-
referred to as heavy- and light-hole bands. The electromonian and a value of 0.3-0.4 eV for the spin-orbit splitting
Fermi surface consists of three closed pockete at each of at T (i.e., similar to the value in GaAsindicate that the
the equivalentX points and contains one sheet, which is effect is of the correct order of magnitude to shift the |h peak
“ellipselike” in the longitudinal I'XW and “squarelike” in ~ down to the 600 T region. Likewise, we then expect the
the transverse cross sectiod\W U). The figure corresponds heavy-hole peak to shift up. Any change in the total hole
to the non-spin-polarized calculation. Each of these bandBermi surface volume must be accompanied by a corre-
also is split by the exchange splitting in the spin-polarizedsponding change in the electron Fermi-surface volume. This
case. The ellipselike cross section of the Fermi surface iseans that the identification of the peaks in the 900-1250 T
actually rather elongated. One could call it a cigar-shapedegion must still be considered somewhat uncertain. A defini-
Fermi surface rather than an ellipsoidal surface. This igive conclusion on these questions awaits a calculation in
closely related to the band crossing alakngin the corrected which spin-orbit coupling is explicitly included. However,
band structureésee below, the Fermi surface becomes more the main point that an LDA correction is required to explain
nearly ellipsoidal. the overall size of the Fermi surface should remain valid.
Direct experimental information on the areas of these While the large spin splitting of the electron parts of the
various cross sections is available for,Ec,_,As from SdH  Fermi surface are in good agreement with experintenén
measurement$.2? In our previous work® we gave a de- without the Er %l band shift correctiop the spin splittings
tailed account of these measurements, which is briefly sunmsf the hole bands are too small to be seen in the SdH mea-
marized here in Fig. 10. First of all, our interpretation of thesurments. Evidence of their presence, however, was recently
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TABLE IV. Cyclotron effective masses of light holes, , heavy V. DISCUSSION: CORRECTIONS TO THE LDA
holesmy,; ,my,,, and electronsng | ,m, , , which are defined in the

text (in units of the free electron mass,). As mentioned in Sec. IV E and discussed in detail in Ref.

19, an upward shift of the Ercbband by about 0.4 eV was
Compound  m, Mpy M2 Me,| Me | found necessary to account for the size of the Fermi surface
as given by SdH measurements and carrier concentrations by

GdN 0.20 0.62 0.91 1.32 0.08 . . ;
Hall effect measurements. Here, we discuss two possible ori-
GdP 0.12 0.47 0.57 1.57 0.16 - - - . .
GdA 0.13 e 0.47 133 019 gins of this shift. Both are quasiparticle self-energy effects,
ErN S 0'18 0. ' ' ’ which are corrections to the LDA. The first kind of self-
' ' 61 0.87 1.42 0.09 energy correction that we address is typical of wide bands
ErP 0.14 0.47 0.54 1.71 0.17

and is well known to provide the major correction for the
ErAs 0.12 0.46 0.57 1.76 0.17  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.
obtained from resonant tunneling measuremé&hese re-  The second effect that we consider is the interaction of the
sults will be discussed elsewhére. 4f electrons on the states near the Fermi level, i.e., the hy-
A detailed study of the Fermi surfaces for the otReV  pridization terms that we have left out of the Anderson
compounds has not yet been made, mainly because of thgamiltonian in our corelike treatment of thef &lectrons.

absence of experimental data for comparison. In addition, thgve will show that this is expected to lead to negligible cor-
lack of data inhibits us from making empirical adjustmentsrections.

of the overall scale of the Fermi surface volume to compen-
sate for the LDA problem discussed above.

A. Wide band self-energy corrections

As is well known, the LDA Kohn-Sham eigenvalues do
not strictly speaking correspond to quasiparticle excitations.
The cyclotron effective masses for the carriers are givemhe state of the art for calculating the latter is a so-called
by** GW calculation, which is the first term in Hedin’s perturba-

tion series expansidhof the self-energy correction terms of
the screened Coulomb interacti®il and the one-electron
2) Green'’s functionG. While such calculations have been per-
formed for several semiconductd¥s*it is quite difficult for
materials withd bands. Only one calculation for such a ma-

where S is the area of the extremal cross section of theterial has been done to our knowledjé simplified imple-
Fermi surface enclosed by the orbit in the plane normal tgnentation of theGW method was suggested by Bechstedt
the magnetic field. The relevant cross sections of the Fermind del SolgBDS).* It is based on a very simplified tight-
surface have already been described in the previous sectioBinding two band model and provides reasonable agreement
We define the corresponding masses ragl'’XW) and  With experimental band gaps for many of thgBg_ com-
m(WXU), respectively. If we model the actual Fermi surfacepounds, including some ionic compounds that form in the

by an ellipsoid of revolutionm, corresponds ton(WXU), rocksalt structure, as well as most of the conventional semi-
andm follows from conductors, which have the zinc-blende structdr&he

semimetallic nature of thR-V compounds presents an addi-
B 2 tional complication for applying th&W method, because
m(T'XW) = (mym_ )™, ©) one should, in principle, take into account off-diagonal ma-
trix elements of the self-energy operator between valence-
The value of the cyclotron masses for all the materials arand conduction-band states. Neglecting this, the approach of
given in the Table IV. We note that the value mf =0.17  BDS should still provide a meaningful estimate of the ex-
for ErAs is in perfect agreement with the value reported bypected upward shift of the mainly empR/ 5d-derived con-
Allen et al.? for Er,Sc,_,As with x~0.5. Our previous duction band forming the electron pocketXgt with respect
work!® shows that the Sc addition only changes this mass bjo the mainly aniorp derived hole pocket af. The BDS
0.01 tom, =0.16. This mass was also found to be insensi-approach is based on evaluating the matrix elements of the
tive to the quasiparticle correction of the Ed band. The difference between the effective Coulomb interaction
longitudinal electron and hole masses were also found to bgecreened by a model dielectric function for the semiconduc-
in fair agreement with the experimental values fortor and the Lindhard dielectric function for the free electron
Er,Sc,_,As, although there are somewhat larger uncertaingas. The former involves the macroscopic dielectric constant
ties for them due to the different possible assignments of thend can be applied to a semimetal if we define an effective
SdH frequencies and the neglect of spin-orbit coupling in oudielectric constante by means of the Penn-Phillips
calculations. formula®®? as
Generally speaking, the masses vary only slowly with the
energy. Since, as noted above, the quasiparticle corrections E=1+(hwp/Ep)2, (4)
lead to a nearly rigid shift of the bands, this implies that the
masses are not very sensitive to the corrections. The calcwhere v, is the plasma frequency of the valence electrons
lations have verified this. andE, is the effective “dielectric” or “Penn” gap. The Penn

F. Effective masses

_ h? 9Se
M= o 95
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TABLE V. Penn gapgeV), effective dielectric constants, self-energy correcti¢eié), LSDA and LDA
“band gaps”(eV), and estimated “band gap<&V), with self-energy corrections included.

Compound E, € AE, S Sl S Eg
GdN 3.72 26.5 0.28 —0.49 -0.18 -0.21 0.10

GdP 3.22 23.9 0.27 —1.50 -1.04 -1.23 -0.77
GdAs 3.18 22.8 0.28 —~1.66 -1.19 —1.37 -0.91
ErN 4.22 22.9 0.33 —-0.26 -0.15 0.07 0.18

ErP 3.39 22.9 0.29 —1.61 —1.53 -1.32 —1.24
ErAs 3.35 22.1 0.22 —-1.65 -1.63 -1.36 —1.41

gap may be estimated as the gap between valence amdncentrations may generally decrease by a factor two to
conduction bands at the Baldereschi poinf three. For EfSc,_,As and ErAs, where a comparison to
kg=(0.622,0.295,0)2/a. The quantitye is certainly mean- experiment is possible, we foultdthat a shift of 0.4 eV
ingful for narrow-gap semiconductors such as Ge and suchccounts for the observed carrier concentrations of
as the ErN considered here, which have a semimetallic bana, ,~3x 10°° cm~3. The estimated uncertainty in the BDS
structure in LDA, but become a semiconductor when the gappproach is of order 0.2 eV. The Ed%and shift(0.22 eV}
correction is applied. It still retains an approximate validity calculated from the BDS approach is thus of the right order
even for true semimetafé,because their optical response is of magnitude. Th&sW self-energy correction is thus at least
still dominated by a peak at the Penn gap. We can, thus, useplausible cause for the required shift.

it for an estimate of the gap correctidvE,, which in the Next, we note that the corrections are rather similar in the
BDS approactf is given by 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
Qr 1 the other compounds. While for phosphides and arsenides
=—(1+7. . . . R
Ag € (176247 o) ® the estimated self-energy corrections give rise only to quan-

titative changegmostly a reduction of the carrier concentra-
tion), for the nitrides they may lead to qualitative changes of
A s the electronic structure. Indeed, the corrections predict ErN
reg=|(1— ap)?-i—(l-l- ap)? (6) to be a semiconductor both in the paramagnetic and the fer-
romagnetic phasésee Table V. GdN reveals even more in-
is an effective radius, given in terms of the polarity of theteresting features — it would be a semiconductor in the para-
bondsa,, (which is obtained from atomic energy levels as in magnetic phas_e and a semimetal in the _ferromagnetic phase.
Harrison’s universal tight-binding approachand effective ~ These calculations thus predict a metal-insulator phase tran-
radii of cation and anion Slater orbitals given assition in GdN as a function of external magnetic field or
ras=(a/4m)(1.7+0.05Z,— Zg|). temperature. Furthermore, the nature of this transition is
The quantitieE,,, €, andAE, are summarized in Table rather unusual: whereas many systems open a gap when the
V. One can see that for all compounds considex&d~ 0.3  spins are polarized, the opposite effect is predicted here. As
eV, which is rather small compared to that found in mostmentioned in the introduction, we should also keep in mind
semiconductors. The main reason for this is the large valuthat very near the zero gap crossing, an electron-hole liquid
of €. may spontaneously for{. The fact that in GAN one might
One can define the “band gapE,, of R-V compounds tune through this transition by simply changing the magnetic
as the difference between the top of the “valence band'field is quite appealing. In addition, the resulting electron-
I';5 and the bottom of the “conduction bané; in the para-  hole liquid would have the unique property of involving
magnetic phase and as the difference between the spin-dov@ectrons of only one spin and holes of the opposite spin.
energyXs, and the spin-up enerdy;s; in the ferromagnetic Because of the rather Iayge uncertainties on our estimates
phase. In the nitrides(s is the X state closest t&r, while ~ Of the self-energy corrections, these conclusions are still
in the phosphides and arsenides, it lies below the doublgomewnhat tentative. A more detailed theory should take into
degenerateX state due to the crossing of the; and A,  &ccount quasiparticle corrections to the self-energy and ef-
bands. fects of spin disorder on an equal footing. Nevertheless, it
Our calculated values for the gaps with and without spin@PPears worthwile to try to confirm these predictions by ex-
polarization and with and without the corrections are listed inP€fiment because of the possibly interesting phenomena as-
Table V. We first note that the arsenides and phosphidegociated with such an unusual metal-insulator transition.
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 A second possible cause for the upward shift in the &r 5
maintain an equal electron and hole concentration, as is rdsand near the Fermi level that we need to consider is the
quired by the present Fermi-surface topology. These shiftgteraction of the 8 band with the 4 states that we have
significantly decrease the concentration of electrons andeglected by the artifice of handling the latter as a core state.
holes. From the magnitude of the shift, we estimate that thé\s discussed in Sec. Il, thefdbands are expected to give

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

B. Hybridization with 4 f bands
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rise to narrow bands both below and above the Fermi leveland where ther (—) prevails if V44>0 (<0).

To assess its importance, we first study a simple analytically When theU term is added in the mean field approxima-
solvable tight-binding model, which provides us with ex- tion (spcified by A, o= Nrie(Ni_ o)+ Ai_o(Nis)), the
plicit relations between the desiredd Band shift and its majority spin f| level is shifted down byU/2, while the
model parameters such as bandwidths, effective Coulomfyinority spin f1 level is pushed up by U/2:
interaction, and thel-f energy level difference. We can then . 1y= €= U/2. If we neglectVyq in the denominator in Eq.
by analogy apply these simple relations appropriately10) "which is legitimate if thed band andf band are well

adapted to the present system. We emphasi;e that the Sim@Sparated we see that;<V2/(es— /), while the interac-
model from which the relations are derived is not meant to ’ df '

) o s tion effects on thed band, due to the interaction with the
provide a realistic description of the rare-earth compounds.f level lit b o bYW2 /(ertU/2 Thus. if
For simplicity, we first consider a simple cubic model in ' -€Vels split yU, is given byVg; (er=U/2— €q). us, I
which d orbitals andf orbitals are replaced by nondegener-Y is comparable in magnitude witlay — €¢|, we can estimate
ate s-like orbitals, so that we have only two orbitals per  the f-level hybridization effects to be about half the width of
site. The Anderson-impurity Hamiltonian for this system is thef band. IfU>|e;— |, then the hybridization effect is of
the order &/3,/U.
" From the test calculations of Sec. Ill, we can place an
H= d d,+ fl f; | . ’ ;
% €dflioTio % €tliclio upper limit of 0.2 eV onW;, since the bandwidth of the
actual 4 band includes both hopping betweeh gates and

+Vdfz 2 (drgfjg+f;r ) hyb_r|d|zat|on with the o_ther bands. The ef_“fet_:tMecan_be
i "o estimated from a combination of photoemission and inverse
photoemission data on pure rare-earth metalor Gd, the
+Vddz 2 (dit,djg+ d,-TUdig) 7) occupled 4 states form a narrow multiplet at 8 eV below the
iy "o Fermi level, while the unoccupied states lie 4 eV above the

Fermi level (also in a narrow multiplet In Er, there are
U R . several occupied multiplet states spread over a considerable
+ E% (NfigNfi— o~ NiMfig), range of energy, the highest of which lies about 4 eV below
the Fermi level, while the lowest unoccupied multiplet lies
with o being the spin index. Here, only on-site Coulomb ahout 2 eV above the Fermi level. The,— €| value can be
terms are included and then only for the localieeétlec-  estimated, from the center-of-the-band potential parameters
trons, since thel orbitals are meant to represent any broad-c, in our LMTO calculations of Sec. Il to be about 6—10 eV
band for which an effective one-electron model is appropri-and is thus comparable td. We can thus expect interactions
ate. Also, onlyd-d andd-f hopping terms are included. The of order 0.1 eV. However, in the case of Er, where part of the
average number df electrons per site; appears in the last minority spin 4 bands are filled and part are empty, there
term and is a constant. This term avoids double counting ofyill be a significant cancellation between upward shifts by
interactions already included in the one-electron terms. Wenteractions with the occupied lowerf 4tates and a down-
will focus on the half-filledf-band caseny=1. The above ward shift from interactions with the empty higher lying 4
simple model is almost directly applicable to GdAs, whichstates. We thus expect that the net effect on the bands near

has indeed a half-filled shell — apart from the obvious the Fermi level will be smaller than 0.1 eV. One might per-
complications of dealing with the degeneraciesfodindd  haps also expect a small reduction of the spin splitting, be-
states. cause the majority spin electrons only will suffer upward

In this model, when we take =0 and we assume that the shifts from the 4 interactions, while the minority spin elec-
f level andd band are in separate energy regions so that Wgon band is expected to suffer the largest interaction from
can apply downfoldingor second order perturbation thepry the closest lying # band, which is above it.
for the interaction of thef- andd orbitals, we obtain al We can also estimate direcﬂy the magnitude of ‘thﬁ
band width hopping integrals using the LMTO expressigi ;SyryAq,
where Ay ; are potential paramet\(/aE arg}; are structure
_ 2 N2/ constants. For exampleSys,=10y/35(w/d)® in the un-
Wa=2NVaa+VaiNT(€a—e€p), ®  ccreened representation, our calculated potential parameters
s5¢~1 eV, A,;~0.04 eV, which gived/4;,~0.02 eV. Tak-
g into account a degeneracy factor foorbitals of 7, the
net shift of a singled band by its interaction with thé&'s is
expected to be of order W(Vys)%/(e;—eq*U/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
2 calculations of Sec. lll, which in some sense contain the
[2Var>acodKaa)] , 9) hybridization and structural aspects more realistically.
€4+ 2VygZ Lco9k,a) — € As a further confirmation, we performed calculations for
with width GdAs starting from the Gd #band treatment of Sec. lll, in
which we artificially shifted the minority Gd # potential
parameters up by an arbitraty shift and the majority Gd
W= (NVy1) % (eg+=NVyq— €f), (100  4f potential parameters down Ry|, while keeping all re-

with N=6 the number of nearest neighbors. Clearly, the firstﬁ1
term comes from the direat-d hopping, while the second
comes from the indirect interactions via theorbital. Simi-
larly, the f level also broadens into a band given by

Ef:€f+
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maining potential parameters frozen. When thidgs4vere  electrons provides a natural explanation for the existence of
shifted byU’s obtained from experiment as discussed abovewell established local moments, which in turn induces ex-
we found that their effect on the Gdithand neaX became change splittings in the valence bands in the presence of an
negligible. However, there still was a substantial effect onexternal magnetic field or in the low temperat(amti-) fer-

the As 4p-like hole bands neaF. In ErAs, a similar treat- romagnetic phases. This induced itinerant magnetism al-
ment faces the problem that the spin-dowhiand is still  though small leads to observable effects in magnetotransport.
partially occupied. The crystal field splitting of tHfestates The persistence of such moments also explains the small
leads to a three-fold state followed by a singlet and anotheenergy difference between the nonmagnetic and magnetic
three-fold state. One should, thus, occupy the lower triplephasegbecause the latter is almost entirely due to the small
and the singlet and empty the higher triplet, which wouldinduced momenis which is consistent with the small e
thus be placed above the Fermi level by theinteraction. temperatures observed in ErAs and ErP. Furthermore, we
We have not yet pursued this possibility. By placing the com-showed that interaction effects between the actdiahdltip-
plete set of spin-down states either above or below the Ferni¢ts and the bands in the neighborhood of the Fermi level are
level with arbitraryU shifts, we found that opposite shifts of expected to be small. Although we have in the present work

order 0.1 eV were introduced on the Ed ®ands near the Not attempted to directly determine the actual positions of the
Fermi |eve|, consistent with the above estimates. 4f-derived bands with I’eSpeCt to the bandS, we antiCipate

these results explicitly here. They only serve to confirm ourfule and expect them to be similar to those in the correspond-
order of magnitude estimates of the #ffects. A second INg pure rare-earth metals, o
problem with these frozen potential parameter calculations is Our calculations provide several predictions of presently
that the remaining potential parameters are affected by theknknown properties of these materials. These include the
interaction with the 4's through the latter's effect on the bulk moduli and induced magnetic moments, as well as
self-consistent potential. In fact, the latter was calculated®@nd-structure dispersions, band gaps, effective masses, and
with unshifted LSDA treated #s. We found that this gave €xchange splittings. For ErAs, the only material in this fam-
generally worse agreement with experiment for the Fermilly that has been studied experimentally to some extent, we
surface parameters. This indicates that if we wish to trea@btain good agreement for most of the band-structure related
4f's as bands in an “LDA-U" treatment, a self-consistent Properties, as determined from magnetotransport measure-
treatment of the potentials in the presence of thshifted =~ Ments. This is the case for the overall topology of the Fermi
4f's will be essential. surface, the exchange splittings and the effective masses. We
Finally, we found that in these frozen potential parametef@viewed our previous detailed stidyf the magnetotrans-
calculations for ErAs with shifted 4bands, the overestima- POrt properties in EfSc, _,As and augmented it in view of
tion of the Fermi-surface volume by a factor 2—3 persistedrecent additional measurements. We concluded that inclusion
We, thus, conclude that although a more elaborate treatmeff the spin-orbit coupling is likely to explain the remaining
of 4f states(e.g., based on “LDA-U") would be of inter- discrepancies. The only exception to the good agreement is
est, 4 interaction effects cannot be the main origin of thethe overall size of the Fermi surface, as determined by

large overestimate of the Fermi-surface volume by the LDA 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
We have presented results of first-principles local spinband shift of the Er 8 band by only 0.4 eV. A shift of this
density functional calculations of the electronic band strucimagnitude can be expected to arise from quasiparticle self-
tures, equilibrium lattice constants, cohesive energies, bulknergy corrections of the same type that affect band gaps in
moduli, and magnetic moments for the rare-earth pnictidesemiconductors. This was shown by explicitly estimating
with rocksalt structure and chemical formulkV, where such corrections within a simple model. While, unfortu-
R=Gd, Er andV=N, P, As. These results were obtained nately, this model is too crude to allow an accurate determi-
using the linear-muffin-tin-orbital method in the atomic nation, it does yield roughly the correct shift for for ErAs.
sphere approximation and treating the localizédefectrons  Furthermore, since the gap corrections were predicted by the
as atomic boundary insensitive corelike electrons. simple model to be rather constant throughout the series of
We conclude this treatment of thef £lectrons is quite materials investigated, we can with some confidence expect
satisfactory for most purposes not directly involving thie 4 corrections for the other materials of roughly the same mag-
states. This treatment was found to provide lattice constantsitude as for ErAs. This allows us, for example, to predict
in good agreement with experiment showing that tfis 4re  that ErN and Gd are narrow gap semiconductors in their
not significantly involved in the bonding in these materialsparamagnetic phases.
and that their charge density is well represented. It accounts However, our calculations predict that the induced ex-
well for the major features of the electronic structure andchange splittings in GdN are sufficiently large that the gap
magnetic properties of this family of materials. In particular,would disappear in the ferromagnetic phase, because the mi-
it leads to a semimetallic band structb®rdering on a tran-  nority spin bands would still overlap in a semimetallic fash-
sition to semiconductors for the nitridesvhile a straightfor- ion. This is due first of all to the smallness of the gaps in the
ward band treatment of thef 4tates does not. Furthermore, nonmagnetic case and second to the large magnetic effects
the maximum electron spin alignment of the localizefl 4 induced by the half-filled Gd # band, which are further

VI. CONCLUSIONS
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enhancedrelative to the other Gd pnicitideby the more  semiconductor to metal transition is sufficiently different that
ionic nature of the nitrides. Another interesting prediction ofwe find it worthwile drawing attention to it. Hopefully an
our calculations for GdN is that the semimetallic overlap ofexperimental verification will be undertaken. Finally, we
the Gd 5 bands neaX and As 4-derived bands nedr note that even if in pure GdN the gap correction turns out to
only occurs for the minority spin bands. This is true even inbe large enough to eliminate the effect, one could expect that
our LSDA calculation and remains the case after the gaphe desired situation would hold in a suitable GNR _,
correction is applied as long as the gap correction remainalloy, because one expects alloying would allow one to tune
smaller than the negative LSDA gap of the minority spinthe gap to the desired value in relation to the spin splitting.
band. This situation is of interest as it would lead to carriers We conclude that the electronic and magnetic properties
of only one spin direction. This may be of interest for ex- of the rare-earth pnictides are quite interesting, because of
periments in which one would like to inject carriers of a their unusual combination of a semimetallic or semiconduct-
given spin polarization into a semiconductor or two-ing character with the magnetism induced by the strong cou-
dimensional(2D) electron gagprovided that a 2D electron pling to the 4 localized moments. In particular, this implies
gas could be formed at an interface with GdRurther in-  that the Fermi surface may be affected efficiently by a mod-
terest in this system arises from the fact that this semimetakrate external magnetic field.

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 This work was supported by AFOSR Grant No. F49620-
an external magnetic field. Although these conclusions abou5-1-0043 and ONR Grant No. NO0014-93-10425. One of us
GdN are still somewhat tentative, because of the limited actA.G.P) acknowledges the partial support of the National
curacy of our estimate of the band-gap self-energy correcScience Foundation under Grant No. OSR-9108773 and of
tion, we think this phenomenon of a magnetic field inducedthe South Dakota Future Fund.
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