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Abstract

The structural parameters and electronic structure of rare-earth pnictides are calculated using
density functional theory (DFT) with the Heyd, Scuseria, and Ernzerhof (HSE06) screened hybrid
functional. We focus on RE-V compounds, with RE=La, Gd, Er, and Lu, and V=As, Sb, and Bi,
and analyze the effects of spin-orbit coupling and treating the RE 4f electrons as valence electrons
in the projector augmented wave approach. The results of HSEQ6 calculations are compared with
DFT within the generalized gradient approximation (DFT-GGA) and other previous calculations.
We find that all these RE-V compounds are semimetals with electron pockets at the X point and
hole pockets at I'. Whereas in DFT-GGA the carrier density is significantly overestimated, the

computed carrier densities using HSEOQG6 is in good agreement with the available experimental data.



I. INTRODUCTION

Rare-earth monopnictides (RE-V) display interesting electronic, magnetic, optical and
magneto-optical properties, with applications including thermoelectrics,! tunnel junctions,?
photoconductive switches, and terahertz detectors.® RE-V have the rocksalt structure, which
is compatible with the zinc-blende structure of III-V semiconductors. It has been demon-
strated that RE-V compounds can be epitaxially grown on I1I-V semiconductors,*” to which
RE-V have been explored as the ultimate ohmic contacts with high structural quality due to
the small lattice mismatch.® For instance, ErAs and ThAs have lattice parameters very close
to those of GaAs and InGaAs alloys,” ! respectively. Some of the RE-V compounds have

12-14

been investigated due to their non-trivial topological band structures, and have shown

15,16

effects of extreme magnetoresistance and superconductivity'” at low temperatures.

The electronic and magnetic properties of RE-V have long been studied both experimentally®7719

and by theory.'#2022 There have been notable contradictions in the experimental charac-
terization of the electronic properties of these materials. Early measurements of electrical
resistivity have shown metallic as well as semiconducting behavior,?® while optical mea-
surements have shown signs of a semiconducting band gap.?* Previous theoretical work
were limited to semi-classical treatment of the crystalline field,?> or simplified models that
account for the p- f mixing,?® d-f coulomb interaction,?” and an effective point-charge model
for the crystalline field.?® These models could clarify only few specific properties of some
RE-V compounds, yet general agreement with experiments for the complete series was
not satisfactory.?? Using an augmented plane wave method with the Slater X, exchange

130 and treating the 4f electrons as core electrons, Hasegawa and Yanase?® claimed

potentia
that GdN is a semiconductor with a band gap of 1 eV and all the other Gd monopnictides

are semimetallic.

A remarkable feature of RE-V compounds is the presence of occupied 4 f electronic states
near to or resonant in the valence band. As the number of 4 f electrons increases from La (no
f electrons) to Lu (fully occupied 4f shell), the RE-V series displays a variety of magnetic
and electronic effects. The coexistence of partially filled 4f shell along with itinerant p
and d charge carriers has been quite challenging to an accurate description of the electronic
structure of RE-V compounds. Petukhov et al.3! performed first-principles calculations

using the linear-muffin-tin-orbital (LMTO) method within local spin-density approximation
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for ErAs and Ery_,Sc,As, treating the Er 4f electrons as core-like electrons. They found
cyclotron masses in good agreement with experimental data,'® however, the Fermi surface
dimensions were significantly overestimated. Subsequently, Petukhov et al.?* studied the
electronic properties of GdX and ErX (X = N,P,As), performing test calculations for ErAs
and GdAs with 4f electrons in the valence and in the core. They reported that treating the
4f electrons in the valence leads to strong perturbation of the bands near the Fermi level,
and incorrectly predicts that these compounds are not semi-metals. They also claimed that
GdN is metallic for one spin channel and semiconducting in the other. Later studies treated

29,33

4f as core electrons while some others highlighted the need of including the f electrons

in the valence.3%3

More recently, a combination of DFT and dynamical mean-field theory (DMFT) calcula-
tions indicate the importance of including the 4 f electrons in the valence to correctly describe
the dimensions of the Fermi surface pockets, carrier concentration, and Shubnikov-de Haas
(SdH) oscillation frequencies.®® These calculations are rather computationally expensive, and
finding other more computationally affordable methods that correctly describe the effects
4f electrons on the electronic structure of RE-V compounds is highly desirable. Here we
studied the electronic structure of RE-V compounds using the screened hybrid functional of

Heyd, Scuseria, and Ernzerhof (HSE06), focusing on the effects of spin-orbit coupling and

treating the 4 f as valence electrons.

II. COMPUTATIONAL METHOD

We use density functional theory (DFT)373® with the screened hybrid functional of Heyd-
Scuseria-Ernzerhof (HSE06)3%" as implemented in the VASP code.*!*? In HSE(6, the ex-
change potential is divided into short range and long range parts, and the Hartree-Fock
exchange is mixed with the exchange of the generalized gradient approximation (GGA),3
with a mixing parameter a of 0.25, only in the short range part. The long range part is
described by the GGA exchange potential. The interaction between valence electrons and
the ion cores is described by the projector augmented wave (PAW) method.** The PAW po-
tentials for the pnictides As, Sb and Bi all contain 5 valence electrons each, i.e As: 4s24p?,
Sb: 5s25p3, Bi: 6526p®. For the rare-earth elements La, Gd, Er and Lu, the PAW poten-

tials with 4f electrons in the core contain 11, 9, 9 and 9 valence electrons, respectively,



i.e La: 5s25pb6s25d!, Gd: 5pb6s25d!, Er: 5p®6s25d!, Lu: 5p6s25dl. In the calculations
where the 4f are treated as valence electrons, we used PAW potentials with the following
valence configurations: La: 5s25p%6s25d14f?, Gd: 5s%5p%6s25di4f”, Er: 5s25p®6s25dt4ft!, Lu:
5s25p®6s25dl4f!4. We note that the calculations including the 4f as valence electrons were
only performed using HSEO06, since GGA does not correctly describe the states originating
from 4f orbitals, placing them at the Fermi level when the f shell is partially filled.!

The rocksalt crystal structure of the RE-V compounds has two atoms in the primitive
cell, with the rare-earth atom at (0,0,0) and the pnictide at (0.5,0.5,0.5). All the calculations
were performed using a 400 eV cutoff for the plane-wave basis set, and 12x12x12 I'-centered

mesh of k points for the integrations over the Brillouin zone.

For the compounds with Gd, Er, and Lu, we only considered the ferromagnetic ordering
using the 2-atom primitive cells when including the 4 f electrons in the valence, despite these
compounds are known to be antiferromagnetic at low temperatures.?”4>46 This facilitates
the comparison of the band structures of the different compounds, without having to deal
with folded bands in the smaller Brillouin zone of the larger cell size required to describe
the anti ferromagnetic ordering. We expect the magnetic ordering to not change our results

and conclusions.

III. RESULTS AND DISCUSSION

A. Lattice parameters of RE-V

The calculated lattice parameters of RE-V compounds using HSEO6 along with the results
from GGA calculations and experimental values are listed in Table I. The results shown
were obtained by treating the 4f electrons as core and valence electrons. We note that the
HSEO6 results are systematically closer to the experimental values than the results from the

DFT-GGA, which typically slightly overestimates lattice parameters.

We note from Table I that for a given rare-earth, the lattice parameter a increases going
from As, Sh, to Bi, i.e, as the atomic size of the pnictide atom increases. On the other hand,
the lattice parameter decreases by going from La, Gd, Er, to Lu, due to the lanthanide

contraction effect on the atomic size.?°



TABLE I. Calculated equilibrium lattice parameters a for the RE-V compounds using the HSE06
hybrid functional. The results obtained using DFT-GGA and the experimental values are also
shown for comparison.!%29:31:45:47°49 For the La-V compounds, the 4f shell is empty so the results
using HSE06 with the 4f in the core or valence are the same. For Gd, Er, and Lu, treating the 4f

as core electrons or as valence electrons give slightly different lattice parameters.

Material DFT-GGA HSE06 HSE06 Exp.
(4f in the core) (4f in the core) (4f in the valence)

a (A) a (A) a (A) a (A)
LaAs 6.187 6.173 6.173 6.137
LaSb 6.540 6.514 6.514 6.488
LaBi 6.654 6.625 6.625 6.578
GdAs 5.879 5.838 5.882 5.854
GdSb 6.247 6.192 6.245 6.217
GdBi 6.373 6.314 6.368 6.295
ErAs 5.769 5.737 5.766 5.732
ErSb 6.148 6.105 6.160 6.106
ErBi 6.281 6.233 6.269 6.206
LuAs 5.701 5.670 5.697 5.679
LuSb 6.091 6.056 6.081 6.055
LuBi 6.231 6.185 6.220 6.159

B. Electronic band structures of the RE-V

The analysis of the electronic structure of the RE-V compounds starts with the results
using HSEO6 without spin-orbit coupling and without including the 4f electrons in the
valence, shown in Figure 1. In this approximation, all the RE-V studied are semi-metallic
except for LaAs which shows a very small band gap of 5 meV. All RE-V compounds have
hole pockets at I' point and electron pockets at the X point. The hole pocket bands are
composed mostly of pnictide p orbitals while the electron pocket bands has derived mostly
from the rare-earth d orbitals. For a given rare-earth we note that the size of the hole pocket

increases going from As to Bi. This trend is explained by the relative energy of the valence
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FIG. 1. Calculated electronic band structure of (a)LaAs, (b) LaSb, (c¢) LaBi, (d) GdAs, (e) GdSb,
(f) GdBi, (g) ErAs, (h) ErSb, (i) ErBi, (j) LuAs, (k) LuSb, and (1) LuBi using HSE06 without

spin-orbit coupling and treating the 4f electrons as core electrons. The Fermi level is set to zero.

p orbitals of the pnictide atoms, which increases from As to Bi.* The gap at X point opens
up as we go from La to Lu largely due to the dispersion of the pnictide p band that increases

as the lattice parameter decreases due to the lanthanide contraction effect.
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1. Effects of spin-orbit coupling on the electronic structure of RE-V

The effects of spin-orbit coupling are very significant for the RE-V compounds, which
are composed of heavy elements and the bands of interest, situated near the Fermi level,
are derived from pnictide p and lanthanide d orbitals. Previous first-principles calculations
have already pointed out the importance of spin-orbit coupling in the description of the
electronic structure of RE-Vs.?2%3 The three fold degenerate pnicitide p band at I' splits
into 24+1 bands due to spin-orbit coupling. Also the splitting increases from As to Bi as
the atomic number increases. The spin-orbit coupling also causes a splitting of the highest
occupied pnictide p band at the X point, and this splitting also increases going from As to
Bi. Interestingly, as shown in Figure 2 for the case of Er-V, we find that in ErBi the Bi 6p
band is very close to Er 5d band at the X point, but it avoids any band crossing making
it topologically trivial semi-metal. This results doesn’t change if we include 4f as valence

electrons as shown in Figure 3.

C. Effects of including 4f as valence electrons on the electronic structure of RE-V

In most of the previous calculations of RE-V compounds using DFT-LSDA or GGA the
4f electrons were taken as core electrons. Treating the 4f as valence electrons in these
approximations would lead to incorrect description of the bands near the Fermi level.3?
To overcome this problem, an extra Coulomb interaction is often added to the 4f orbitals
as in the LDA4U method, with U typically used as an adjusting parameter. This added
electron-electron repulsion term splits the occupied and unoccupied 4 f bands, pushing them
out of the Fermi level region.?¢:5254 Here, instead, we show that the HSE06 hybrid functional
also improves the description of the electronic structure of RE-V compounds, compared to
DFT-LSDA or GGA, including the effects of 4f electrons being treated self-consistently as
valence electrons. The results for GdAs, ErAs, and LuAs are shown in Figure 3.

For GdAs, the 4 f shell is half filled, resulting in flat bands occupied well below the Fermi
level, whereas the empty 4f bands lie well above the Fermi level. The occupied 4f bands
are located around 8 eV below the Fermi level and the unoccupied 4f states lie around 4-5
eV above the Fermi level, in qualitative agreement with the results of Petukhov et al.,*? and

in good agreement with experimental data® and quasiparticle GW results.?¢
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FIG. 2. Calculated electronic band structure of (a)LaAs, (b) LaSb, (c) LaBi, (d) GdAs, (e) GdSb,
(f) GdBi, (g) ErAs, (h) ErSb, (i) ErBi, (j) LuAs, (k) LuSb, and (1) LuBi using HSE06 with

spin-orbit coupling and treating the 4f electrons as core electrons. The Fermi level is set to zero.

In the case of ErAs, the filled 4 f bands (i.e., lower Hubbard bands (LHB)) lie between -9.0
eV and -5.7 eV, while the three unoccupied 4 f bands (i.e., upper Hubbard bands (UHB)) lie
near 2 eV above the Fermi level, with a spread of around 0.5 eV. It is worth mentioning that
the filling of 4f bands follows Hund’s rule, as in previous LDA+U results,?¢:5254 so only the
minority 4f spin states forms the UHB. Note that our results do not capture the multiplet
features shown in the LDA+DMFT results®® due to the single-particle nature of the HSE06

functional.



TABLE II. Exchange splitting (in meV) of the As 4p hole bands at I" and the Er 5d electron bands
at the X point in the HSE06 calculations compared to previous LDA+U and LDA+DMFT results

from Ref. 36 and quasi-particle GW results from Ref. 56.

band/k-point LDA+U GW LDA+DMFT HSE06

hh @T 66 40 11 64
lh@T 242 120 80 387
sh@T 112 153 65 369
e” @X 124 150 65 223

Using HSE06 we find the spin, orbital and total moment to be 2.9up, 6.0ug, and 8.9ug,
respectively, in the case of ErAs, as in LDA+U.3¢ The total moment is in good agreement
with the experimental values for high magnetic field, but slightly different from the low
applied magnetic field value according to the LDA+DMFT results.*® The results for the
exchange splitting in the semi-metallic As 4p hole bands at I" (hh, lh, and sh) and the
Er 5d electron bands at the X point are listed in Table II. Overall, HSEO6 gives larger
exchange splittings due to the closer proximity of the UHB to the semi-metallic As 4p and
Er 5d bands, compared to LDA+U, GW, and LDA+DMFT,3¢:56 except for the hh band
that HSE06 gives a similar value to the LDA+U result.3°

Finally, we note that the width of the As 4p hh band, measured along I'-X is ~1.5 eV,
very close to the GW result,® and much larger than the value of ~1.1 ¢V in the LDA+U and
LDA+DMFT results.® This is attributed to the improved description of the band dispersion
of uncorrelated bands in HSE06 and GW, as in the case of band gaps and band dispersions

in semiconductors.

D. Carrier concentrations in RE-V

The overlap in energy of the electron and hole pockets determine the free carrier con-
centration in these materials. The volume of the Fermi surface for ErAs calculated using
LSDAS3! is almost three times larger than the experimental value.?” The reason behind this
disagreement is the fact that LSDA overestimates the band overlap between As p and Er

d bands, overestimating the dimensions of the electron and hole pockets and resulting in
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FIG. 3. Calculated electronic band structure of (a) GdAs, (b) GdSb, (¢) GdBi, (d) ErAs, (e) ErSb,
(f) ErBi, (g) LuAs, (h) LuSb, and (i) LuBi with 4f as valence electrons using HSE06.

higher carrier concentrations than in experiment. Here we computed the carrier concen-
tration using different approximations, i.e., GGA, HSE06, including SOC, and treating the
4f as core electrons. The carrier concentrations are calculated using the wannier90®® and

SuperCell K-space Extremal Area Finder(SKEAF) codes.? The results are shown in Table
III. Only the results including SOC should be compared to the experimental data.

Due to the compatibility with conventional III-V semiconductors, we expect that the
later can serve as substrates for epitaxial growth of RE-V, as demonstrated in the case of
(In)GaAs/ErAs®>®1% and GaSh/LuSb.%" In this context, it is important to know the work-
function of these materials to understand the formation of Schottky barriers and any possible
charge transfer across the I1I-V/RE-V interfaces. So we calculated the band alignment at
the ErAs/GaAs and LuSb/GaSb, which are two systems of current interest, and display

small lattice mismatches.% 7
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TABLE III. Calculated carrier concentration n for the RE-V compounds using the HSE06 hybrid

functional, including spin-orbit coupling (SOC) and treating the f electrons as core (DFT-GGA)

or valence (HSE06) electrons Experimental results are also listed for comparison.

18,46,57,60-69

Material DFT-GGA

n(10%° em=3) n(10% cm=3)

HSEO06

Exp.

n(10%° cm—3)

LaAs 0.94 0.25 0.4652
LaSb 2.28 1.44 1.1093
LaBi 4.04 3.72 3.7864,65
GdAs 5.13 3.00 2.1096
GdSb 6.55 4.39 4.2066
GdBi 7.18 6.09 -
ErAs 5.59 3.3 1.8,18:464 69 57603 318,46,61
ErSb 6.68 4.53 -
ErBi 8.06 6.88 -
LuAs 5.86 2.63 1.5267
LuSb 6.57 4.35 4.35,5.0758
LuBi 8.24 6.44 6.61,6.99%9
(a) GaAs ErAs (b) GaSb LuSb
Conduction Band
Conduction Band y !
X 10.37 eV
; 0.73 eV 1
110.73 eV ! Fermi Level
i '+ 10.36 eV
1.31eV '
- Valence Band
Fermi Level

Y

4

0.58 eV

Valence Band

0.69 eV

FIG. 4. Calculated band alignment at the ErAs/GaAs and LuSb/GaSb interfaces.The band align-

ment between GaAs and GaSb was taken from the literature.”
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The band alignments between the Fermi level in the semimetal and the band edges in the
semiconductor are calculated as follows.”™ First we calculated the Fermi level position in the
semimetal and the band edges in the semiconductor with respect to the respective averaged
electrostatic potential through bulk calculations using their primitive cells. Then we aligned
the averaged electrostatic potential in the two materials by performing an interface calcu-
lation using a superlattice geometry with two equivalent interfaces, as described previously.
The superlattice consisted of 9 monolayers of each material, along the [110] direction in
order to minimize the effect of charge transfer across the interface. In order to remove the
effects of strain due to the small lattice parameters, we used the in-plane lattice parameter
of the semiconductor and adjusted the out-of-plane lattice parameter of the semimetal to
give its equilibrium volume. In this way, the calculated band alignments should be regarded
as natural band alignments. in any case, effects of small strain on the absolute position of

the Fermi level in the semimetal were shown to be negligible.™

For the superlattice we used a 6x6x1 Gamma-centered mesh of special k points for the
integration over the Brillouin zone. We note than for GaAs our calculated band gap using
the HSEO06 hybrid functional is 0.11 eV lower than the experimental value of 1.42 eV, while
for GaSbh our calculated band gap is 0.06 eV larger than the experimental value of 0.67 eV.

The results for the band alignments are shown in Fig. 4.

We find that the the Fermi level of the semimetal lies within the band gap of the semi-
conductor in the cases of ErAs/GaAs and LuSb/GaSb. The band alignment between GaAs
and GaSb was taken from the literature.” In the case of ErAs/GaAs we find that the Fermi
level in ErAs is 0.58 eV above the valence band of GaAs, and in the case of LuSb/GaSb the
Fermi level of LuSb is 0.36 eV above the valence band of GaSb. From the transitivity rule,
we obtain the Fermi level of LuSb 0.47 eV higher than that of ErAs, consistent with the Sb
5p orbitals being higher in energy than the As 4p orbitals. Note that our results for position
of the Fermi level in ErAs with respect to the valence band edge in GaAs is higher than
previous uncorrected DFT value by 0.3 eV, yet only ~0.1 eV lower than the experimental

value.?
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IV. SUMMARY

We performed HSE06 hybrid functional calculations for the electronic structure of RE-V
compounds, where RE= La, Gd, Er, Lu and V = As, Sb, Bi. The HSE06 gives equilibrium
lattice parameters in very close agreement with experimental data. All the studied com-
pounds are semi-metals with the size of hole pocket increasing from As to Bi, whereas the
gap at X point increases with increase in atomic number of the rare-earth element. We show
that using HSEO6 gives a good description of the electronic structure of RE-V including the
4f electrons explicitly as valence electrons. In particular, we find reasonable agreement
with LDA4+DMFT and GW calculations for ErAs. We also show that HSE06 gives hole and
electron concentrations that are closer to the observed values, correcting the overestimation
of the electron and hole pockets overlap in the DFT-GGA calculations. Our results for the
band alignment at the ErAs/GaAs interface is in good agreement with experimental data,
and it is a significant improvement over previously reported DFT calculations within local

spin density approximation.
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