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Electronic, magnetic, and optical properties of Gd monopnictides: An LDA +U study
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The electronic structure calculation of Gd monopnictides has been performed by the linear muffin-tin orbital
method. The correlation effects among the f states are considered in the local density approximation. The rigid
shifts in the 5d and 4f states are required to obtain the correct electronic structure of Gd monopnictides. The
calculated magnetic moment is very close to the atomic value. Reflectivity calculations reveal a plasma edge
effect in GdP, GdAs, and GdSb and agree well with the experimental results. The resonance like structures in
the Kerr rotation and the ellipticity spectrum are found. The deep plasma minimum results in a large Kerr

rotation in GdP, GdAs, and GdSb.
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I. INTRODUCTION

The rare earth (RE) monopnictides exhibit a rich variety
in their physical properties. The electronic, magnetic, and
magneto-optical properties of such a system primarily de-
pend on the behavior of f electrons under the influence of the
ligand. The degree of localization and the position of f
bands depend on the rare earth element and also on its
chemical environment. Gadolinium is at the center of
the lanthanide series and has a half-filled 4f orbital configu-
ration. Hence, it is to be expected that the 4f electrons
will be strongly localized and magnetic properties will be
dominated by the exchange interaction. Gd monopnictides
(GdX,X=N,P,As,Sb,Bi) are known to exhibit unusual
electric' and magnetic®3 phenomena. GdN is a controversial
semimetallic compound, which might be a very small-gap
semiconductor. Other monopnictides, GdP to GdBi are semi-
metals. The semimetallic character of GdX introduces addi-
tional interaction due to the existence of free electrons. GAN
is a ferromagnet with a Curie temperature of 7-=58 K. The
neutron diffraction experiments on GdP, GdAs, GdSb, and
GdBi suggest that they are antiferromagnets. The Néel tem-
peratures increase from 15.9 to 25.8 K in going from P to Bi.
The antiferromagnetic (AFM) phase is unstable against
chemical composition and external magnetic field. A small
change in the stoichiometry can give rise to the ferromag-
netic (FM) phase.* An external magnetic field* can destroy
the AFM state and induce the FM state at low temperature.
Magnetism is generally described by the indirect exchange
interaction here due to the negligible overlap of the f states.
Stoichiometric Gd monopnictides have been proposed to be
self-trapped magnetic polaron™® materials. A detailed elec-
tronic structure is required to obtain a thorough knowledge
about the intriguing properties of GdX.

Self-consistent band structure calculations on GdN, GdP,
GdAs, and GdSb have been reported’:® within the local spin
density approximation (LSDA). The 4f states were treated as
localized core-like states with fixed spin occupancies. This
calculation does not provide the exact positions of the 4f
states as obtained from the experimental X-ray photoemis-
sion spectroscopy (XPS) and X-ray Bremsstrahlung Isochro-
mat spectroscopy (BIS) results.” However, Petukhov et al.®
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pointed out that the inclusion of the 4f states in self-
consistent calculations affects other band states. The optical
conductivity spectrum or any other spectral function needs a
very rigorous treatment of the band states and, hence, calcu-
lations that go beyond the frozen core treatment are required
for the 4f electrons. In order to minimize the error in calcu-
lating the optical properties, one needs to treat the 4f states
as band states. The spin-spin exchange splitting of the 4f
states in the LSDA scheme does not yield the proper posi-
tions and separation of the 4f bands. This suggests that ad-
ditional corrections such as the correlations among the 4f
states (LDA + U) should be taken into account in the conven-
tional LSDA. LDA+U (Ref. 10) is a realistic method of
handling the on-site Coulomb interactions among the 4f
electrons. Such an approach has led to excellent agreement
with the magneto-optical experiments in CeSb and CeTe,'!
Pr monopnictides,'”> Nd monochalcogenides,’”> and Tm
monochalcogenides.'* Also the electronic structure of the Eu
monochalcogenides has been described satisfactorily by in-
cluding the correlation effects of the d states along with the f
states.!®> In a recent work, the use of the LDA+U method
augmented with a rigid shift of the 5d states'® of Gd led to
semiconducting GdN. However, the electronic structure of
GdN is still controversial and it is yet to be established
definitely through experiments. In order to obtain the
correct electronic structure and to include the effect of the 4f
states on the optical properties, one must consider these 4f
states as band states but screened by an effective Coulomb
parameter, U.

Experiments provide evidence that low carrier-density
materials usually exhibit a minimum in their optical conduc-
tivity spectrum and plasma edge in the reflectivity spectrum.
A resonance between the plasmons (charge density waves
due to the free electron gas) and the incident electromagnetic
radiation (light) occurs at a particular frequency, namely the
plasma resonance frequency. This interaction leads to the
damping of the charge density waves, which in turn leads to
the fall of reflectivity and optical conductivity. Light with
higher frequency will be allowed to propagate through the
medium and will lead to optical transition if the initial and
final states exist with such an energy difference. But plasma
resonance'®2? alone cannot suffice for the large resonant
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TABLE 1. Table contains a, the lattice parameter, muffin-tin radii of Gd, Sgq and pnictogen, Sy, the
density of states at the Fermi level (S;), N S,(E ) and the density of states at the Fermi level (S;;) with shifts

in the 5d and 4f Hubbard bands in Gd, N S”(E 7).

a Sca Sx Ns,(Er) N, (EF)

(a.u.) (a.u.) (a.u.) (St./eV) (St./eV)
GdN 9.447 2.739 1.984 0.04 0.00
GdP 10.808 2.864 2.540 0.21 0.15
GdAs 11.042 2.926 2.595 0.22 0.15
GdSb 11.753 2.997 2.879 0.30 0.25
GdBi 11.926 3.041 2.922 0.31 0.30

magneto-optical (MO) Kerr effect observed in some metallic
systems. A sharp fall in the reflectivity at the plasma reso-
nance energy immediately followed by a moderately large
and sudden interband transition indicates a possible observa-
tion of large MO signals. A sharp fall in the reflectivity spec-
trum of GdP and GdSb (Refs. 5 and 23) indicates that these
are compounds likely to show a moderate MO Kerr effect
(MOKE). An experimental MOKE investigation is highly
relevant in order to shed light on the electronic and magnetic
structure of GdX. Since the experimental results of the
MOKE on GdX are not available, our work focuses on the
comparison of the results of our calculations with the experi-
mental reflectivity spectra and a possible prediction of the
MO Kerr spectrum, especially of ferromagnetic GdN, there-
upon. Very recent calculations on some rare earth com-
pounds based on the rigid shifts of the 5d (Ref. 16) and 4f
bands (Ref. 24) provide better agreement with experimental
results. What happens if such shifts are applied in the Gd
monopnictides? And more crucially, how is the MOKE spec-
trum modified if the electronic structure of GdN is changed
from semimetallic to semiconducting by applying these rigid
shifts? These are the basic questions to which we seek an-
swers in this work.

II. CALCULATIONAL DETAILS

Full potential (FP) self-consistent spin-polarized band
structure calculations have been performed for the FM phase
of Gd monopnictides by the linear muffin-tin orbital
method® (LMTO) using the FP-LMTO code developed by
Savrasov et al.’® In the LDA+U method,'? the LDA energy
functional is simplified by removing the LDA f-f interac-
tions and adding the strong on-site Coulomb interactions
among the f electrons. The computational detail is mentioned
in our earlier paper.'? In LDA+U calculations, the values of
U have been estimated from the energy separation of occu-
pied and unoccupied 4f states in XPS and BIS results.’ The
value of the Coulomb parameter U is chosen to be 10 eV for
all but GdBi, 12 eV. This set of calculations is denoted by S,
hereafter. Another set of calculations, Sy, were performed
considering U among the 4f states to be 6 eV. In addition,
the 5d and 4f bands of Gd were given rigid shifts. The lower
and the upper 4f Hubbard bands are shifted by 2 eV towards
Er and 6 eV away from Ep, respectively. This amounts to an
effective U of 6+(6—2)=10 eV. This has been done with the

sole aim of reproducing the results of XPS and BIS.’ The
governing magnetic exchange mechanism?’® in these com-
pounds is the d-f Coulomb exchange interaction. The strong
on-site Coulomb interaction of the 4f electrons modifies the
electronic structure but fails to incorporate the effect on the
5d electrons, which should be there due to the d-f exchange
interaction. This effect is brought about by the shifting of the
5d states by 4 eV away from the Fermi level, and should
lead us to the correct electronic structure. The values of other
Slater integrals F2, F* for the d electrons and F?, F*, F® for
the f electrons used are 0.8 times of their atomic values
evaluated within Hartree-Fock (HF) approximation®” in order
to calculate the Coulomb and exchange matrices U, and
Jum- The experimental lattice parameters with a rock-salt
type structure at ambient conditions for all the GdX are given
in Table I. The LMTO basis consists of Gd: 6s, 5p, 5d, 4f
and pnictogen: (n)s, (n)p, and (n)d, where n refers to the
principal quantum number. Charge density, density of states,
and the momentum matrix elements were calculated on a
grid of 242 k points in irreducible Brillouin zone and the k
space integration was performed using the tetrahedron
method. We started the self-consistent calculations treating
the Gd ion as trivalent, implying that 4f7 electrons are con-
sidered to be occupied. In the present paper, we report the
ferromagnetic results only due to very low Néel temperatures
of Gd(P, As, Sb, Bi).

III. RESULTS AND DISCUSSIONS

The full-potential spin-polarized band structure of GdN
for S, set calculation is depicted in Fig. 1(a). The occupied 4f
bands of Gd lie almost 10 eV below the Fermi level, Ef.
These are followed by the fully occupied p bands of nitro-
gen. However, these bands strongly hybridize with the d
bands of Gd. At the Fermi level, there is a small overlap of
the conduction and the valence bands along I'-X direction.
The spin-polarized band structure shows that there is a small
gap in the spin-down channel. This renders a half-metallic
nature to GdN, unlike the small-gap insulating state found
earlier’ in the paramagnetic phase. However, the ferromag-
netic calculations® of GdN later yielded a zero-gap overlap,
consistent with our results. The recent SIC-LSD calculation
on GdN also yields a half-metallic behavior.*® The conduc-
tion band consists of the unoccupied 4f” states at about 3 eV
above Ep, followed by the 5d states of Gd. The spin-
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FIG. 1. The band structure of
GdN: (a) LDA+U calculations
(S)); (b) LDA+ U with rigid shifts
of 5d and 4f states of Gd (S})).

polarized band structures of other pnictides are substantially
similar to GdN except for the region near Ej, the splitting
and the width of the valence p bands and the order of the s
bands of the pnictogen. The energy band structure of GdBi is
shown in Fig. 2(a). The pnictogen p states show increased
spin-orbit (SO) splitting as we go on to the higher pnictogen.
Increasing SO interaction leads to increased p-f-d hybridiza-
tion as we move on from GdP to GdBi. The unoccupied 5d
band becomes narrower and moves closer to Er. The system-
atic changes in the electronic structure of the series GdX
arise from an increase of the lattice parameter and the char-
acteristic trend of the p states due to the increase of the
pnictogen ion size.

Experimental XPS and BIS (Ref. 9) indicate that the oc-
cupied 4f levels are about 9 eV below Ey and the unoccu-
pied 4f states are about 5 eV above Ey. The energy differ-
ences (~14 eV) between the occupied and the unoccupied f
states for U=10 eV are in good agreement with the experi-
mental ones in GdP, GdAs, and GdSb. The systematic
change of the energy position, though not their actual posi-
tions, of the f states are also consistent with the experimental
results. In the case of GdBi, the electronic structure with U
=12 eV was found to be better described than for U

=10 eV. This gave a peak energy difference between the
lower and upper Hubbard bands at just a little above 14 eV.
The position of the p valence band of pnictogen in XPS
spectra [see Fig. 4 in Ref. 9] is comparable with the theoret-
ical spectra. The only disagreement is in the position of the
unoccupied f states relative to Er. Experimentally, it is about
4—-6 eV above E and shifts towards Ey from GdP to GdBi.
In this set of calculations, it is observed that the bands cross-
ing the Fermi level are 5d (Gd)-p(X) hybridized ones. Sec-
ondly, the upper 4f Hubbard band is 2 eV lower in energy in
GdP as compared to what has been found in BIS. These two
observations motivated us to rigidly shift the 5d states and
the 4f Hubbard bands. However, the shift for the 4f states
was decided by the difference in the energies of the upper 4f
Hubbard band between the previous set of the band structure
calculation and the BIS. Figure 1(b) shows the band structure
of GAN with U=6 eV and the rigid shifts in the 5d and 4f
states of the amount stated above. This leads to a decrease in
the p-d overlap at E and an opening up of a gap in both spin
channels in GdN. The band gap may be tuned by suitably
choosing the 5d shift parameter. However, in all the other
GdX, a shift in the 5d states fails to open up a gap. This is
because of the presence of pnictogen p states at the top of the

Energy (eV)

FIG. 2. The band structure of
GdBi: (a) LDA+U -calculations
(S)); (b) LDA+U with rigid shifts
of 5d and 4f states of Gd (Sy).
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FIG. 3. The [-projected
density of states of GdX (X
=N,P,As,Sb,Bi): (a) LDA+U
calculations (S;); (b) LDA+U
with rigid shifts of the 5d and 4f

states of Gd (Sy). Experimental
XPS and BIS spectra (see Refs. 9
and 34) for the 4f states of Gd.
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valence band and the bottom of the conduction band too.
Figure 2(b) shows the band structure of GdBi with improved
positions of the 4f Hubbard bands in the new scheme.
Figure 3 shows the angular momentum-decomposed den-
sity of states (DOS) of all the Gd monopnictides in the two
schemes, left panel for S; and right panel for S;;. Let us first
discuss the left panel, i.e., Fig. 3(a). The lowest states are the
s band of pnictogen in GdN while it appears above the f
bands for other pnictogens. The separation between the oc-
cupied and unoccupied 4f bands is almost the same for all
GdX. The only change is that the occupied f states move
away from E while the unoccupied f states shift towards Eg.
The p bands of GdN show a broad peak below Ey. The
position of the unoccupied 5d bands shifts with respect to
Er. Majority states near E are the pnictogen p states. The
total DOS at E of GdN, as shown in Table I, is substantially

Energy (eV)
(b)

smaller than that of others. This suggests that GAN might be
sitting on the fence between semiconducting and semimetal-
lic behavior. The DOS at E. increases systematically with an
increase of the atomic number of pnictogen, though all of
them are low-carrier density materials. The calculated DOS
with rigid shifts in the 4f and 5d states as depicted in Fig.
3(b) places the lower 4f Hubbard band at 8.25-10.5 eV
(7 eV) below E in the Gd monopnictides (GdN). But a ma-
jor improvement is observed in the upper 4f Hubbard band
which lies 3.5-5.5 eV (7 eV) above E in the respective Gd
monopnictides (GdAN). The better agreement with the BIS is
brought about by the shifts in the 4f states.

The information on the spin and orbital moment due to
each atom and total magnetic moment in all the Gd monop-
nictides as obtained from both the sets of calculations are
given in Table II. In the first set of calculations, the pnictogen

TABLE II. Table contains m, and m,, the atomic orbital and spin moments, respectively, and the total moment, m +m,,.

Sy Si
my(Gd) my(X) m,(Gd) m,(X) mg+m, m(Gd) my(X) m,(Gd) m,(X) mg+m,
(p) (p) (up) (p) (p) (ep) (ep) (ep) (ep) (ep)
GdN 6.79 -0.14 0.13 0.00 6.78 6.99 -0.08 0.01 0.00 6.92
GdpP 6.77 -0.12 0.14 0.00 6.79 7.00 -0.06 0.01 0.00 6.95
GdAs 6.77 -0.10 0.15 0.00 6.82 7.01 -0.05 0.01 0.00 6.97
GdSb 6.76 -0.10 0.17 0.00 6.83 7.02 -0.05 0.01 0.00 6.98
GdBi 6.84 -0.10 0.13 0.00 6.87 7.03 -0.05 0.00 0.00 6.99
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moment for all the compounds is opposite to the Gd ion. The
spin moment due to the polarization of the 4f electrons of Gd
is 6.64 up. One would have expected a spin moment of 7 up
in Gd from its half-filled 4f atomic configuration. One would
have also expected, from Hund’s rule, that the orbital mo-
ment would be zero. The U=10 eV (12 eV in GdBi) among
the 4f states fails to quench the orbital moment fully, as can
be seen from Table II. Rigid shifts in the 4f Hubbard and the
5d states yield a spin moment very close to its atomic analog
and a fully quenched orbital moment. This is seen clearly for
all the GdX in Table II.

Summarizing, it is found that the first set of calculations
leads to semimetallic GdX, lower energy position of upper 4f
Hubbard band, spin moment less than 7.0 g, and not a fully
quenched orbital moment. The §; calculations induce more
spin splitting of the p states of pnictogen. The combined
shifts of the 5d and 4f states of Gd reduce the antiparallel
spin moment of the p states. A strong hybridization between
the p (X) and d (Gd) states in the occupied bands is evident.
The 5d occupation is about 0.7. These support the indirect
exchange mechanism for the formation of magnetic state.
Lambrecht,'® assuming that the quasiparticle correction
scales inversely with the dielectric constant, has shown that a
rigid shift of the 5d states of Gd in GdN leads to a formation
of energy gap of about 0.8 eV. In our calculations on Eu
monochalcogenides,15 it was found that the inclusion of the
Coulomb interactions among the 5d states of Eu leads to a
gap opening up and simultaneously to a better description of
the band structure. The model Hamiltonian calculation on
EuO, where the correlation between the localized moments
and conduction electrons is represented by an intra-atomic
exchange interaction, led to the better electronic structure.’!
The present results also lead to maximum agreement with
XPS and BIS measurements and magnetic properties.

The optical conductivity tensor has been calculated from
the standard relations given by Reim et al.3> The imaginary
component of diagonal optical conductivity (o'fx) and the real
component of off-diagonal conductivity (a')lcy) have been cal-
culated using the Kramers—Kronig transformation. The
magneto-optical Kerr rotation is calculated from the relation

— Oy

O = O(w) +ig(w) = - (1)
47i

1+—o
w

(TXX

where o, and o, are the diagonal and off-diagonal compo-
nents of the optical conductivity tensor, provided both are
small and |o,,|<|o,|. Here 6; and ¢ are the Kerr rotation
and the Kerr ellipticity, respectively. Optical and magneto-
optical spectra have been calculated for all the GdX using the
LMTO band structure and further, a Lorentzian broadening
of about 0.0136 eV has been used in order to obtain the best
agreement with the experimental results of GdSb and GdAs.
Optical conductivity calculations have been performed up to
30 eV for maximum accuracy in calculating o7 (w) and
Ty (w).

Figure 4 shows the real part of the diagonal conductivity
0')1“ for the GdX with S; and Sj; sets of calculations. The
optical conductivity spectrum of GdN is quite different from
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FIG. 4. The real component of the diagonal optical conductivity.
The inset shows on enlarged scale in the low energy (upto 1 eV)
regime for GdAs.

other pnictides in the S; calculations. The main features in
GdN are a double structure between 3 and 4 eV and a major
structure at about 7 eV. The former is due to transitions from
the N p states to the Gd 5d states. The peak at 7 eV is caused
by a transition from the strongly localized 4f lower Hubbard
band to the 5d states of Gd. This peak occurs in the back-
ground of the continuous nitrogen p to the Gd 5d states
transitions, which start from about 0.85 eV. It is worthwhile
to remember that the excitonic effects will complicate mat-
ters at the absorption edge near 0.6 eV and might lead to a
redefinition of the spectrum above 0.6 eV.

All the other GdX show a small interband transition at
about 0.33, 0.18, 0.33, and 0.33 eV with an increasing pnic-
togen size. The Drude contribution suppresses this structure
but cannot wipe it out except in GdAs. For GdP and GdSb,
the experimental optical conductivity has not been reported
yet. However, the imaginary component of the dielectric
function spectra of the two>?* imply that the corresponding
optical conductivity will show a structure near 0.5 and
0.25 eV in GdP and GdSb, respectively. Hence, there is a fair
amount of agreement as far as GdP and GdSb are concerned.
The experimental diagonal conductivity spectrum of GdAs
(Ref. 6) shows two very distinct features. One is at about
0.1 eV and the other is at 0.4 eV. The former is said to be
proportional to the number of effective carriers and the latter
owes its existence to the self-trapped magnetic polaron ef-
fect. On comparing with our Sy; calculations, we find that the
first experimental structure corresponds to the one at 0.18 eV
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in the calculated spectrum. Not the 4f but the X p and Gd 5d
electrons have a direct influence over this structure. This is
very unlike the light rare earth compounds where the low
energy optics are governed by the f electrons. From GdP to
GdB4i, the first structure occurs at 0.33 eV in all semimetallic
GdX but GdAs in the S calculations. This decrease in the
energy of the first interband transition in GdAs is curiously
observed in both the experimental and calculated results. A
more detailed experimental investigation and rigorous theo-
retical calculations are necessary in order to understand this
unique feature in GdAs. The Drude minimum occurs at a
slightly higher energy of about 0.55, 0.36, 0.55, and 0.48 eV
from GdP to GdBi. Transitions from the X p to Gd 5d states
start immediately following the minimum and give rise to the
shoulder effect. The largest peak due to this transition occurs
at 6, 5, 4.5, and 4.3 eV from GdP to GdBi. This decreasing
feature, quite common in the RE monopnictides, is due to the
shrinking of the 5d conduction bands towards E. The tran-
sitions from the lower 4f Hubbard band occur at energies
=10 eV and those to the upper 4f Hubbard band from the
occupied Gd 5d bands peak at about 9, 8, 7, 6, and 6 eV
from GdN to GdBi. However, the structure due to the p
—d and d— f transitions occur at almost the same energy
range, making it very difficult to distinguish between them.
Sharp distinctions are also observed in two sets of calcula-
tions especially at low and high energy regions. Strong inter-
band transitions among the p-d hybridized bands are moved
to higher energies when the 5d bands are shifted. The small
structure at low energy is missing when the 54 band is not
shifted.

The reflectivity spectra for all the GdX for the S}; calcu-
lations have been depicted in Fig. 5 and compared with the
experimental spectrum of that of GdAs and GdSb. Also a
comparison with S; calculations in GdN and GdSb has been
made. The S;; spectra indicate the deep minimum at a lower
energy except in GAN. A structure at around 0.7 eV is due to
the p to d transitions. This edge effect takes place at 0.49,
0.435, 0.51, and 0.49 eV in the semimetallic GdX with an
increasing atomic number of X. This region is marked by a
sharp dip in reflectivity, immediately followed by an equally
sharp rise. The sharp rise, with a shoulder like effect, is due
the X p to 5d transitions. The structure at the lower energy in
the conductivity spectrum, which could not be suppressed by
the Drude contribution appears as a very fine structure in the
reflectivity spectrum in GdAs, GdSb, and GdBi. The first
structure in GdP beyond the reflectivity minimum in Sj; cal-
culations agrees fairly well with the experimental one.?? The
strongest peak appears at about 1.0 eV compared to the ex-
perimental value of 1.4 eV for GdP 4. Guntherodt et al.
pointed out that the stoichiometry and the fluorine content
may perturb the experimental results strongly. And of course
the experimental results at 300 K imply that a large thermal
broadening effect makes the structure more flat. These two
points might account for the small discrepancy between the
calculated and experimental spectra. However, the position
of the reflectivity minima of GdAs and GdSb tally satisfac-
torily with the more recent experimental counterpart,®3
which are performed respectively at 6 and 15 K. The edge
effect is made distinct by the shoulder which arises due to
the transition from the p bands of pnictogen to the 5d con-
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FIG. 5. The calculated reflectivity spectra of the Gd monopnic-
tides and the experimental reflectivity spectra of GdAs (see Ref. 33)
and GdSb (see Ref. 5).

duction bands of Gd. The double structure, very prominent in
the experimental spectrum, is also found in the theoretical
spectrum. This structure reflects the effect of spin-orbit split-
ting of the Sb p states.

The real ei,x and imaginary ejz(x parts of the dielectric ten-
sor calculated within S, are shown in Fig. 6. The real €.
spectrum gives the coupled plasma resonance energy where
it assumes the value 0. Table III contains the calculated bare
plasma frequency wzl(cal) obtained from the LMTO band
structure and the screened plasma resonance frequency,
w;‘,'"(cal) estimated from the real component of the dielectric
function for the two sets of calculations. The theoretical val-
ues of the screened and bare plasma frequency of GdP are in
close agreement with the experimental ones of 0.52 and
1.53 eV for GdPg g4, respectively.> The value of El,x in-
creases steeply near the energy axis. The imaginary €, de-
creases sharply at low energies to a minimum value. The
dielectric function spectrum of GdP at low energy is similar
in nature to that of the experimental one?® in GdP(ggs. A
close look at the experimental spectrum provides support to
the small structure we observe just below the minimum in
the optical conductivity and reflectivity spectra for GdP. A
prominent peak in the calculated €, is centered at about
1.0 eV.

Figure 7 shows the complex MO Kerr rotation spectra
(Syy) for GdX. Ferromagnetic GAN exhibits a MO signal of

about 0.65° at about 0.85 eV and is due to the nitrogen
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FIG. 6. Real and imaginary components of €,,.

p— Gd d bands transition. The Kerr rotation spectrum shows
a large positive rotation of approximately 8° in GdP, GdAs,
and GdSb, and a double rotation in GdBi in the low energy
region. Sharp resonances can be observed in all but GdN.
The largest positive Kerr rotation of about 10.6° is found in
GdSb at 0.478 eV, with a width of ~0.192 eV. At this en-
ergy, the diagonal conductivity (both the real and imaginary
components) assumes a minimum value. The real component
is minimum at the Drude minimum (0.55 e¢V) and the imagi-
nary component is minimum at the plasma resonance energy
(0.48 eV). However, the off-diagonal conductivity, though
small, is almost without any characteristic feature. The rota-
tion is basically due to the nonzero off-diagonal conductivity
and the simultaneously minimum value of the diagonal con-
ductivity. Hence, we find that there is a strong correspon-
dence between the plasma resonance, the plasma edge, and
the Kerr rotation in all the semimetallic GdX. The absolute

TABLE III. The table contains the bare plasma frequency, ‘”Zl
and the screened plasma frequency, w);" for S; and Sy;.

SI SII

b scr b scr

Wpi Dpi @pi Wyl
(eV) (eV) (eV) (eV)
GdP 1.76 0.35 1.55 0.45
GdAs 1.69 0.35 1.66 0.42
GdSb 1.32 0.33 2.12 0.48
GdBi 1.27 0.28 2.36 0.48
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@, (deg)

Energy (eV)

FIG. 7. The calculated complex Kerr spectrum of GdX, 6y, Kerr
rotation, and eg, Kerr ellipticity.

value and the narrowness of the peak increase from GdP to
GdSb. In GdBi, multiple structures are found implying
strong spin-orbit coupling. The trend in the absolute value of
the rotation is commensurate with the depth of the plasma
minima. The ellipticity as a function of the energy also ex-
hibits a sharp structure at the plasma resonance frequency
along the series. The resonance in ellipticity takes place be-
tween 0.44 and 0.5 eV in GdSb. The 4f to 5d transitions
occur at energies =10 eV. And there is no sizable MO signal
due to such a transition. There are no experimental or theo-
retical reports of MO Kerr rotation in GdX. Hence, it will be
worthwhile to perform MOKE experiments on Gd monop-
nictides in order to ascertain the influence of the 4f electrons
on high-energy optical properties of GdX.

The energy loss spectrum is shown in Fig. 8 for Sj;. A
sharp energy loss peak is seen at the plasma resonance ener-
gies of which the largest one is that for GdSb.

The polar Kerr rotation spectrum follows the off-diagonal
conductivity spectrum o, since the latter carries all the in-
formation regarding the spin polarization, spin-orbit interac-
tion, and the coupling between the two. In light rare earth
compounds,!”!3 the largest Kerr rotation is attributed to the
f—d transitions which produce sharp peaks in o, The
broad peaks between 0.5 and 2 eV in GdX proves the ab-
sence of the f—d transitions at such an energy. As the 4f
level lies fairly deep in the valence band, the f— d transition
is not responsible for the large Kerr rotation at low energy in
GdX. The negligible orbital moment also indicates that it
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FIG. 8. The calculated energy loss spectrum of GdX. For the
sake of visibility the spectra of GdP, GdAs, GdSb, and GdBi are
shifted upwards by 0.1, 0.4, 0.8, and 1.2 units, respectively.

cannot contribute singularly to the Kerr effect. The plasma
resonance effect is one of the most important factors in the
Kerr rotation phenomenon. The present theoretical calcula-
tions indicate that the enhanced magneto-optical Kerr rota-
tion is associated with the low value of reflectivity =11%,
i.e., the plasma minimum and the pronounced plasma edge
effect near €! ~0 in GdX. For the low-energy optical prop-
erties, the plasma resonance effect gives rise to a significant
Kerr signal in semimetallic GdX. The magnitude of the Kerr
signal may be modified in practice. But within the limitations
of one-electron and other approximations, we have been able
to predict a reasonable Kerr spectrum for Gd monopnictides.

Calculations performed with the 4f electrons frozen in the
core lead to an increase in carrier concentration. The increase
in the DOS at Ej is evident in GdN too. The pnictogen p
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bands and the Gd 5d bands are modified. This leads to an
increase in the bare plasma frequency. The reflectivity mini-
mum loses its sharpness and shows a substantial deviation
from experiment. The edge effect or shoulder loses its promi-
nence. The spin-spin exchange splitting in X p electrons and
the Gd 5d electrons is absent since the 4f electrons are now
frozen in the core. This leads to an almost non-existent off-
diagonal conductivity and Kerr spectra in all the GdX.
Hence, the frozen core treatment of the 4f electrons does not
provide the optical and magneto-optical properties of GdX.

The uncertainty in the position of the unoccupied 4f
bands remains due to the unavailability of the experimental
BIS and optical data of GAN. The XPS and BIS of the el-
emental Gd implies that the unoccupied 4f level in the el-
emental Gd lies at about 4 eV above the Fermi level. And
recent XPS data’ of GdN show the energetics of the occu-
pied 4f levels comparable to that of metallic Gd. In order to
investigate the effect of the 4f position on the electronic and
magnetic properties of GdN, calculations have been carried
out by appropriate shifting of the upper Hubbard band to
place the unoccupied 4f position similar to the elemental Gd,
as shown in Fig. 9. No appreciable changes occur in the
vicinity of the Fermi level. The hybridization of the 4f states
results in small changes in the spin splitting of the p states of
nitrogen. As a result, the net moment reduces by a small
amount to 6.89 up. The position of the unoccupied 4f bands
varied between 4 and 8 eV above E in the calculations does
not influence the electronic and magnetic properties signifi-
cantly. As far as the optical properties are concerned, the
high-energy structures due to the 5d to 4f upper Hubbard
band transitions quite expectedly shift towards lower energy
values. However, the low-energy optical spectra remain al-
most unchanged. Much more experimental investigations are
necessary in order to get a thorough idea about the physical
properties of GdN.

The strongly correlated f states in the Gd monopnictides
create a very complicated issue in explaining the electronic
structure and magnetic properties. The on site Coulomb in-
teraction arising from the localized character of the 4f shells

$=N ot

Eucigy (V)

FIG. 9. LDA+U energy band
structure and density of states of
GdN, as that of Sy, but calculated
with an auxuliary shift of 1.5 eV
to the 4f states.
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is taken into account in the LDA+ U scheme. The ab initio
electronic structure calculation using the values of U esti-
mated from the experimental XPS and BIS results® leads to
the occupied 4f bands well below Ep and the unoccupied
bands nearer to Er. Hence, the LDA+U technique does not
reveal the experimental positions of the 4f bands. The orbital
degrees of freedom are not allowed due to the half filling of
the 4f shell in Gd. The additional self-interaction term in the
LDA+ U Hamiltonian is essential to obtain the correct posi-
tions of the 4f states. For this purpose, rigid shifts in lower
and upper Hubbard bands are performed in an approximate
way to consider the proper self-energy correction of the 4f
states. The amount of shifts as mentioned in Sec. II gives rise
to the 4f positions in good agreement with the experiments.
One of the controversial problems in GdN is the existence of
a semiconducting or semimetallic ground state at the exact
chemical composition. The single degenerate 5d state de-
rived from 5d t,, at the I" point of the Brillouin zone over-
laps with the 2p level of N near the X point. The reasonably
wide 5d band restricts the inclusion of U in the self-
consistent calculations. The electronic structure has been
modified by shifting the 5d bands upwards and consequently
generates a band gap. The LDA calculation underestimates
the gap while the GW approximation® provides good band
gaps in the semiconductors. The rigid shift of the 5d states to
open a gap may be similar to the self-energy correction in the
GW method.

The magnetism of GdX is highly complex to understand
the exchange mechanism. The magnetic moment stems from
the half filled 4f shell of Gd. The direct exchange interaction
among neighboring Gd ions is not possible due to the local-
ized electrons. The 4f moments are mediated via 5d conduc-
tion and pnictogen p electrons. The intra-atomic f-d
exchange?’?® coupling plays an important role in such inter-
action. The strength of d-f interaction depends on the relative
energy positions of the p, d, and f bands. In the first set (S;)
of calculation, the spin down unoccupied 4f levels lie close
to Er and are extended more than occupied 4f band due to
the strong 4f-4f spin exchange interaction. This contributes
to the spin moment. The induced moments in the p states of
pnictogen are antiparallel to the 4f moments. The combina-
tion of these two opposite moments reduces the net moment
to 6.638 wp which is low compared to the expected value of
7.0 ug. The correct positions of the 4f bands give rise to an
improved moment by significantly reducing the magnitude of
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the spin down channel. The added correction in the 4f states
enhances the induced anion moment. The 54 moment is par-
allel to the local 4f moments according to Hund’s rule. The
exchange coupling occurs through the p-d interaction. The
5d occupation arises from the p-d hybridization. The upward
shifting of the 5d states reduces the spin polarization of both
5d (Gd) and p (X). The spin splitting of the 5d conduction
bands and anion valence bands are required for intra-atomic
f-d exchange coupling as observed in isostructural EuO.3¢
Moreover, the hybridization between the 5d and p states pro-
vides the required number of 5d electrons for participating in
the f-d interaction. The rigid shifts in the 4f and 5d bands
affect these to optimize intersite coupling. The present cal-
culations establish that the magnetic exchange coupling is
mediated by small spin polarizations of conduction and va-
lence bands and an appreciable amount of the 5d character of
0.7.

IV. CONCLUSION

A rigid shift of both the 5d and 4f states in the LDA+U
potential leads to the semiconducting GAN and exact posi-
tions of the 4f states in GdX. The amount of shift in the 5d
states of Gd is of the order of the Coulomb correlation pa-
rameter in typical 3d/4d transition metal ions. Magnetism is
spin exchange driven and is very close to 7 ug. The deep
minimum in the reflectivity spectra occurs in all the semime-
tallic GdX. The first interband structure in optical conductiv-
ity in GdAs occurs at a lower energy than in the other Gd
pnictides. A moderate rotation of 0.65° at 0.85 eV for ferro-
magnetic and semiconducting GdN and larger rotations for
the other Gd monopnictides are predicted. The excitonic and
magnetic polaron effects in GdX may modify the Kerr spec-
tra at this energy. However, more experimental data are re-
quired to establish a semiconducting nature of GdN and
magneto-optical properties of Gd monopnictides.
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