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Abstract. First principles density functional calculations were carried out to study the electronic structure and
thermoelectric properties of LnN (Ln = La and Lu) using the full potential linearized augmented plane wave (FP-LAPW)
method. The thermoelectric properties were calculated by solving the Boltzmann transport equation within the constant
relaxation time approximation. The obtained lattice parameters are in good agreement with the available experimental
and other theoretical results. The calculated band gaps using the Tran-Blaha modified Becke-Johnson potential (TB-
mBJ), of both compounds are in good agreement with the available experimental values. Thermoelectric properties like
thermopower (S), electrical conductivity scaled by relaxation time (o/t) and power-factor (S’c/t) are calculated as
functions of the carrier concentration and temperature for both compounds. The calculated thermoelectric properties are
compared with the available experimental results of the similar material ScN.
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INTRODUCTION

Transition metal (TM) carbides and nitrides are well
known as refractory materials. The nitride compounds
possess very good properties like high hardness, high
melting points and high corrosion resistance [1-4], and
early TM nitrides such as ScN, YN, LaN and LuN
possess many of these properties. The unclear semi-
metallic/semiconducting nature of TM compounds has
provoked new directions of research both
experimentally and theoretically. Experimental reports
claim that the early TM nitrides are narrow gap
semiconductors [5]. For LaN, some of the measured
data indicate a semi-metallic nature, while others
indicate a semiconducting nature [5]. Previous studies
on ScN [6] show this material to be a good candidate
for thermoelectric (TE) applications and the present
work explores further in this direction for the LaN and
LuN compounds. TE materials play a major role in
energy conversion and can be used to convert waste
heat into electrical energy. The quality of the TE
materials can be assessed from the dimensionless

figure of merit ZT=S%6T/x, where S, o, k, and T are
thermopower,  electrical ~ conductivity, thermal
conductivity, and absolute temperature respectively. k
includes both the electronic «. and lattice
contributions ki, i.e ,k=Ketk; Doped semiconductors
are prospective materials for good TE performance.
The present work finds both LaN and LuN to be
semiconductors, which further motivates
investigations into their thermoelectric properties.

COMPUTATIONAL DETAILS

The present study used the FP-LAPW method as
implemented in the Wien2k package [7]. The TB-mBJ
[8] functional was used to obtain the electronic
properties since the more traditional exchange
correlation functional severely underestimate the band
gap of semi-conductors. Both LaN and LuN crystallize
in the rock-salt structure at ambient condition. Total
energy calculations were carried out for a k-grid of
(22x22x22) which results in 328 k-points in the
irreducible part of the Brillouin zone. The optimized
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theoretical lattice parameters are used to get the
thermoelectric properties such as thermopower (S),
electrical conductivity scaled by relaxation time (o/t)
and power-factor(S?c/1) using the BoltzTraP code[9].

RESULTS AND DISCUSSION

(a) Structural and Electronic properties
The optimised lattice parameters of LaN and LuN
along with available experimental and other theoretical
values are presented in TABLE 1. It is evident that the
optimised parameters from the present study are in
good agreement with the available reports. The
calculated band structures along the high symmetry
points of the Brillouin zone and the density of states
(DOS) for both compounds are presented in Figure 1.
In contrast to the earlier local density approximation
(LDA) calculations which results in a metallic/semi-
metallic nature, we find energy gaps of 0.814 eV for
LaN and 1.173 eV for LuN. The band gaps are
included in TABLE 1, along with the available
experimental reports. In the screened exchange
calculations by Stampfl et. al. [10] LaN has an indirect
band gap, similar to ScN and YN, whereas the present
study finds a direct band gap at the X-point for LaN.
This feature was also confirmed by self-consistent GW
calculations [11]. The gap of LuN is indirect. From
the DOS of LaN it can be seen that the bands near the
valence band maximum are dominated by the N p-
states, whereas the conduction band dipping down at
the X-point is a hybridized La s, d bands. For LuN a
strong hybridization between the Lu f-states and the N
p-states is seen. The Lu f-states are best considered as
core-like, and the TB-mBJ functional might not
describe their position properly. The GW calculations
find them positioned considerably lower, below the N
p valence band at about -7 eV and -8.5 eV with respect
to the valence band top, for the j=7/2 and j=5/2 peaks,
respectively.
(b) Thermoelectric properties
The TE properties of LaN and LuN are calculated
using the BoltzTrap code. The thermopower (S in
pnV/K), the electrical conductivity scaled by relaxation
time (o/t in Q'm's™") and the power-factor (S%c/t in
Wm'K?2s!) are calculated as functions of carrier
concentrations for both electrons and holes at different
temperatures. The calculated TE properties of LaN and
LuN are presented in Figure 2. All the thermoelectric
properties are calculated up to 900 K. The absolute
value of the thermopower is found to decrease with
increasing concentration for both LaN and LuN. The
cross-over of the thermopower of LaN at 900 K and
low carrier concentrations is a signature of bipolar
conduction setting in. A similar effect is not seen for
LuN due to the larger gap. The thermopower of LaN is

found to behave similarly as function of carrier
concentration and temperature for e- and h-type
carriers, albeit marginally higher for hole doping. The
electrical conductivities scaled by relaxation time of
both LaN and LuN are largely temperature
independent and linear in carrier concentration. The
power-factor of LaN is very similar for e- and h-type
carriers, but turns out to be slightly larger for holes due
to the thermopower being slightly higher for holes. A
similar behaviour in the thermoelectric properties is
also observed in LuN, however the asymmetry
between electrons and holes is larger at large
concentrations, which can be traced to the effect of the
Lu f-bands, which might be incorrect, as discussed
above.
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FIGURE 1. (a) ](?,znd structure and (b) Density of states of
LaN, (c¢) Band structure and (d) Density of states of LuN.
In Figure 3, our result for the thermopower are
compared with iso-structural ScN. At each temperature
the maximum power-factor has been determined and
the thermopower corresponding to that carrier
concentration is plotted and compared with the
experimental thermopower of ScN [6]. The
thermopower increases with temperature in all cases,
except for LaN with electron doping, where the
thermopower is found to be high at room temperature,
even exceeding that of the h-type carrier. Thus
electron doped LaN might find use for low
temperature application. For LaN, the thermopower is
higher for h-type than for e-type carriers (for T>300
K), while for LuN it is opposite. The calculated
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thermopowers of LaN (holes) and LuN (electrons) are
higher in comparison with the values measured for
ScN. LaN and LuN therefore hold great promise for
good thermoelectric applications in line with that of
iso-structural ScN.
TABLE 1. Calculated lattice parameters and band gaps of
LaN and LuN along with experiment and other theory.

a (in A) Apresent Aexp Atheory
LaN 5.325 5.301[12] 5.307[13]
LuN 4.767  4.766[14] 4.77[15]
Eg(eV)  Present Exp Other theory
LaN 0.814 0.82[5] 0.75[10]
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FIGURE 2. Variation of thermopower, electrical

conductivity scaled by relaxation time, and power-factor
with carrier concentrations for (a) LaN and (b) LuN.

CONCLUSIONS

The calculated ground state properties and band
gaps of LaN and LuN are in good agreement with
available experimental and other theoretical reports.
The band structure of LaN reveals a direct band gap at
the X-point of the Brillouin zone, while LuN has an
indirect band gap similar to ScN. The thermopower of
LaN suggests this as a favourable TE system
especially with hole type doping, while for LuN

electron doping is most favourable. Electron doped
LaN might be useful for low temperature TE
application. The thermopower at optimized doping
levels are comparable to or higher than measured
values for the well-known thermoelectric compound

ScN.
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FIGURE 3. Thermopower of LaN and LuN at optimal
carrier concentration in comparison with experimental result
of ScN [6].
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