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Abstract Combining non-equilibrium Green’s function

technique with density functional theory, the rare earth

element doping effect on the bonding and the transport

property of d-MoN were theoretically investigated. The

Mo–N bond lengths become more uneven after dopings.

Some Mo–N bonds were heavily lengthened by the La- and

Gd-dopings, resulting in obvious damages of their bonding.

Evident covalent-like La–N and Gd–N bonds were formed

in La–MoN and Gd–MoN, respectively, while the Yb atom

underwent an ionic-like interaction with its neighboring N

atoms in Yb–MoN. A clear drop of the conductivity was

found after La- and Gd-dopings. On the contrary, the

conductivity was improved upon the Yb-doping. This case

was rationalized from the carrier density and the scattering

of the carriers. The backscattering effect was evident at the

impurities. The La- and Gd-dopings could not effectively

increase the carrier density near the Fermi level, while the

Yb atom could offer f-carriers to transfer from the valence

band to the conduction band.

Keywords Rare earth element � Doping effect � d-MoN �
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1 Introduction

Molybdenum nitride, a typical transition metal nitride, is

known to have a set of interesting physical properties such

as low compressibility, high melting point, magnetism, and

superconductivity [1–7]. In experiments, three stable pha-

ses have been found for molybdenum nitride: d-MoN

(hexagonal), c-Mo2N (cubic), and b-Mo2N (tetragonal) [8–

12]. Metathesis reactions such as MoO3 ? NH4Cl or

Zn3N2 ? MoCl3 can yield either d-MoN or c-Mo2N,

depending upon the synthesis conditions and the choice of

precursors [13]. c-Mo2N can convert into d-MoN when it is

heated under the condition of high N2 activity. Many

studies have reported the synthesis and characteristics of

c-Mo2N [14–16]. The literatures concerning the synthesis

of b-Mo2N are relatively scarce probably owing to its easy

transformation to c-Mo2N [11, 17]. In addition, a meta-

stable phase with cubic NaCl type structure (so called

B1-MoN) has also been experimentally explored [18–23].

A few theoretical works have been devoted to molyb-

denum nitride, while most of them have focused on the

stoichiometric NaCl phase of B1-MoN. In the early 1980 s,

theoretical calculations predicted that B1-MoN would

possess a high superconducting transition temperature of

about 29 K [24–27]. Using the linear-augmented plane-

wave method, Gus et al. found in 2000 that the elastic

instability in B1-structure MoN persisted at elevated pres-

sures, offering little hope of stabilizing this material

without chemical doping [28]. In recent years, the density

functional theory (DFT) has been used to calculate d-MoN.

Some important conclusions concerning the cohesive
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energy, electronic bands, bulk modulus, structural stability,

and mechanical properties have been achieved [29, 30].

Molybdenum nitride is a typical metallic material. How-

ever, to the best of our knowledge, no theoretical literatures

have been related to the transport property.

A general strategy for tuning the property of materials is

by the doping with alien atoms. The rare earth elements, Ln,

are known to have a set of interesting properties due to their

special f-electronic structures. In this paper, we selected

d-MoN as studied target to investigate the rare earth ele-

ment doping effect on the bonding and the transport prop-

erty. In d-MoN, Mo atoms have two kinds of lattice points:

one is labeled 6c and the other is labeled 2a in the Inter-

national Tables. Three special rare earth elements, La with

empty f0 structure, Gd with half-filled f7structure, and Yb

with full-filled f14 structure, were used as dopants to sub-

stitute the 6c Mo (denoted as Ln–MoN(6c)) and the 2a Mo

(denoted as Ln–MoN(2a)), respectively. We have found

that the electronic structure and the transport property of

Ln–MoN(2a) are rather similar to those of corresponding

Ln–MoN(6c), so in the following sections, we mainly focus

on the Ln-doping effect at the 6c position. The results of

Ln–MoN(2a) are given in the Supporting Information

(Table S1 and Figure. S1–S6). This work may offer some

clues for understanding the impurity effect on the transport

property of other transition metal nitride.

Although d-MoN with its hexagonal structure has been

experimentally known for some time [12], the quality of

the crystal was not sufficiently good to determine the exact

positions of the lattice atoms. The space groups of P-

3 ml(164), P63/mmc(194), and P63mc(186) have been all

mentioned for d-MoN in the literatures [9, 12, 31].

Molecular dynamic simulations have suggested that the

stable structure of d-MoN preferred to be P63mc(186)

symmetry [32]. Recently, the positions of the perfectly

ordered Mo and N atoms with P63mc(186) symmetry have

been revealed by the X-ray and the neutron diffraction

experiments [11, 33]. In this paper, the P63mc(186) sym-

metry of d-MoN was employed to study the rare earth

element doping effect on the bonding and the transport

property.

2 Computational details

2.1 VASP calculations

The unit cell of the undoped d-MoN is shown in Fig. 1, in

which the Mo atoms and the N atoms are labeled,

respectively. Each repeated unit contains 8 formula units of

MoN. In this paper, the center Mo1 atom (6c position) and

the side Mo7 atom (2a position) were substituted, respec-

tively, by the rare earth element to carry out VASP

calculations for investigating the Ln-doping effects on the

geometric and electronic structures.

The calculations were performed in the SGI 3800

workstation with the program package of VASP [34],

which was developed at the Institut für Theoretische

Physik of Technische Universität Wien. Structural opti-

mizations were carried out in the framework of DFT within

the generalized gradient approximation (GGA) [35]. The

Perdew and Wang parametrization (PW91) [36] was

adopted for the exchange-correlation potential. The elec-

tron–ion interaction was represented by projector-aug-

mented wave (PAW) potentials [37, 38]. Two cutoff

energies, 350 and 400 eV, were used to relax the geometry

of La–MoN(6c). The calculated results are listed in

Table 1. It is found that the bond lengths obtained from

350 eV cutoff energy are in good agreement with those

from 400 eV cutoff energy with the maximum deviation of

only 0.02 Å. Therefore, 350 eV cutoff energy was applied

to describe the electron wave function for the easier con-

vergence of other Ln–MoN. Sampling of the irreducible

wedge of the Brillouin zone was performed with regular

5 9 5 9 5 Monkhorst–Pack grid of special points. The

spin-polarized calculations were carried out for both of

the undoped and doped species. The atomic positions, the

lattice constants, and the unit cell volumes were all opti-

mized so as to get a minimum of the total energy. The

optimized structures of the undoped d-MoN are listed in

Table 2, where we can see that the calculated lattice

parameters, the nearest neighbor distances, and the atomic

positions show small deviation from the experimental

observations, indicating that our simulation methodology

was reasonable.

Using the relaxed structures, we calculated the elec-

tronic structures of the undoped d-MoN and the doped

Ln–MoN, including the band structures, the total densities

of states (TDOS), and the projected densities of states

(PDOS). To account better for the on-site f-electron cor-

relations of the rare earth elements, we further employed
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Fig. 1 The unit cell of d-MoN. The green and blue balls denote the

Mo and the N atoms, respectively. The yellow ball denotes the Mo

atom in d-MoN and denotes the Ln atom in Ln–MoN(6c)
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the GGA ? U approach [39] to calculate the electronic

structures of the relaxed Ln–MoN. At the GGA ? U level,

the total energy can be described by the following

expression [40]:

EGGAþU ¼ EGGA

þ U � J
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where U and J are the spherically averaged matrix ele-

ments of the screened Coulomb electron–electron interac-

tion, and n is the density matrix of f-electrons. m and m0

denote different f-orbitals, and r is the spin index. It is

convenient to define an effective interaction parameter as

Ueff ¼ U � J, since the total energies are insensitive to J

when Ueff is fixed. In the calculations, we used

Ueff = 6 eV for Ln f-orbitals.

2.2 ATK calculations

The electronic transport property was calculated using an

ab initio code package, Atomistix ToolKit (ATK), which is

based on the combination of the Keldysh non-equilibrium

Green’s function (NEGF) formalism and the DFT [41–44].

Based on the VASP-relaxed structures, two-probe systems

were constructed. Figure 2 schematically shows the model

of the two-probe system, which could be divided into three

parts: the left electrode, the scattering region, and the right

electrode. The scattering region consists of four unit cells

of d-MoN or Ln–MoN and two layers of surface atoms at

each side of the electrode interface. The structure of the

two-probe system is Ag(111)/d-MoN(001)/Ag(111) or

Table 1 Comparison of bond lengths between 350 and 400 eV cutoff

energies obtained from VASP relaxations on La–MoN(6c)

Bonds Bond lengths (Å)

350 eV 400 eV

La1–N2 2.46 2.45

La1–N3 2.46 2.45

La1–N4 2.42 2.41

La1–N5 2.42 2.41

La1–N6 2.41 2.40

La1–N7 2.41 2.40

Mo3–N1 2.29 2.31

Mo4–N1 2.00 2.00

Mo6–N1 2.14 2.14

Mo13–N1 2.29 2.31

Mo15–N1 2.14 2.14

Mo2–N2 2.10 2.10

Mo3–N2 2.27 2.25

Mo5–N2 2.37 2.38

Mo6–N2 2.09 2.08

Mo12–N2 2.20 2.20

Mo12–N3 2.20 2.20

Mo13–N3 2.27 2.25

Mo15–N3 2.09 2.08

Mo21–N3 2.10 2.10

Mo24–N3 2.37 2.38

Mo11–N4 2.03 2.04

Mo12–N4 2.13 2.13

Mo14–N4 2.45 2.44

Mo20–N4 2.03 2.04

Mo23–N4 2.45 2.44

Mo15–N5 2.10 2.11

Mo6–N5 2.10 2.11

Mo9–N5 2.21 2.21

Mo17–N5 2.41 2.40

Mo18–N5 2.21 2.21

Mo5–N6 2.22 2.22

Mo8–N6 2.09 2.10

Mo14–N6 2.37 2.38

Mo16–N6 2.03 2.03

Mo17–N6 2.19 2.19

Mo17–N7 2.19 2.19

Mo23–N7 2.37 2.38

Mo24–N7 2.22 2.22

Mo26–N7 2.03 2.03

Mo27–N7 2.09 2.10

Mo14–N8 2.23 2.24

Mo16–N8 2.12 2.13

Mo22–N8 2.04 2.03

Mo23–N8 2.23 2.24

Mo26–N8 2.12 2.13

Table 2 Comparison of lattice parameters, nearest neighbor dis-

tances, and atomic positions of d-MoN between experiment investi-

gations and calculated results

d-MoN Lattice parameter (Å) Nearest neighbor distance (Å)

a c c/a Mo1–N4,5 Mo1–N2,3,6,7

Calculation 5.777 5.673 0.982 2.19 (2.20) 2.17 (2.22)

Experimenta 5.731 5.609 0.979 2.05 (2.17) 2.04 (2.17)

Atoms Calculation Experimenta

Atomic positions

Mo1 (0.4879, 0.5120, 0.4984) (0.5082, 0.4918, 0.4936)

Mo7 (0, 0, 0.5048) (0, 0, 0.5)

N4,5 (0.3333, 0.6667, 0.7715) (0.3333, 0.6667, 0.7993)

N1–3,6–8 (0.1669, 0.8330, 0.2428) (0.1643, 0.8357, 0.2813)

N4, 5 and N1–3,6–8 locate at 2b and 6c positions in the International

Tables, respectively. Two Mo1–N(2b/6c) bond lengths are found from

theoretical and experimental results
a Reference [11]
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Ag(111)/Ln–MoN(001)/Ag(111). For the sake of a relative

comparison between these studied models, the same elec-

trode structures are needed for all the two-probe systems.

The lattice constants, a and b, of the Ag electrode are 5.778

Å in the database of the ATK program. In order to make a

good match between the electrode and the scattering in-

termedia, the lattice constants of the undoped d-MoN and

the doped Ln–MoN were also set to be the same as the

electrode. To obtain quantum-mechanically stable struc-

tures, the atomic positions in the scattering regions were

relaxed within a force convergence criterion of 0.06 eV/Å.

Calculations were carried out by changing the applied

bias by the step of 0.2 V in the range of -1.0 to 1.0 V.

The local density approximation (LDA) in the form of

Perdew–Zunger exchange-correlation functional was used.

Core electrons were described by norm-conserving

pseudopotentials, and valance electrons were expanded in

a basis set of single-zeta plus polarization (SZP). The

total energy was well converged within 1–2 meV/atom

with a cutoff energy of 100 Ry and a 3 9 3 9 50 k-point

sampling.

3 Results and discussions

In this section, we first focus on the Ln-doping effect on

the geometry and the bonding, and then, we take into

account the Ln-doping effect on the transport property.

Here, we mainly concentrate on Ln–MoN(6c) owing to

the similarities between Ln–MoN(6c) and Ln–MoN(2a) in

the electronic structure and the transport property. The

results of Ln–MoN(2a) are given as Supporting Infor-

mation (Table S1 and Figure. S1–S6). Following, we

appoint Ln–MoN(6c) to be Ln–MoN for simplicity.

3.1 Effect on the geometry and the bonding

Dopants would inevitably alter the geometry that is an

important factor for varying the bonding. The optimized

bond lengths of Mo–N and Ln–N bonds are given in

Table 3. The Ln1–N bond lengths are longer than the Mo1–

N bond lengths, which is due to the fact that the radii of

Ln3? (La3?: 1.22, Gd3?: 1.11, and Yb3?: 1.00 Å) are larger

than Mo3? (0.68 Å). The average bond length of Mo1–N is

2.20 Å while those of La1–N, Gd1–N, and Yb1–N go up to

2.43, 2.32, and 2.30 Å, respectively. Such lengthening of

the Ln–N bond consequentially leads to the expansion of

the unit cell which can be reflected from the unit cell

parameters and the unit cell volumes as given in Table 4.

The presence of the rare earth atom has a marked effect

upon the Mo–N bonds. In the parent d-MoN, the Mo–N

bond lengths are not identical due to the different coordi-

nation orientation between the Mo d-orbitals and the N

p-orbitals. The Mo–N bond lengths are 2.15–2.24 for

d-MoN, 2.00–2.45 for La–MoN, 2.02–2.36 for Gd–MoN,

and 2.02–2.40 Å for Yb–MoN. Apparently, the Mo–N

bond lengths become more uneven after Ln-doping.

Incorporating of an impurity could induce some Mo–N

bond lengths increase and some decrease. A similar

changing trend is found for a given Mo–N bond regardless

of what kind of doping. For example, all the Mo3–N1 bonds

are enlongated and all the Mo4–N1 bonds are shortened

under three kinds of Ln-dopings. It is worth noticed that the

longest Mo–N bond, 2.24 Å, occurs at the N2,3,6,7 atoms in

the undoped d-MoN, while it occurs at the N4,5 atoms in the

doped Ln–MoN. Upon doping, the Mo14,23–N4 bonds

become to be the longest: 2.45 for La–MoN, 2.36 for

Gd–MoN, and 2.40 Å for Yb–MoN and followed is the

Mo17–N5 bond: 2.41 for La–MoN, 2.35 for Gd–MoN, and

2.32 Å for Yb–MoN (c.f. Table 3). Such enlongation

predicatively weakens their bond strengths, which will be

further confirmed by the charge-density distribution. In

addition, the changed magnitude of the Mo–N bond length

does not follow the sequence of the La-, Gd-, and

Yb-doping. For example, the Mo24–N3 bond is lengthened

by 0.13 and 0.09 Å after the La-doping and the Yb-doping,

respectively, while it is only enlongated by 0.01 Å after the

Gd-doping.

The distinct distortion of the geometry raised by the Ln-

doping stimulates our interest to investigate the stability of

the Ln–MoN systems. We calculated the formation energy

of Ln–MoN, ELn
f , by the following formula [45]:

ELn
f ¼ ELn�MoN

tot � EMoN
tot þ lMo � lLn ð2Þ

where ELn�MoN
tot and EMoN

tot are the total energies of the

Ln–MoN and d-MoN, respectively. lMo (lLn) is the

chemical potential of the Mo (Ln) atom.

Left 
Electrode 

Scattering Region
Right

Electrode 

Fig. 2 The two-probe systems of the undoped d-MoN and the doped

Ln–MoN(6c) self-assembled on the Ag (111) surface. The chains

together with two surface silver layers in the left and right electrodes

are included in the self-consistent calculation, while the remainders of

the silver electrodes are atoms described by employing bulk

Hamiltonian parameters and self-energies on Ag in the electrode

region. The positive applied bias corresponds to that the current flows

from the left to the right electrode and the negative applied bias

corresponds to that the current flows from the right to the left

electrode. The green and blue balls denote the Mo and the N atoms,

respectively. The yellow ball denotes the Mo atom in d-MoN and

denotes the Ln atom in Ln–MoN(6c)
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The computed formation energies are listed in Table 4.

It is found that for the La-doping, the formation energy is

1.569 eV. This large positive value of ELa
f is a sign that the

cohesive energy loss is so large that the doping of the La

element is not easy. The formation energies of Gd–MoN

and Yb–MoN are all negative, which indicates that the Gd-

and Yb-dopings are energetically favorable.

Figure 3 shows the PDOS for the valence states of the

Ln, Mo, and N atoms. The profile of the PDOS of d-MoN is

in good agreement with that obtained by Zhao et al. [30].

One sees that considerable Mo d-band hybridizes with the

N p-components for both the undoped and the doped sys-

tems. Overall, although d-MoN and Ln–MoN are obviously

metals, their bonding might also be said to have a con-

siderable Mo–N covalent component.

For a doped system, the electron redistribution would

significantly affect the interatomic bonding. One can obtain

directly an insight into the bonding changes induced by the

dopings from the charge-density distribution. In Fig. 4, we

show the charge-density profiles in the planes containing

different atoms for the undoped and the doped systems,

Table 3 The VASP-optimized bond lengths (Å) for d-MoN and Ln–

MoN(6c)

Bonds d-MoN La–MoN(6c) Gd–MoN(6c) Yb–MoN(6c)

Mo1–N2 2.17

Mo1–N3 2.17

Mo1–N4 2.20

Mo1–N5 2.19

Mo1–N6 2.22

Mo1–N7 2.22

La1–N2 2.46

La1–N3 2.46

La1–N4 2.42

La1–N5 2.42

La1–N6 2.41

La1–N7 2.41

Gd1–N2 2.33

Gd1–N3 2.33

Gd1–N4 2.33

Gd1–N5 2.31

Gd1–N6 2.32

Gd1–N7 2.32

Yb1–N2 2.37

Yb1–N3 2.37

Yb1–N4 2.26

Yb1–N5 2.31

Yb1–N6 2.25

Yb1–N7 2.25

Mo3–N1 2.22 2.29 2.27 2.25

Mo4–N1 2.15 2.00 2.02 2.02

Mo6–N1 2.17 2.14 2.13 2.14

Mo13–N1 2.22 2.29 2.27 2.25

Mo15–N1 2.17 2.14 2.13 2.14

Mo2–N2 2.15 2.10 2.17 2.15

Mo3–N2 2.22 2.27 2.27 2.19

Mo5–N2 2.24 2.37 2.25 2.30

Mo6–N2 2.17 2.09 2.10 2.07

Mo12–N2 2.22 2.20 2.23 2.16

Mo12–N3 2.22 2.20 2.23 2.16

Mo13–N3 2.22 2.27 2.27 2.19

Mo15–N3 2.17 2.09 2.10 2.07

Mo21–N3 2.15 2.10 2.17 2.15

Mo24–N3 2.24 2.37 2.25 2.33

Mo11–N4 2.19 2.03 2.08 2.04

Mo12–N4 2.19 2.13 2.12 2.07

Mo14–N4 2.20 2.45 2.36 2.40

Mo20–N4 2.19 2.03 2.08 2.04

Mo23–N4 2.20 2.45 2.36 2.40

Mo15–N5 2.19 2.10 2.11 2.03

Mo6–N5 2.19 2.10 2.11 2.03

Mo9–N5 2.20 2.21 2.23 2.25

Table 4 VASP-optimized lattice parameters of d-MoN and Ln–

MoN(6c) and the formation energies of Ln–MoN(6c)

Compounds a (Å) c (Å) Volume (Å3) ELn
f (eV)

d-MoN 5.777 5.673 163.99

La–MoN(6c) 5.920 5.777 175.32 1.5690

Gd–MoN(6c) 5.859 5.754 171.08 -1.3866

Yb–MoN(6c) 5.801 5.697 166.02 -0.4239

Table 3 continued

Bonds d-MoN La–MoN(6c) Gd–MoN(6c) Yb–MoN(6c)

Mo17–N5 2.20 2.41 2.35 2.32

Mo18–N5 2.20 2.21 2.23 2.25

Mo5–N6 2.15 2.22 2.25 2.15

Mo8–N6 2.24 2.09 2.11 2.10

Mo14–N6 2.22 2.37 2.25 2.30

Mo16–N6 2.17 2.03 2.08 2.08

Mo17–N6 2.17 2.19 2.18 2.18

Mo17–N7 2.17 2.19 2.18 2.18

Mo23–N7 2.22 2.37 2.25 2.30

Mo24–N7 2.15 2.22 2.25 2.15

Mo26–N7 2.17 2.03 2.08 2.08

Mo27–N7 2.24 2.09 2.11 2.10

Mo14–N8 2.22 2.23 2.25 2.21

Mo16–N8 2.17 2.12 2.12 2.11

Mo22–N8 2.15 2.04 2.04 2.03

Mo23–N8 2.22 2.23 2.25 2.21

Mo26–N8 2.17 2.12 2.12 2.11
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from which pronounced differences in the Mo–N and Ln–N

bondings can be observed among these four systems. Each

N atom forms covalent-like bonds with its neighboring Mo

atoms in the undoped d-MoN, in line with the PDOS result.

In the La and Gd-doped systems, evident covalent-like

Ln1–N4,5 bonds as well as weak covalent-like Ln1–N2,3,6,7

bonds are found. The doping of La and Gd obviously

damage some Mo–N bonds such as the Mo14,23–N4 (c.f.

Fig. 4c) and the Mo17–N5 (c.f. Fig. 4a) bonds. This case is

expected from the geometry that the bond lengths of

Mo14,23–N4 and Mo17–N5 are largely lengthened by the La-

and Gd-dopings. For the Yb-doped one, the covalent-like

Mo–N bonding is well preserved, but the charge distribu-

tions between the Yb and the N atoms are vanishingly

small, indicating an ionic component to the Yb–N bonding,

i.e., the Yb atom ionizes f-electrons toward the N p-orbi-

tals, which will be further demonstrated in the following

section.

3.2 Effect on the transport property

In NEGF theory, the current at an applied bias voltage

V through the device is calculated by using Landauer–

Bütiker formula [46]:

IðVÞ ¼ G0

Zþ1

�1

nðEÞTðE;VÞdE ð3Þ

where G0 ¼ 2e2=h is the quantum unit of conductance,

h is the Plank’s constant, and T(E,V) is the transmission

Fig. 3 Partial densities of states

of Ln-4f, Mo-4d, and N-2p for

the undoped d-MoN and the

doped Ln–MoN(6c). The Fermi

level is set as 0.0 eV

Fig. 4 The charge-density

distributions a on the planes

containing Mo1/Ln1 and N4,5

atoms, b on the planes

containing Mo1/Ln1, and N2,3,6,7

atoms, and c on the planes

containing Mo14,23 and N4

atoms
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function for electrons with energy E at certain bias V. It is

described as:

TðE;VÞ ¼ Tr CLðE;VÞGðE;VÞCRðE;VÞGyðE;VÞ
h i

ð4Þ

where G is the Green’s function of the scattering region,

CL=R is the coupling matrix, and V is the applied bias.

n(E) is written as a function below:

nðEÞ ¼ f ðE � lLðVÞÞ � f ðE � lRðVÞÞ ð5Þ

where lLðVÞ and lRðVÞ are the electrochemical potentials

of the left and right electrodes, respectively. lL=Rð0Þ is the

Fermi level, and f is the Fermi function.

The calculated current–voltage (I–V) curves of the

undoped and the Ln-doped systems are plotted in Fig. 5.

Apparently, different Ln-doping exerts different influence

on the conductivity. A clear drop of the conductivity was

found after La- and Gd-dopings. On the contrary, the

conductivity was improved upon the Yb-doping. Techni-

cally, conductivity may be expressed as the product of

carrier density and carrier mobility. The former is related to

the change of densities of states (DOS) near the Fermi

energy level, and the latter to the scattering of the carriers.

The enhancement of the DOS near the Fermi level is

beneficial to the increase in carrier density, while the

doping of alien atoms into pure d-MoN surely introduces

extra carrier scattering which decreases the mobility. It is

clear from the I–V feature that the La-, Gd-, and Yb-dop-

ings affect the transport properties in different manners.

Figure 6 gives the band structures. A metallic nature of

these systems is evident, resulting in nearly linear charac-

teristic of the I–V curves. From Fig. 3, we can see that the

Fermi level is mainly dominated by the Mo d-state in

Ln–MoN, which is rather similar to that of the undoped

d-MoN. The f-state of the La, Gd, and Yb atoms contrib-

utes localized bands, which inevitably induces a resonant

backscattering at the impurity bound state energies. The

entirely empty La f0-configuration enables its f-band to

embed deeply in the conduction band (ca. 7 eV), indicating

that the La-doping cannot effectively increase the carrier

density. The decrease in the conductivity of La–MoN can

be undoubtly assigned to the backscattering of incoming

wavepackets by the potential well created by the La

impurities. Owing to the electron correlation effect, the

f-state of Gd splits into three peaks as shown in Fig. 3:

two distinct contributions located around -4 and 6 eV,

respectively, and a rather weak contribution near the Fermi

level. This splitting was also confirmed by Zhong et al. [47,

48]. Therefore, the charge carrier density cannot be effec-

tively increased by the Gd-doping. The backscattering

effect is responsible for the unimproved conductivity of

Gd–MoN. As for Yb–MoN, Yb f-state contributes an evi-

dent peak at the top of the valence band due to the full-

filled Yb f14-configuration. The Yb f-electrons could

transfer from the valence band to the Mo d-conduction

band and the N p-conduction band. Hence, the Yb atom

undergoes an ionic-like interaction with its neighboring N

atoms, in accordance with the charge-density distributions.

The impurity potential could be screened to a certain extent

by the f-carriers, and the extra scattering by the Yb atom

may be weak. Therefore, Yb–MoN possesses higher con-

ductivity than d-MoN.

Fig. 5 The I–V characteristic of the undoped d-MoN and the doped

Ln–MoN(6c) systems self-assembled on the Ag (111) surface

Fig. 6 VASP-calculated band

structures for the undoped

d-MoN and the doped

Ln–MoN(6c)
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To further investigate the transport properties of these

systems, their energy dependences of the transmission

spectrums were calculated. As shown in equation (3), the

current I(V) is closely related to the transmission function

T(E,V). We know that only electrons with some energy

near the Fermi level lLðVÞ; lRðVÞ½ � contribute to the total

current. Here, lLðVÞ; lRðVÞ½ � is usually called bias win-

dow. In the ATK program, the Fermi level has been set as

0.0 eV. So the bias window is mainly referred to

�V=2; V=2½ � [42]. Therefore, the current can be deter-

mined by T(E,V) in the bias windows indirectly. The larger

is the integral area of the resonant peaks within the bias

window (denoted as S), the higher is the current, and vice

versa.

The transmission spectrums at 0.0, -1.0, and 1.0 V

applied bias voltages as well as the integral areas of the

resonant peaks within the bias window, S, are shown in

Fig. 7. Clearly, the values of S in La- and Gd-doped systems

are reduced compared with the undoped d-MoN in the

presence of the same applied bias voltage. A reverse case is

found for Yb–MoN. For example, under 1.0 V applied bias,

the values of S are decreased by 0.068 and 0.035 after the

La- and Gd-dopings, respectively, while that in Yb–MoN is

increased by 0.096. It is noteworthy that the shape of the

transmission spectrums changes by different dopings. For

example, more sharp resonant peaks within the bias window

are found for Gd–MoN. This change, however, is not sur-

prising because the incorporating of a rare earth atom

ineluctably alters the effective potential in the scattering

region. Figure 8 illustrates the difference of the effective

potential between the case where the bias voltage

of ±1.0 V is applied and the case of 0.0 V. Clearly, the

change of the effective potential on the Gd sites is different

from that on the La and Yb sites. In addition, intensive

voltage drop takes place mainly around the negative elec-

trode for the four cases. The dropping of the potential due to

the bias voltages suggests that an inhibition of the current

should commence from these areas.

4 Conclusions

Combining non-equilibrium Green’s function technique

with density functional theory, the rare earth element

doping effects on the bonding and transport property of

d-MoN were theoretically investigated. The Mo–N bond

lengths become more uneven after Ln-doping. The

Mo14,23–N4 and Mo17–N5 bonds were heavily lengthened

by the La- and Gd-dopings, resulting in an obvious damage

of their bonding. The formation energies confirmed that the

doping of the La element was not easy while the Gd- and

Yb-dopings were energetically favorable. Evident cova-

lent-like La–N and Gd–N bonds were formed in La–MoN

and Gd–MoN, respectively, while the Yb atom underwent

an ionic-like interaction with its neighboring N atoms in

Yb–MoN.

Upon the La- and Gd-dopings, we observed a clear drop

of the conductivity. On the contrary, the conductivity was

improved upon the Yb-doping. The La- and Gd-dopings

could not effectively increase the carrier density near the

Fermi level. The decrease in the conductivity of La–MoN

and Gd–MoN should be assigned to the backscattering of

Fig. 7 Transmission spectrums

of the two-probe systems of the

undoped d-MoN and the doped

Ln–MoN(6c) self-assembled on

the Ag (111) surface at bias

voltages of 0.0, -1.0, and

1.0 V. The dashed lines indicate

the bias window. The integral

areas of the resonant peaks

within the bias window, S, are

also given

Fig. 8 Difference of the effective potential between the case where

the bias voltage of ± 1.0 V is applied and the case of 0.0 V for the

undoped d-MoN and the doped Ln–MoN(6c) self-assembled on the

Ag (111) surface
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incoming wavepackets by the potential well created by the

La and Gd impurities. As for Yb–MoN, the Yb f-electrons

could transfer from the valence band to the Mo d-con-

duction band and the N p-conduction band, which is ben-

eficial to improving the conductivity.
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(2001) Phys Rev B 64:195134

35. Perdew JP, Chevary JA, Vosko SH, Jackson KA, Pederson MR,

Singh DJ, Fiolhais C (1992) Phys Rev B 46:6671

36. Perdew JP, Wang Y (1992) Phys Rev B 45:13244

37. Kresse G, Joubert D (1999) Phys Rev B 59:1758
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