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Ab initio calculation of the electronic structure and spectroscopic properties of spinel y-Sn;N,
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The electronic structure and physical properties of y-SnsN, in the spinel structure are investigated by
first-principles calculations. The calculated band structure, electronic bonding, and optical properties are com-
pared with two well-studied spinel nitrides y-SisN4 and y-GesNy. y-SnyNy is a semiconductor with a direct
band gap of 1.40 eV and an attractive small electron effective mass of 0.17. Its optical properties are different
from that of y-Si3sN,4 and y-Ge;N, because of the difference in the conduction band minimum. The Sn K, Sn
L;, Sn M5, and N K edges of the x-ray-absorption near-edge structure spectra in y-SnsN, are calculated using
a supercell approach and are found to be rich in structures. These spectra are discussed in the context of the
electronic structure of the unoccupied conduction band in the presence of the electron core-hole interaction.
These calculated spectra can be used for the characterization of this novel compound.
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I. INTRODUCTION

The existence of the third phase of silicon nitride y
-SizNy in addition to the well-known hexagonal a- and S8
-Si3N, was first reported in 1999.! Sixfold bonding for Si is
a rare occurrence in crystal chemistry, but for y-SizN,, Si
occupies both the tetrahedral and octahedral sites of the cu-
bic spinel lattice. The discovery of y-Si;Ny at high tempera-
ture and pressure has stimulated much theoretical>™!7 and
experimental investigation'33% of spinel nitrides as a new
family of superhard materials. So far, only the binary com-
pounds y-SisNy, y-GesNy, and y-SnsN, have been synthe-
sized with experimentally measured properties reported. For
the ternary compound involving both Si and Ge, there have
been some controversies as to whether the synthesized ma-
terial is a spinel solid solution of the form y-(Si,Ge,_,)3;N,
(Refs. 12, 24, and 29) or there actually exist single-phase
crystals with well-defined occupation of either Si or Ge at
the tetrahedral or octahedral sites.>!"!> On the theoretical
and computational side, y-SisN, and y-Ge;N, have been ex-
tensively studied by many groups.>#-1%131417 In particular,
Fang and co-workers have calculated the phonon spectrum
and the thermodynamic properties of y-Si;N,.'* However,
the y-Sn;N, phase has been mostly ignored.3'*> We have
published some preliminary electronic structure calculations
and bulk properties of y-SnsN, using the orthogonalized lin-
ear combination of the atomic orbitals (OLCAO) method as
part of a systematic study of the structures and properties of
all possible binary and ternary spinel nitrides from group-
IVB and group-IVA elements.®!! In fact, a detailed study of
¥-SnsN, is very important because it can reveal trends in
group-IVB spinel nitrides where the increasing ionic size of
the cation is concomitant with variation in the electronic
structure. Unlike y-SisN, and y-Ge;N, which are synthe-
sized in a high-pressure and high-temperature environment
using either a laser-heated diamond anvil cell or by shock-
wave compression, y-SnsN, can be synthesized by a rapid
solid metathesim reaction®' or from an annealed tin amid-
imide precursor at ambient pressure.*? Since the pressure and
temperature requirements for y-Sn;N, are generally more
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modest, it should be easier to prepare samples in larger quan-
tities.

In this paper, we present the results of detailed calcula-
tions of the electronic structure, bonding, and spectroscopic
properties of y-Sn3;N,. In order to compare the results from
the OLCAO calculation, we used the VASP (Vienna ab-initio
simulation package) code®~37 to optimize the cell parameters
of y-Sn;Ny. Our motivation of using two well-tested meth-
ods with entirely different computational strategies is to
check if there would be any significant disparities in the ge-
ometry and bulk properties. The VASP-relaxed crystal struc-
ture is then used in the calculations of the electronic struc-
ture, bonding, and optical properties using the OLCAO
method. The calculated physical properties are then com-
pared with those of y-Si3N, and y-Ge;Ny using the same
method. In particular, the x-ray-absorption near-edge struc-
tures (XANESs) or, similarly, the electron-energy-loss near-
edge structures (ELNESs) of y-Sn;N, were calculated using
a supercell method that takes into account the electron core-
hole interaction.** So far, this more rigorous approach of
calculating the XANES and ELNES spectra has only been
implemented in the OLCAO method. The calculated spectra
are the Sn K, Sn L3, Sn M5, and N K edges which can be
very useful for the characterization of synthesized samples.
The calculation of optical properties of y-Sn;N, can be used
to assess the potential for applications of y-Sn;N, in semi-
conductor technology. In conjunction with previous studies
on y-SizN, (Refs. 2 and 7) and y-Ge;N, (Ref. 7), a full
understanding of the fundamental properties of y-Sn;Ny, can
be achieved. In the next section the methods of our calcula-
tions are briefly outlined. In Sec. III, we present and discuss
the results on the electronic structure, bonding, bulk, and
spectroscopic properties of y-SnsN,. The last section is for a
brief summary and some conclusions.

II. METHOD OF CALCULATION

Several groups have used plane-wave-based pseudopoten-
tial methods, especially VASP,>>737 to study the electronic
structure and bulk elastic properties of spinel nitrides. We
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TABLE 1. Calculated properties of y-Sn3zN, with comparison to y-SizN4 and y-Ge;Ny.

¥-Sn3Ny -SizN,° y-GesN,°
This work Experiment Other calculations

Lattice constants
a(A) 8.9544 9.037* 8.96,°8.96514 7.8372 8.2110
u 0.3839 0.3845 0.3844, 0.38454 0.3841
Band gap (eV) 1.40 eV 3.45 2.22
Bandwidth (eV)
Upper VB 8.9 eV 10.31 10.90
N 2s band 4.30 eV 5.70 5.61
m*/m 0.17 0.51 0.65
Q" (electron)
Cation (Sn, Si, Ge)
Tetrahedral site 2.66 2.65 2.81
Octahedral site 2.67 2.58 2.80
N 6.00 6.05 5.90

BO (BL in A)

Sn N 0.287 (2.077) 0362 (1.831) 0327 (1.907)

Sny-N 0.196 (2.162) 0.241 (1.885) 0.220 (1.982)

By (GPa) and B, 187.2, 4.34 186,°4.53¢ 280.1, 3.76 286.6, 3.14
203.6,94.98¢

£,(0) 6.8 4.7 6.5

, (eV) 15.1 20.5 19.2

Ref. 31,

PRef. 7.

‘Ref. 32.

dRef. 11.

have now used VASP to calculate the structure and bulk prop-  crystalline**#® and noncrystalline*”*® materials, complex

erties of y-SnsN, and compare them with the previous re-
sults obtained using the OLCAO method.?® The VASP-
optimized structure is then used for all other electronic and
spectroscopic calculations using the OLCAO method. In the
VASP calculation, we used the Perdew-Wang form of the gen-
eralized gradient approximation (GGA) for the exchange-
correlation potential in the density functional theory and pro-
jected augmented wave pseudopotential. A high-kinetic-
energy cutoff of 1000 eV was adopted such that the energy
and residual force on each atom converge to 0.001 eV and
0.01 eV/A, respectively. A Monkhorst-pack set of k points
on an 8 X8 X8 mesh was used for k-space sampling. For
bulk properties calculation, we used a fixed-volume ap-
proach to obtain seven data points near the equilibrium vol-
ume V),. The Birch-Murnaghan equation of state’ (EOS) was
used to obtain bulk modulus B and its pressure coefficient
B, from the calculated total energy versus volume data. The
use of other forms of EOS changes B only slightly. The
equilibrium lattice constant and the bulk modulus were ob-
tained for
y-Sn3N, from VASP calculation and are listed in Table I.
We have used the OLCAO method in previous studies of
the electronic structure and bulk properties of spinel
nitrides.>>”81%11 This is also a density-functional-theory-
based method within the local density approximation (LDA)
and has been extensively used by us to study a variety of

microstructures such as grain  boundaries,*>*° and

interfaces.’! The method is particularly effective for complex
structures where other first-principles methods may find
some limitations. The details of the method have been de-
scribed in many published papers and will not be repeated.
The use of localized atomic orbitals in the basis expansion
enables us to obtain information on charge transfer and in-
teratomic bonding via effective atomic charges and bond or-
der calculations using the Mulliken population analysis
scheme.’? In the present case, a full basis set consisting of Sn
(1s,2s,3s,4s,55,6s5,2p,3p,4p,5p,6p,3d,4d,5d) and N
(1s,25,3s,2p,3p) atomic orbitals was adopted for the
ground-state electronic structure calculation. The semicore
4d states of Sn were treated as valence states to improve the
accuracy. In addition, the linear optical properties within the
random phase approximation of the theory for interband op-
tical transitions can be easily calculated using the OLCAO
method. For the optical properties and XANES calculations,
additional orbitals were added to the full basis set (referred to
as an extended basis set) to improve the accuracy of the
higher unoccupied states. A large number of k points (408 k
points on a 16X 16 X 16 mesh) in the irreducible portion of
the Brillouin zone (BZ) was used for the electronic structure
and linear optical calculations.

For the XANES-ELNES spectra calculation, we used the
well-tested real-space supercell method** within the OLCAO
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scheme. The method has been successfully applied to many
crystals’-% in recent years with results in excellent agree-
ment with measurements. We briefly describe the procedures
involved in this calculation. A sufficiently large supercell
must be used to minimize the artificial interactions between
the core hole of the excited atom and its image in the adja-
cent periodic supercells. In contrast to the linear optical
properties calculation, the XANES-ELNES calculation has
different initial and final states. The initial state is the ground
state of the supercell in which the core orbitals of the target
atom are retained in the OLCAO formalism. The core orbit-
als of all other atoms in the supercell are eliminated by the
orthogonalization process to reduce the size of the secular
equation. The final state is the core-hole state in which an
electron in the core orbital (1s for the K edge, 2p for the L
edge, and 3d for the M edge) is removed and put at the
lowest conduction band (CB). The Columbic interaction be-
tween the electron in the CB and the hole left behind is
accounted for in the self-consistent iterations of the Kohn-
Sham equation. Strictly speaking, this final state is not a
one-electron state in the traditional sense because it includes
the effect of the two-particle interactions between the elec-
tron and hole. This interaction drastically changes the crystal
potential and the wave functions of the final unoccupied
states to be very different from the unoccupied states in the
ground-state calculation. The final spectrum is obtained by
applying the usual Fermi’s golden rule for electron transition
from the initial (ground) state to the final (core-hole) state
with the dipole approximation. The full inclusion of the di-
pole transition matrix automatically imposes the section rules
for the transition. For the K and M edges, the XANES spec-
tra probe the final CB-state wave function having the p an-
gular momentum character and, for the L edge, the (s+d)
angular momentum character. The transition energy is ob-
tained from the difference in the total energies of the ground-
state and final-state calculations. To our knowledge, no other
methods for XANES-ELNES calculations have this unique
feature of obtaining the transition energy. In the present cal-
culation for y-Sn3Ny, a 2 X2 X2 supercell of 112 atoms was
used which is sufficiently large such that the distance of
separation between the core holes is at least 12.7 A. In the
current implementation, a Gaussian broadening of 1 eV at
full width at half maximum (FWHM) is applied to all calcu-
lated spectra. This is to avoid using the broadening procedure
itself as an artificial means to improve agreement with mea-
sured data. In reality, the experimentally measured curves
will have different sources for broadening effect at different
energy ranges. This aspect of the spectral interpretation has
not been fully explored by us.

III. RESULTS AND DISCUSSIONS
A. Bulk properties

Based on the VASP calculation, we have obtained the lat-
tice constant of a=b=c=8.9544 A and the internal param-
eter of u=0.3839 which differs from the measured values>!
by less than 1% and 0.16%, respectively. They are almost
identical to the other VASP calculation®? and almost the same
as earlier calculations using the OLCAO method.!" Tt is
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somewhat surprising to see such close agreement in the crys-
tal parameters since in VASP, the GGA was used for the
exchange-correlation potential, while in OLCAO, the LDA
was used. Generally speaking, within the same computa-
tional method, the GGA tends to give a large lattice constant
than the LDA. In the present case, other differences such as
differet types of basis expansion may have an offsetting ef-
fect, resulting in a fortuitous agreement between the geom-
etries obtained from the two different methods and ap-
proaches. Since the major focus of this paper is to present the
results of y-Sn3;N, and not specific comparisons between dif-
ferent methods and potentials, no additional tests were car-
ried out. Even if such lengthy tests were done, there are still
other uncertainties related to the choice of energy cutoff in
the VASP calculation and the type of basis set used in the
OLCAQO calculation.

The bulk modulus and the pressure coefficient of
v-Sn;N, have been calculated before!! using the OLCAO
method with an efficient geometry optimization scheme.®!
We obtained values of By=203.6 GPa and B;=4.98. In the
present case, we repeated the bulk properties calculation us-
ing VASP. The total energies of compressed and dilated cells
at the seven different volumes were obtained after full relax-
ation. The Birch-Murnaghan EOS (Ref. 39) was used to fit
the E-V data, and we obtained By=187.2 GPa and B(’)=4.34.
The close agreement of the bulk modulus obtained by two
very different computational methods gives us confidence in
the accuracy of both calculations. Compared with similar
bulk properties data for y-SisN, and y-Ge;N, calculated by
the OLCAO total energy minimizations scheme,” we observe
a clear trend in the reduction of bulk modulus B, from 280.1
GPa in y-SisN, to 268.6 GPa in y-Ge;N, and to 187.2 GPa
in y-Sn3N,. Obviously, the reduced bulk modulus, or smaller
hardness, is related to the weaker Sn-N bond as compared to
the Si-N and Ge-N bonds and as indicated by their BO val-
ues (see subsection B  below). Our calculated
B, for y-Sn;N, is also in excellent agreement with the cal-
culation reported in Ref. 29. They obtained B,=186 GPa and
B{=4.53.

B. Electronic structure and bonding

The electronic structure and bonding of y-Sn;N, were
calculated using the OLCAO method based on the VASP-
relaxed crystal structure. Figure 1 shows the calculated band
structure of y-SnyNy. Similar to other group-IVB spinel ni-
trides, it is an insulator with a direct band gap of 1.40 eV at
I'. This is considerably smaller than the band gaps of
¥-SizNy, (3.45 eV) and y-GesN, (2.22 eV).>” The real band
gap could be slightly larger since the LDA used in the cal-
culation tends to underestimate the real band gap in insula-
tors. Like y-Si3Ny and y-GesNy, the top of the valence band
(VB) in y-Sn;N, is very flat, indicating a large hole effective
mass. Unlike y-SisN, and y-GesNy, the bottom of the CB
consists of a single band that is predominately N 3s in char-
acter. The electron effective mass of this band at the CB
minimum is only 0.17, much smaller than the effective mass
of 0.51 and 0.65 for y-SisN, and y-Ge;Ny, respectively, and
is comparable to that of GaN (~0.19) and AIP (~0.13). This
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FIG. 1. Calculated band structure of y-Sn;Nj.

could imply that y-SnsN, may find interesting applications
in microelectronics technology.

The calculated total density of states (TDOS) and atom-
resolved partial density of states (PDOS) are shown in Fig. 2.
Like y-SisN, and y-Ge;Ny, there are noticeable differences
in the PDOS of Sn at the octahedral site (Sn,.,) and the
tetrahedral site (Sny). In the narrow region at the top of the
VB where the main contribution comes from the N 2s non-
bonding orbital that is responsible for the flat VB, Sn, has a
much larger contribution than Sn,,. On the other hand, Sn,
has a greater presence in the states near the CB edge. The
single band near the bottom of the CB is predominately from
the N 3s orbitals.

There are many well-resolved sharp structures in the DOS
of y-SnsNy. In the upper VB (from 0 to —8.9 eV) which is
dominated by N 2p orbitals, seven distinct peaks (labeled as
V1 to V7 in Fig. 2) at -0.1,-1.0,-1.5,-2.7,-3.7,-4.9, and
—6.7 eV can be identified. This is to be compared with only
three (six) sharp peaks in the same energy range for
v-SizNy (y-GesNy). In particular, the sharpest peak, V1, is at
the top of the VB and is consistent with the flat topped VB.
The lower VB of predominately N 2s in composition and has
a width of 4.3 eV. The DOS at the CB edge in y-Sn3N,
shows a footlike feature originating from the single lowest
CB discussed above. This feature is different from y-SizNy
and y-GesN, where the CB edge consists of orbitals of the
cations and rises more steeply. We will return to this point
later in the discussion of optical absorption edge. The CB
DOS is also rich in structures. To facilitate later discussion,
we label the major peaks in the first 13 eV range as C1, C2,
C3, and C4. C1 and C2 are well-defined peaks at 4.4 eV and
5.8 eV, respectively. C3 and C4 each consists of a group of
sharp peaks with the centroids located at 8.1 eV and 10.6 eV,
respectively. The multiple peak structures have contributions
from all three sites of the spinel lattice, except for C4 which
has contributions mostly from Sn,. and N. This later feature
is similar to y-Ge;Ny but different from -SisN,, indicating
different electron states around 11 eV in y-SizNy.

The calculated Mulliken effective charges Q" and the
bond order (BO) between cation and anion are listed in Table
I. The Q" for Sn at Sn,., and Sn,, are 2.65 and 2.58 electrons,
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FIG. 2. Calculated total and partial DOS of y-Sn3N,.

respectively, while Q" for N is 6.00 electrons. These effec-
tive charge numbers are somewhere between the Q" values
in y-SizN, and y-Ges;N, which have corresponding values
for cation and N of 2.65, 2.58, and 6.05 for y-Si3N, and
2.81, 2.80, and 5.90 for y-GesN,. So the relative values of
the effective charges for the cation at the octahedral site and
the tetrahedral site are quite close in both y-SnsN, and
y-Ge;N, while the Q" values of Si, is somewhat larger than
Siye- This could be related to the fact that in y-GesN, and
v-Sn3N,, the semicore Ge 3d and Sn 4d were taken as the
valence orbitals in the OLCAOQO calculation. These semicore
d orbitals apparently have non-negligible overlap integrals
with the valence orbitals of the neighboring atoms based on
which the Q values were calculated (the Q" values of Sn
and Ge exclude the ten d electrons). In Si, there is no such
occupied inner d orbitals. It is also well known that the Mul-
liken population analysis depends on the basis set used.
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FIG. 3. Optical properties of y-Sn3N,: (a) real dielectric func-
tion, (b) imaginary dielectric function, and (c) energy loss function.

While it is meaningful to compare the Q" at the octahedral
and tetrahedral sites of the cations in the same spinel lattice,
the comparison among the three different crystals becomes
less meaningful since the atomic bases used for Si, Ge, and
Sn are different.

The BO value is a different story. The BO for Sn-N and
Sny-N are 0.287 and 0.196, respectively, considerably
smaller than the corresponding BO values in y-SisN, and
v-GesN, (see Table I). The main reason is that the bond
lengths (BLs) in y-Sn3N, are much longer because of the
larger ionic size of Sn and the larger lattice constant. Still the
BO values between Sn and N are much larger than the BO in
oxides, indicating stronger covalent bonding in spinel ni-
trides in general. However, the difference in the cation basis
set may add to some of the differences, so these BO numbers
have to be treated with some caution.

C. Optical properties

The calculated optical properties of y-Sn;N, in the form
of the complex frequency-dependent dielectric function and
the electron energy loss function are shown in Fig. 3. We will
focus our discussion on the imaginary dielectric function
&,(hiw). The general feature of the optical absorption curve is
similar to y-SizN, and y-Ge;N, (Fig. 5 of Ref. 7). However,
y-Sn3;N, has many more absorption peaks because of the
increased number of peak structures in both the VB and CB.
The main absorption peak is at 7.0 eV compared to the same
peak at 9.9 eV in y-Si3N, and 7.8 eV in y-Ge;Ny. So there is
a systematic shift towards lower energy from 7y-SisN, to
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v-GesNy and to y-SnsNy. Unlike y-SizNy, y-SnsNy also has
another prominent peak at 10.1 eV above the main peak.
This same peak is recognizable but less prominent in
v-GesN, at 11.7 eV. From the positions of various sharp
peak structures in the VB and CB, it is likely that this sharp
peak at 10.1 eV originates from transitions from V1 to C4
because of the resemblance of the C4 structure in the CB of
v-Sn3N, and y-Ge;N, discussed before. But contributions
from V6 to C2 and V5 to C3 are also possible. At a higher-
absorption-energy range, y-Sn;N, has a broad peak centered
at about 25 eV. No such broad higher peak exists in
v-SisN, and y-GesNy.

An important difference in the absorption curve of
v-Sn3N, and that of the other two spinel nitrides is the ab-
sorption edge. In y-Si3N, and y-GesNy, the absorption edges
are close to the calculated direct band gap since they simply
reflect the direct interband transitions at the I' point. In
v-Sn3Ny, the same interband transition at I is either symme-
try forbidden or has too small DOS amplitude at the CB
minimum due to the footlike feature discussed above. As a
result, the absorption edge in y-Sn3;N, appears to be at 2.0
eV, much higher than the direct band-gap value of 1.40 eV.
There are also broader shoulderlike structures at 2.5 eV and
4.5 eV in y-Sm3Ny. Therefore, a different symmetry and
characteristic of the CB minimum in y-Sn;N, resulted in a
very different absorption edge from that of y-SizN, and y
'Ge3N 4-

The calculated optical dielectric constant &;(0) of
v-Sn3Ny is 6.4 which is slightly larger than that of y-SizNy
(4.7) and comparable to y-Ge;Ny, (6.5), so there is no obvi-
ous trend in three crystals. Much of this depends on the
complex interplay of the band gap value, absorption edge,
and specific features in the absorption curve. But like many
other properties, y-SnyN, is closer to y-Ge;N, than to
v-SisN, and, most likely, this is due to the absence of the
inner atomic d shells in Si. On the other hand, the plasmon
frequency o, identified as the broad peak in the electron-
energy-loss function [Fig. 3(c)], which describes the fre-
quency of collective excitation of the valence electrons,
shows a consistent trend in going from y-Si3Ny to y-Ge;Ny
to y-SnsNy. They are at 20.5 eV, 19.2 eV, and 15.1 eV re-
spectively.

D. XANES/ELNES spectra

XANES and/or ELNES spectroscopy is an important
technique for modern materials characterization. It is gener-
ally regarded as the best way to understand the electronic
structure of the unoccupied states in solids.®>3 However, the
analysis of such spectra and their proper interpretation has
never been an easy task.% With the aid of credible theoretical
calculations, the work can be made considerably easier. In
spinel nitrides, only the N K and the Si L,; edges of
v-SisN, have been measured using samples recovered from
the shock-wave compression method.”? Very recently, the
measurement of the Ge K edge in y-Ge;N, was reported.®
The lack of such measurements in spinel nitrides is partly
attributed to the lack of pure single-phase samples of suffi-
cient quantity. In general, shock-wave compression can pro-
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FIG. 4. Calculated N K edge in y-Sn3N,.

duce much larger quantities of spinel nitrides than those ob-
tained from laser-heated annealing in a diamond anvil cell,
but they are usually in powder form with somewhat reduced
crystallinity. On the computational side, the XANES and
ELNES spectra of y-Si3N, have been calculated using the
supercell method.?*> The results show excellent agreement
with the experimental data. It was shown that the spectra of
y-SisN, are very different from those of the hexagonal
phases of Si;N, (a-Si;N, and 3-Si;N,).>> The same rigorous
calculation applied to y-SnsN, will have predictive value
that can be used for future comparison with experimental
measurements. Furthermore, Sn is a much heavier atom. In
the past, most of the XANES calculations have been re-
stricted to lighter elements in the second or third row of the
periodic table. Here we report not only the N K edge, but
also the Sn K, Sn L5, and Sn M5 edges in y-Sn;N, for energy
ranges up to 45 eV from the edge onset. In particular, the
differences between the spectra from the tetrahedral site and
the octahedral site are clearly demonstrated. Experimentally,
the measured spectrum for a specific element is the com-
bined spectrum from different sites of the same atom. We
will discuss these spectra individually below. The energy
scales in these spectra are the theoretical values obtained
from the differences in the total energies as explained before.
They are supposed to be close to the experimental energy
scales.

1. N K edge

The calculated N K edge in -Sn3;N, is shown in Fig. 4.
The spectrum is very rich in structures. We divide it into two
regions: Region I covers the first 10 eV from the edge onset
and region II covers the energy range above region I. In
region I, the spectrum has three peaks labeled A,B, and C
and a shoulder labeled A’. The spectrum has some resem-
blance to the N K edge in y-SizN, (Ref. 23) where there are
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FIG. 5. Calculated Sn K edge in y-Sn3Ny: (a) tetrahedral site,
(b) octahedral site, and (c) total.

also three peaks and a shoulder but with slightly different
positions and amplitude. It is not totally clear if these four
structures are related to peaks C1-C4 in the CB PDOS of N
since the XANES spectrum can be significantly affected by
the core-hole interaction and the matrix elements of transi-
tions. In region II, there are two prominent peaks D and F at
419.0 eV and 438.1 eV, respectively, and a plateaulike struc-
ture E between 429.0 eV and 432.5 eV. The positions of
these peaks are listed in Table II.

2. Sn K edge

The calculated Sn K edge in y-SnsNj, is shown in Fig. 5.
There are marked differences between the spectra from the
Sny; and Sn,. In the former, the leading peak at the edge
onset is very sharp and, in the latter, the leading feature is a
shoulder. The energies of the edge onset for the two spectra
are also slightly different, 28 337.5 eV for Sn, and 28 336.6
eV for Sn,. Any experimental measurement is unlikely to
resolve the difference between the two spectra. The com-

TABLE II. Positions of major peaks in the calculated XANES and ELNES spectra in y-Sn3Ny.

Edge Peak position (eV)

NK A'(408.1) A (409.4) B(410.3)

SnL; A (3974) B(3980)
Sn M5 A (518.5) B(520.2)

C(3986.1)
C(521.9)

C(413.0)
Sn K A (28340) B(28341.8) ((28343.2) D(28350)
D(3994.2) E(3997.3)
D(528.0)

D(419.0)
E(28359.8,28361.6)

E(429.0-432.5) F(438.1)
F(28369.3)

E(538.1,540.0,541.8) F(547.5)
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FIG. 6. Calculated Sn L3 edge in y-Sn3Ny: (a) tetrahedral site,
(b) octahedral site, and (c) total.

bined spectrum in the ratio of 1:2 for Sny, to Sn, is shown
in Fig. 6(c) with major peaks labeled from A to F. Because
of the slightly different edge onset, the combined spectrum is
different from the spectra of either Sn,, or Sn,, although
similar major peaks can be identified. In the first 8 eV from
the edge onset, the combined spectrum has three peaks A, B,
and C at 28 340 eV, 28 341.8 eV, and 28 343.2 eV, respec-
tively. In the higher-energy region, there is a peak D at
28350 eV originating from Sn,, and a double peak E at
28 359.8 eV and 28 361.6 eV coming from the combination
of similar peaks at the two Sn sites. There is a less prominent
peak F at 28 369.3 eV. These peak positions are listed in
Table II.

3. Sn L3 edge

The XANES L, ; edge probes the transition from the 2p
core level to the CB. Since spin-orbit splitting is not included
in the present calculation, the usual L, 5 edges reduce to only
the L5 edge. This should not be of much concern since the L
edge in Sn is well separated from L, by about 127 eV. In
metallic systems with partially occupied d electrons, proper
treatment of L, will be very important and may require
methods beyond the one-electron calculations.®* The calcu-
lated Sn L5 edge in y-SnsN, is shown in Fig. 6. Again our
discussion will focus on the combined spectrum from Sng
and Sn,, with weighting factors of 1 and 2, respectively.
There are some differences in the spectra from the two dif-
ferent sites but not as large as in the Sn K edges. The most
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FIG. 7. Calculated Sn M5 edge in y-Sn3Ny: (a) tetrahedral site,
(b) octahedral site, and (c) total.

prominent peak is the peak D at 3994.2 eV which is inherited
mostly from the sharp peak at the same energy in Sn,,. The
other peaks (A,B,C,E) are less prominent and could be due
to the fact that the Sn (s+d) states in the unoccupied bands
are relatively delocalized. There is also a slight difference in
the onset energies, 3971.7 eV for the Sn; and 3971.0 eV for
Sn,., which could also contribute to the less sharp peak
structures in the combined spectrum. The various peak posi-
tions are listed in Table II.

4. Sn Mj edge

The calculated Sn M5 edge in y-SnsN, is shown in Fig. 7.
The M, s edge probes transitions from the 3d core to the
empty CB. There should be two edges M5 and M, corre-
sponding to two different core levels with different total an-
gular momentum j=5/2 and 3/2 when spin-orbit coupling is
taken into account. In the present calculation without spin-
orbit coupling, only the M5 spectrum is calculated. Neverthe-
less, the M5 spectrum provides useful insights for our discus-
sion. Since the transitions from the 3d core level to the CB
are suppose to probe the angular momentum states of with p
character, similar to the Sn K edge, the Sn M5 edge should be
close to the Sn K edge. This is indeed the case. The spectra
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in Fig. 7 are very similar to the spectra of Fig. 5 except that
they have different energy scales because of the different
core levels. It is noted that the M5 edge has a smooth gradu-
ally increasing background as the energy is increased. This
can be explained in terms of the difference in the initial core
states. In the K edge, the 1s core is deep and exceptionally
sharp. In the 3d core, there are five levels (spin nonresolved)
and are less deep. The matrix elements of coupling have
different overlaps with larger values for the 3d to CB transi-
tions than for the ls to the CB transitions, resulting in a
gradual increase in the spectral amplitude. The peak posi-
tions of the M5 edge are also listed in Table II. It can be
verified that the relative separations of the peaks in the M5
edge are very close to that of the K edge.

IV. SUMMARY

In this paper, we have presented detailed information on
the electronic structure, bulk properties, and spectroscopic
properties of spinel tin nitride y-Sn;N4. Two well-tested
methods VASP and OLCAO were used, and the results ob-
tained from these two very different methods were essen-
tially consistent. In comparison with the other two binary
spinel nitrides y-Si3N, and y-GesNy, a clear trend in the
increasing size of the cation can be established. y-Sn;N, has
a smaller band gap, less strong bonds, a smaller bulk mod-
ules, and a lower plasmon frequency. There are cases such as
in the PDOS and Mulliken effective charges, and features in
the optical spectra, results from 7y-Sn3N, are closer to
y-Ge;Ny than to y-Si3Ny. This is interpreted in terms of the
absence of the inner semicorelike d states in Si of y-SizsNy
which result in somewhat different electronic structure and
bonding. In y-Sn;Ny,, the bonds between Sn and N at both
sites are weaker than the similar cation-N bonds in y-SizNy
and y-Ge;N,4 because of the longer bond lengths. Its optical
dielectric constant, however, is close to the other two crys-
tals. The optical properties of y-Sn;N, differ from the other
two crystals near the absorption edge because of the footlike
structure due to a single conduction band of N 3s character.

PHYSICAL REVIEW B 73, 045202 (2006)

This is in contrast to the optical absorptions in y-Si;N, and
v-Ge;N, where the states at the CB minimum come mainly
from the cations. This single band at the CB minimum has an
effective mass of only 0.17 which makes y-Sn;N, an attrac-
tive semiconductor suitable for many potential applications
in modern technology. The calculation of the N K, Sn K, Sn
L;, and Sn M5 spectra revealed rich structures in the spectra
of this crystal. They show marked differences between the
spectrum for Sn at the tetrahedral and octahedral sites. The
combined spectrum will be the one that can be meaningfully
compared with experiment and is different from the spectra
at the specific sites. This underscores the importance of hav-
ing theoretical input in the interpretation of the XANES and
ELNES spectra for materials characterization. We have also
demonstrated the resemblance in the spectra of the Sn K and
Sn M5 edges as required by the quantum-mechanical selec-
tion rule. There is a gradual increase in the background in the
Sn M5 spectrum due to the difference in the initial orbital
state of the core atom. We hope our detailed calculation will
stimulate additional experiment on this interesting material
that may find useful applications. It is also noted that so far
we are unable to provide a more detailed interpretation of
various peaks in the XANES and ELNES spectra. It might be
possible to calculate the energy-dependent bond-order values
for a specific pair of atoms in the conduction band and com-
pare that with the calculated absorption curves or use com-
plicated graphic displays to show the composition of the
wave functions of the states associated with the peak struc-
tures. However, it appears that such detailed and rather cum-
bersome analysis will be premature in the absence of experi-
mentally measured spectra.
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