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Raman scattering from the filled tetrahedral semiconductor LiMgN:
Identification of the disordered arrangement between Li and Mg
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The disordered arrangement between Li and Mg in the filled tetrahedral semiconductor LiMgN, viewed
theoretically as a zinc-blende-AlIN-like (MgN)~ lattice partially filled with He-like Li* interstitials, is studied
using a Raman-scattering method. A single phonon mode observed at 492 cm™' is associated with a ng(F)
Raman-active mode as a pure antifluorite structure (space group Fm3m), indicating the homogeneous random
distribution of Li and Mg atoms at the tetrahedral sites. The observed Raman mode is attributed to a vibrational
frequency that the randomly occupied Li and Mg atoms vibrate against each other and the N atoms remain
stationary. The disordered structure is likely to arise from the relatively high ionic character of Li-N and Mg-N
bonds in comparison with Li-P and Mg-P bonds in the ordered filled-tetrahedral semiconductor LiMgP (space

group F-43m).
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The band-structure modification of filled tetrahedral semi-
conductors was tested by insertion of small atoms at tetrahe-
dral interstitial sites of diamond and zinc-blende structures.'-
The crystal structure [Fig. 1(a)] of ordered filled tetrahedral
semiconductors A'BUCY such as LiZnN,® LiZnP* and
LiZnAs® is viewed as follows: Whereas the zinc-blende
structure of a D™-CV compound (e.g., GaN) has the D'
atom at 7;,=(0,0,0)a, (where qy is the lattice parameter), the
CV atom at 72=(j¢,31,11)a0, and two empty interstitial sites at
T3=(%,%,%)a0 (next to the anion) and T4=(%,%,%)a0 (next to
the cation), one could “transmute” D™ into its isovalent pair
BU-A" (e.g., Ga into Zn+Li) and distribute these atoms
among 7, 7,, and 73 sites. The 7, 7, and 73 sites for LiZnN
are occupied by Zn, N, and Li atoms, respectively, while the
7, site is empty. On the other hand, in ternary compounds®
such as LiMgN, LiMgP, and LiMgAs, since the ionic radii of
Li* and Mg?* are approximately equal (0.68 and 0.66 A),®
the conditions are particularly favorable for a random distri-
bution of metals at 7; and 7 sites as shown in Fig. 1(b). In
the case of the random distribution, the two sites are not
distinguished, and therefore, it can be considered as a virtual
cation with average mass between Li and Mg, leading to the
space group Fm3m instead of F-43m. In our previous x-ray
diffraction studies of LngN,7 the ordered structure between
Li and Mg was not confirmed exactly. However, LiMgP
(Ref. 8) crystallizes as the ordered arrangement with Mg at
71 sites and Li at 73 sites rather than the random one. This
situation was confirmed by a Raman scattering method be-
cause the space group of the ordered LiMgP is F-43m as well
as a zinc-blende structure, showing two longitudinal (LO)
and transverse (TO) phonons for Li-P and Mg-P pairs in
LiMgP (Ref. 8) as well as LiZnP (Ref. 9) and LiZnAs.!° For
the electronic-structure calculation of the actual LiMgN, it is
important to determine whether Li and Mg atoms are the
ordered or disordered occupancies, although the band gap’ of
LiMgN has been experimentally evaluated to be 3.2 eV at
300 K. This gap value is much smaller than that of AIN (zinc
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FIG. 1. (a) The ordered filled-tetrahedral structure of A'BICY (
A'=Li, B"=Zn or Mg, and CY=N, P, or As; space group F—43m)
and (b) the disordered structure with homogeneous random distri-
bution of AT and B metals at the tetrahedral sites. The space group
of the disordered phase is Fm3m as well as binary Li,O antifluorite
structure.
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FIG. 2. A typical x-ray powder diffraction pattern of the filled
tetrahedral semiconductor LiMgN (2=4.995+0.005 A).

blende, E,=5.34 eV),"! but the value is close to that of GaN
(zinc-blende, E,=3.45eV).'"? Recent electronic structure
calculation'? of the ordered LiMgN showed an indirect band
gap of 2.46 eV.

In this Brief Report we describe the results of Raman
scattering from the filled tetrahedral semiconductor LiMgN.
We found that an observed Raman-active phonon mode
[T5,(I")] attributes to the random distribution of Li and Mg
atoms at tetrahedral sites, as a pure antifluorite structure
(space group Fm3m).

Polycrystalline LiMgN samples were synthesized by a di-
rect reaction between LizN and Mg in N, atmosphere as well
as Li;AIN,,'* while the previous growth’ was performed us-
ing N, (or NH;) and LiMg alloy. No Raman scattering data
has been obtained from the previous LiMgN samples, al-
though the band gap of LiMgN was evaluated from the pre-
vious samples. A present growth method has been performed
to improve the sample quality enough to measure the Raman
scattering. The detailed growth method will be reported else-
where. A typical x-ray powder diffraction pattern of as-
grown LiMgN polycrystalline is shown in Fig. 2. The present
as-grown samples are the single phase with a lattice constant
a=4.995+0.005 A, in contrast with the previous samples in-
cluding nonreactant LiMg and an oxide (LiNOj). The reli-
ability indices'> R for the disordered and ordered structures
were 0.17 and 0.27, respectively. Although the R indices in-
dicate that the disordered structure is suitable for LiMgN
rather than the ordered one, the R index for the disordered
structure is relatively high for the exact determination be-
cause of the small atomic scattering factor of Li atom. To
compare with a previously reported band gap value,” which
is taken by a photoacoustic spectroscopy (PAS), the band gap
of as-grown LiMgN was measured by the PAS method. The
PAS system with a 500 W xenon lamp as a light source was
used to detect the PA signal. The signal picked up by a mi-
crophone was detected through a lock-in amplifier at room
temperature. All the spectra were normalized against a car-
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FIG. 3. Photoacoustic emission spectrum taken from as-grown
LiMgN.

bon black standard. Figure 3 shows the PAS spectrum for
LiMgN. The PA signal begins to increase at photon energy of
about 3.0 eV and reaches a peak at around 3.3 eV. There-
fore, the band gap is located in 3.3 eV, which is close to the
previously reported value (3.2 eV).’

A laser Raman spectrophotometer (JASCO NR-1800) was
employed for a study on Raman scattering. The Raman spec-
tra were taken at room temperature in backscattering geom-
etry using a 514.5 nm line of Ar*-ion gas laser with a power
of 100 mW. Cross sections of cracked polycrystalline
LiMgN samples, protected by paraffin oil to prevent rapid
oxidation and hydration, were used for the Raman measure-
ments.

Figure 4 shows a typical Raman spectrum of LiMgN. A
single frequency mode was observed at 492 cm™!, which is
analogous to antifluorite Li,O'® (space group Fm3m) that
also showed a single Raman active phonon mode 7,,(I") at
520 cm™!. From factor group analysis for the ordered and
disordered phase of LiMgN, 2F, modes are Raman active for
the ordered filled tetrahedral structure (F-43m) and T,, mode
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FIG. 4. A typical Raman spectrum of the filled tetrahedral semi-
conductor LiMgN.
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is Raman active for the disordered phase with homogenously
random distribution of Li and Mg. Any orientation effect on
the Raman scattering would be eliminated, since the samples
used here were polycrystalline. In the case of the ordered
structure, two Raman peaks corresponding to the TO and LO
modes can be observed from each pair of Li-N and Mg-N, as
observed in LiZnP (Ref. 9) and LiZnAs.'” Contrary, if the
samples belong to the Fm3m point group, the crystal is cen-
trosymmetric and no long range electrical field exists. There-
fore, there is no TO-LO splitting and just the nonpolar 75,
Raman active mode can be observed. Accordingly, the mode
observed in LiMgN would originate to the antifluorite struc-
ture (Fm3m) with a random occupation of Li and Mg atoms
at the tetrahedral positions 7, and 73 sites in Fig. 1. The other
evidence of the disorder distribution is a broader linewidth of
35 cm™! for the Raman spectrum. This situation has been
observed in mixed-fluorite-type crystals'’ Ca,Sr,_,F, and
Sr,Ba;_,F, in which the linewidths of Raman spectra were
maximum at homogeneous random mixtures with a compo-
sition of x=0.5. Since the arrangement that changed cation
and anion of fluorite CaF,-type structure is antifluorite-type
structure, the broader Raman spectrum observed here
suggests homogeneous random arrangements of Li and
Mg. By simply assuming the so-called ‘“virtual-crystal”
approximation'® and from the analogy of ionic motion in
mixed-fluorite-type crystals!” Ca,Sr,_F,, the Li+Mg cations
having average masses vibrate against each other and the N
anion remains stationary in analogy to the vibration modes in
antifluorite Li,O crystal,'® which have a single allowed
Raman-active mode in which the Li* ions vibrate against
each other and the O~ ion remains stationary.

Finally we discuss why LiMgN crystallizes in the disor-
dered structure (Fm3m) in contrast to other filled tetrahedral
compounds (F-43m). We pay attention to a difference in
Pauling’s ionicity of Li-X and Mg-X (Zn-X) in LiMgX
(LiZnX) compounds, where X is N, P, or As. According to
Pauling,'® the definition of ionicity of a single bond is as
follows:

fi=1-exp[— (X, — Xp)*/4], (1)

where X, and X are Pauling’s electronegativity of A and B
elements, respectively. Assuming that the above equation is
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TABLE 1. Pauling’s bond ionicity (f;) in the filled tetrahedral
compounds.

LiMgX LiZnX
X fiLi-X) fiMg-X) fili-X) fiZn-X)
N 0.63 0.55 0.63 0.39
P 0.26 0.18 0.26 0.06
As 0.22 0.15 0.22 0.04

valid for ternary compounds, the ionicity (f;) values for
LiMgX and LiZnX are evaluated as listed in Table 1. The
crystal structure of the compounds listed in Table I has been
exactly confirmed by x-ray diffraction analysis, except for
LiMgN and LiMgAs. The f; values for Li-N bond (0.63) and
Mg-N (0.55) in LiMgN all exceed 0.5, indicating that both
bonds have high ionicity. This is consistent with the results
estimated from the density functional theory-based electronic
structure calculation” of LiMgN as follows. The bonding
nature is due to the large electronegativity difference be-
tween N and Mg, and Li behaves effectively as Li* ions. On
the other hand, in the other filled tetrahedral compounds, the
fi values of Li-X and Mg-X (Zn-X) bonds are relatively low
(fi<<0.5) except for that of Li-N in LiZnN. These results
suggest that both Li-X and Mg-X (Zn-X) bonds in LiMgX
(LiZnX) are required to possess high ionicity in order to
form the disordered antifluorite structure. Therefore, LiMgP
would crystallize in the ordered structure because of the f;
values (f;<<0.5) of Li-P and Mg-P in spite of the almost
same ionic radii® of Li* and Mg?*.

In conclusion, the disordered structure of Li and Mg at-
oms in the filled tetrahedral semiconductor LiMgN was stud-
ied using a Raman-scattering method. A single allowed
Raman-active mode [ng(F)] was observed as well as a pure
antifluorite structure (space group Fm3m), showing the ho-
mogeneous random distribution of Li and Mg atoms at the
tetrahedral sites. It is suggested that the disordered structure
attributes to the high ionic character of both Li-N and Mg-N
bonds.
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