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Experimental and theoretical study of Li3N at high pressure
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X rays from the Cornell High Energy Synchrotron Source were used to study the crystal structure of Li3N
over a pressure range of 0 to 35 GPa at ambient temperature. Before loading, both the hexagonalD6h

4

(P63 /mmc) and the hexagonalD6h
1 (P6/mmm) phases were present. At modest pressure, theD6h

1 structure
transforms completely into theD6h

4 structure. A two-parameter Birch equation was fitted to the data to deter-
mine the equation of state~EOS! of the D6h

4 structure, which is compared with a theoretical equation of state
produced by our total-energy calculations in the framework of the local-density approximation. The experi-
mental EOS was then used to determine the change in Gibb’s free energy as a function of pressure for Li3N to
35 GPa at ambient temperature. The likelihood of a phase transition to a cubic structure at 35 GPa~as
calculated by theory! based on observed optical changes is discussed.@S0163-1829~99!06609-6#
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I. INTRODUCTION

The compound lithium nitride, Li3N, has many interesting
physical and chemical properties.1 Lithium nitride is a supe-
rionic conductor.2 A more fundamental aspect of Li3N is that
it may be a compound known to have N32 ions in an anoma-
lous state.3,4 Multiply charged anions such as O22 and N32,
though unstable as free ions, are stabilized by the elec
static potential in a crystal. It is well known that the larg
intraionic polarizability of the O22 ion plays a vital role in
the lattice dynamical properties of alkaline earth oxides s
as MgO.5 It is expected that the N32 ions will also play a
significant role in the lattice dynamics of Li3N.

The crystal structure of Li3N was shown to be a hexago
nal D6h

1 (P6/mmm) structure at room temperature.6 The ex-
istence of a high-pressure phase was first revealed
nuclear magnetic resonance~NMR! experiment.7 Subse-
quently, this high-pressure phase was confirmed by pow
x-ray diffraction to have a hexagonalD6h

4 (P63 /mmc)
structure when the compound was annealed under 1 GP
N2 pressure.8 The lattice dynamic of Li3N has been investi-
gated by a number of groups using inelastic neut
scattering,9 infrared and Raman spectroscopy,10 andab initio
calculations.11 However, these studies all involved theD6h

1

structure at ambient pressure.
Interestingly, lithium nitride has been used by reacting

with gallium chloride, GaCl3, in a solution of benzene to
produce nanosized crystals of GaN.12 This method used by
Xie et al. is similar to a hydrothermal process where posit
pressure was generated by heating benzene in an autoc
Since the kinetics at the crystal-fluid interface is profoun
affected by the nature of the fluid and the temperature, th
is a potential for using other organic as well as inorga
solvents at higher temperatures to grow large crystals
GaN. However, at higher temperatures, higher pressures
required to insure the stability of the GaN.13 Therefore, to
more fully understand the thermodynamics of GaN grow
PRB 590163-1829/99/59~9!/6083~4!/$15.00
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using Li3N, the EOS for Li3N was measured up to 35 GP
and compared with anab initio calculation. The EOS was
then used to calculate the change in Gibb’s free energy
function of pressure or normalized volume.

II. THEORETICAL MODEL

In the present work the total energies at different pr
sures of Li3N in the D6h

1 , D6h
4 , andTd

1 structures were cal-
culated. The last structure~which has four molecules pe
cell! was included because it is the structure of the rela
compound Li3Bi. The calculations were performed in th
framework of the local-density approximation using ultras
pseudopotentials14 and a large plane-wave basis~kinetic en-
ergy cutoff of 100 Ry!. For the exchange-correlation part w
used the Ceperley-Alder expression15 as parametrized by
Perdew and Zunger.16 The optimization of the lattice param
eters and of the internal parameters was performed with
Broyden-Fletcher-Goldfarb-Shanno algorithm.17 The calcu-
lated total energies were then fitted to the two-parame
Birch equation of state18 from which the bulk modulus and
its pressure derivative were determined.

III. EXPERIMENT

Lithium nitride powder of 99.5% purity was purchase
from Strem Chemical Inc. The powder had a dark red co
and was opaque. A preliminary powder x-ray-diffraction p
tern indicated that both the hexagonalD6h

4 (P63 /mmc) and
the hexagonalD6h

1 (P6/mmm) structures were present a
ambient pressure.

Static pressure was generated by the use of a diam
anvil cell. Two separate experiments were carried out. A p
of 1/3-carat brilliant-cut diamond anvils with 300-mm flat
culets was employed for this experiment. Sample hand
was done in an argon environment since lithium nitride
hygroscopic. The powder was loaded, without pressure
dium, into a 100-mm hole drilled in the center of a prein
6083 ©1999 The American Physical Society
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TABLE I. The calculated lattice constants, bulk moduli, and their pressure derivatives for se
structures.

Crystal
structure a ~Å! c ~Å! V0 ~Å3/atom! u ~Å! u8 ~Å! c/a B0 ~GPa! B08

D6h
1 3.508 3.745 9.978 1.0674 61.02 3.70

D6h
4 3.418 6.100 7.715 0.5776 1.7846 78.166 3.7

Td
1 4.824 7.016 0.250 0.750 82.75 3.84
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dented T301 stainless-steel gasket. Pressures were d
mined in situ from the calibrated shift of the rubyR1
fluorescence line.19

Energy-dispersive x-ray diffraction~EDXD! measure-
ments were performed at room temperature at the Cor
High Energy Synchrotron Source~CHESS!. A 25325mm2

aperture was used to collimate the polychromatic wh
beam. A Bragg diffraction angle of 6° was maintain
throughout this experiment. Because of the low scatter
efficiency of this low-Z material, long exposure time
~;10 h! were required for pressures above 30 GPa.

IV. RESULTS AND DISCUSSION

A. Theoretical results

The calculated lattice constants, bulk moduli, and th
pressure derivatives for Li3N are given in Table I. The cal
culated ground state at zero pressure is theD6h

4 structure.
The calculated transition between theD6h

1 and D6h
4 is at a

negative pressure~21.1 GPa! with a volume increase of 23%
and an energy difference at the transition of only 16 me
atom. The transition fromD6h

4 to Td
1 is computed to be a

FIG. 1. The EDXD spectra of Li3N at high pressures. The in
dexed peaks are followed as a function of pressure to 35 GPa
ter-
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37.9 GPa, with a volume decrease of 8% and an ene
difference at the transition of 109 meV/atom.

B. Experimental results

Upon loading, theD6h
1 (P6/mmm) structure was com-

pletely transformed to theD6h
4 (P63 /mmc) structure. The

D6h
1 structure was not observed at or above the lowest p

sure of 3 GPa. This is in good agreement with the theory
the NMR experiment.7 Some representative EDXD spect
of Li 3N are shown in Fig. 1 at several pressures. Five d
fraction peaks from this phase were indexed and followed
a function of pressure to 35 GPa. The indexed peaks
listed in Table II. The other peaks are mainly due to Li2O
and the T301 steel gasket~hcp-Fe!. The contribution from
the gasket was likely due to leakage around the slits use
collimate the incident beam. This has been eliminated
future studies.

The d spacings vs volume are shown in Fig. 2, and t
c/a ratio as a function of the unit-cell volume is shown
Fig. 3. Furthermore, within the error of this experiment t
c/a ratio is in good agreement with the calculation~see
Table I!.

In Fig. 4, the experimental data are shown in comparis
with our ab initio calculation. The experimental pressur
volume data were fitted to the two-parameter Birch equat
of state~EOS! of the form18

P5
3

2
B0F S V

V0
D 27/3

2S V

V0
D 25/3G

3H 11
3

4
~B0824!F S V

V0
D 22/3

21G J ,

whereB0 is the bulk modulus at ambient pressure, andB08 is
the derivative of the bulk modulus. The parameters of the
are B057466 GPa andB0853.760.7, with V058.763 Å3

TABLE II. Observedd spacings for x-ray-diffraction peaks o
Li3N at 8.6 GPa are compared to calculatedd spacings for theD6h

4

(P63 /mmc) structure atEd558.61260.026 keV Å.

hkl dobs ~Å! dcalc ~Å!

002 3.082 3.083
100 2.997 3.001
101 2.700 2.699
110 1.734 1.733
103 1.699 1.696
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per atom. These values are in good agreement with the
rameters produced by theab initio calculation~see Table I!.

The change in the Gibb’s free energy of lithium nitrid
was calculated by integratingVdP. Figure 5 shows the

FIG. 2. Volume dependence of thed spacings of Li3N. The
solid lines are simple linear fit to the data. Solid squares and s
circles represent run 1 and run 2, respectively.

FIG. 3. Volume dependence of thec/a ratio of Li3N. Solid
squares and solid circles represent run 1 and run 2, respecti
The averagec/a ratio is 1.78360.004. The calculatedc/a ratio is
1.7846.
a-
Gibb’s free energy as a function of volume or pressure.

The spectra degraded significantly as the pressure
increased to above 26 GPa. Analysis of the spectra bec
extremely difficult due to the weakness of the peaks. Up
close examination, it was discovered that a small fraction
the sample began to transmit light in orange-red at abou
GPa. At pressures above 35 GPa, nearly the entire sam
became translucent. Moreover, the sample appeared to
a granular texture. The sample became increasingly opa
on unloading and was totally opaque when the pressure

id

ly.

FIG. 4. The equation of state of Li3N. Solid squares and solid
circles represent run 1 and run 2, respectively. The solid curve is
fit of the two-parameter Birch equation of state to the experime
data. The dashed curve is the calculated equation of state.

FIG. 5. The Gibb’s free energy of Li3N as a function of pressure
~solid curve! and normalized volume~dashed curve! calculated
from the equation of state.
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below 5 GPa. This procedure was repeated several times
the results have been consistent.

The fact that the sample becomes transparent at the p
sure at which the x-ray pattern changes suggests two p
bilities. First, the new phase is indeed cubic as suggeste
theoretical calculation. Optically, there is negligible intern
scattering from a polycrystalline aggregate because c
crystals are not birefringent. Another possibility is that t
sample is gradually becoming amorphous, causing the
fraction pattern to weaken as the pressure increases. H
ever, this question cannot be answered without further
man study.

V. CONCLUSION

Lithium nitride, Li3N, exists in both the hexagonalD6h
4

(P63 /mmc) and the hexagonalD6h
1 (P6/mmm) structures

at ambient pressure. The hexagonalD6h
1 (P6/mmm) struc-

ture transforms into the hexagonalD6h
4 (P63 /mmc) at mod-

est pressure. Theoretical calculations show the latter pha
be the stable phase at ambient conditions. The equatio
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state~EOS! of the D6h
4 phase has been measured up to

GPa and it is shown to be in good agreement with ourab
initio calculation. The Gibb’s free energy of Li3N as a func-
tion of pressure has been calculated using this equatio
state. Theoretical calculations suggest a transition to a c
phase at 38 GPa. The thinness of the low-Z sample and the
line broadening due to plastic deformation of this phase p
cluded x-ray determination of this phase with the pres
technique. Much thicker samples and the use of a hydros
pressure medium are required. Experimentally we obser
that the opaque sample begins to change to a translu
sample at approximately 28 GPa. This optical change
possible indicator of a transition to a cubic phase.
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