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Simultaneous softening of Cuz;N phonon modes along the 7', line under pressure:
A first-principles calculation
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Cu;N band structures and phonon dispersion curves under pressure are calculated using first-principles
density functional theory and density functional perturbation theory with the local density approximation by
the plane-wave pseudopotential method. The band structures are similar to other full-potential calculations. The
indirect band gap is about 0.13 eV and decreases with increasing pressure. Simultaneous softening of the M3
and R,5 zone boundary phonon modes was found and the possible associated successive structural phase
transitions were discussed. The mode Griineisen parameters for optic modes were obtained and the frequency
versus pressure relationship was well fitted to second-order polynomials. The quadric relationship between the
soft-mode frequency and pressure was also well reproduced for the M5 and R,5 soft modes. The large differ-
ence of the soft-mode-driven transition pressures for the first high-pressure phases of ReO3 and CusN were

also discussed.
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I. INTRODUCTION

The temperature-induced structural phase transition (SPT)
has been found commonly in perovskite structure materials
and has been studied extensively. Most of these phase tran-
sitions are driven by the so-called “soft-mode” mecha-
nism.!~* This concept is built on the assumption that the
crystal gets unstable against a particular phonon vibration
mode. For some materials, such as BaTiO;,PbTiO;, and
KTaO;, the ferroelectric SPTs are driven by the Brillouin
zone (BZ) center soft transverse-optical mode.! But soft-
phonon-driven SPTs were also commonly found at the BZ
corners (M5 and R,5s modes). This latter mechanism involves
rotations of the common structural element the BX4 octahe-
dron of the perovskite structure (general formula ABX3). The
difference between these two modes lies in the fact that the
M; mode represents rotation of the adjacent layers in the
same direction (a’a’c* in Glazer’s notation’), while the Rs
mode represents the rotation in the opposite sense (a%a’c™ in
Glazer’s notation). R,s condensation has been found in
SrTiO;, NaWO;, LaAlO;, CsPbCl;, KMnF;, and
NaNbO;.4%-17 Successive phase transitions dictated by R,s
followed by M5 modes or vice versa were also found in
KMnF;,NaNbO;,NaWOs;, and CsPbCl;.%!7

More recently, similar phase transitions driven by a com-
pletely different variable of the equation of state have been
found—namely, pressure-induced soft-mode SPTs. The rep-
resentative material showing these transitions is ReOs. It is
in fact the simplest material containing BX octahedra. In
this structure, the A site is empty and the X atoms occupy the
center of the cubic edges forming collinear bonds with two
nearest-neighbor B atoms instead of occupying the face-
centered cubic close-packed sites. As a consequence, this
open crystal structure has many vacant interstitial sites and is
suited for the interposition of other elements or compression
under high-pressure conditions. Unlike other perovskite
compounds, ReO; is metallic and the undistorted cubic struc-
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ture is stable at all temperature under ambient pressure and
shows very complicated pressure-induced SPTs. Since the
first discovery of the “compressibility collapse” accompany-
ing the second-order SPT in ReOs by Razavi et al. in 1978,
there have been many experimental and theoretical works
concerning the P-V relationship,'® soft phonon at the M zone
boundary,” pressure-induced phase transitions,?!">? lattice
dynamics,? and first-principles electronic structure and pho-
non calculations.’*> The pressure-induced SPTs in ReO,
show very complex nature from the work of Jgrgensen et
al.?! involving both M5 and R,s soft modes. Another closely
related compound is WOs;. Its cubic structure, however, has
never been found and the semiconducting WO; contains a
distorted oxygen octahedron with off-center metal ion and
undergoes several temperature-induced phase transitions.?
The relation between electronic structure and lattice stability
of ReO; and related oxides has been discussed extensively
by Stachiotti et al.>*>>7

In contrast to the above mentioned two compounds which
have been studied extensively both experimentally and theo-
retically, the transition metal nitride Cu;N has been paid little
attention except for some work on thin films motivated by its
applications in electronic-optical industry.?®2 The copper ni-
tride film is unstable and will decompose into the constituent
elements at temperatures as low as 300 °C.>° No temp-
erature-induced SPTs have been found for this compound.
The crystal structure of CusN is of the anti-ReOj; type with a
simple cubic unit cell of lattice constant ranging from 3.807
to 3.819 A3%31 As shown in Fig. 1, in this structure, Cu
atoms occupy the center of the cubic edges forming collinear
bonds with two nearest neighbor N anions; this is in contrast
with ReO5; where the O atoms occupy the center of the cubic
edges forming collinear bonds with two nearest Re cations.
Electronic structure calculation has shown that pure Cu;N is
a narrow gap semiconductor with a small indirect band gap
of about 0.23 eV while Cu;N with Pd interposition exhibits
semimetallic behavior.3> Theoretical calculation also con-
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FIG. 1. Schematic view of the anti-ReO; crystal structure of
Cu;N structure showing two layers of CugN octahedron.

firmed the metallic property of Cu;N with extra Cu
interposition.* To our knowledge, no experimental work has
been done on Cu;N SPTs under high-pressure conditions. In
this paper, we hope to investigate the lattice dynamics and
possible structural phase transitions for CusN under high-
pressure conditions by the first-principles method and com-
pare the results with ReOs. In view of the fact that ReOs is
metallic while Cu;N is semiconducting and its band gap de-
creases with increasing pressure, it seems an excellent can-
didate for studying the metallic effect on soft mode transi-
tions.

II. COMPUTATIONAL APPROACH

Our calculations were performed within first-principles
density functional theory (DFT) and density functional per-
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turbation theory (DFPT) using the Perdew-Zunger Local
density approximation (LDA) exchange-correlation func-
tional and the plane-wave pseudopotential method with three
Bessel functions RRKJ-type (introduced by Rappe, Rabe,
Kaxiras, and Joannopoulos®*) ultrasoft pseudopotentials®*
created by Andrea Dal Corso.’® The electronic wave func-
tions and charge densities were expended in plane-wave ba-
sis sets with kinetic energy cutoffs 75 and 450 Ry, respec-
tively. The Brillouin-zone integrations have been performed
using a 10X 10X 10 special k-point set. Phonon frequencies
and phonon densities of state were calculated using DFPT
with a 4 X 4 X 4 Monkhorst-Pack mesh (including the M and
R special points) for BZ sampling. Dynamical matrices on
this grid have been calculated and the real-space interatomic
force constants were given by Fourier deconvolution. The
complete phonon dispersion curves were then obtained by
interpolating the dynamical matrices using these force con-
stants.

As we were dealing with the case of a narrow gap semi-
conductor with band gap closing and metallic behavior under
pressure, we used Gaussian smearing technique with a
smearing parameter. Convergence was checked for different
k-point mesh (4 X4 X4,6X6X6, and 8 X8 X 8) and smear-
ing parameters (0.01-0.08 Ry). This gives the phonon fre-
quencies that converge within 1-3 ¢cm™! for positive frequen-
cies. The convergence was a bit poor for the negative (soft)
frequencies. We present such a convergence plot for the M5
soft mode at about 14 GPa in Fig. 2. It can be seen that
convergence within 1 cm™' was met for a 4 X4 X4 k-point
mesh with the smearing parameter ranging between 0.01 and
0.04 Ry. Although the k-point convergence seems better for
6 X 6 X6 and 8 X 8 X 8 meshes, the convergence with respect
to the smearing parameter is poor. Therefore, for efficiency,
we chose a 4X4X4 k-point mesh and since Cu;N is a
narrow-gap semiconductor (band gap about 0.13 eV in our
calculation), for consistency, we used 0=0.01 Ry in the
whole pressure range.

The structural properties of Cuz;N have been determined
by fitting the calculated crystal energies to the Murnaghan
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FIG. 2. (Color online) M5 soft-
1 mode convergence with respect to
J k-point mesh and smearing at 14
GPa.
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FIG. 3. Infrared transmission
spectrum of Cu;N.
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equation of state. The LDA results are compared with the
Perdew-Burke-Ernzerhof?¢ (PBE) generalized gradient ap-
proximation (GGA) and available theoretical and experimen-
tal values. Starting from the LDA equilibrium lattice param-
eter, the phonon dispersion curves of CusN at different
compression ratios have been calculated at special points and
along the main symmetry lines. The acoustic sum rule and
translational invariance were imposed in the calculations.
Studies were performed with the PWSCF package.’’

III. EXPERIMENT

A BIO-RAD FTS60V vacuum infrared spectrophotometer
(400-4000 cm™!) was used for the measurement of the infra-
red spectra at room temperature. CusN powder mixed with
KBr (Ratio 1:200) was ground and pressed to form a 0.7-
mm-thick slice with a diameter of about 10 mm. A pure KBr
slice of the same dimension was also prepared for back-
ground.

IV. RESULTS AND DISCUSSION
A. Experiment

The crystal structure of CuzN belongs to the space group
0,, and the unit cell contains one formula unit. According to
space group analysis, there are 12 phonon modes at I among
which nine are optic modes with symmetry representations
2T s+ 11"y5. The I';5 modes are infrared active and the I,
modes are optically inactive (silent modes). The observed
infrared transmission spectrum in the region 400-1500 cm™!
is shown in Fig. 3. In this range, there is a sharp absorbed
peak around 652 cm™' corresponding to the Cu-N high-
frequency stretching mode I'|5. The calculated frequency for
the same mode is about 705 cm™. It should be pointed out
here that the calculated value is at the theoretical minimum
energy geometry 3.752 A. When the experimental lattice
constant 3.807 A was used, the corresponding frequency be-
comes 651 cm™!, which is in excellent agreement with the
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experiment. Even at the largest experimental lattice constant
3.819 A, the calculated frequency 640 cm™! is still accept-
able. Restricted by the experimental condition, only one in-
frared active mode frequency was measured. But the good
match is nonetheless an indication of the accuracy of our
theoretical approach.

B. Computations

The calculated total energies as a function of volumes
were least-squares-fitted to the Murnaghan equation of state.
The minimum total energy, the equilibrium lattice constant,
and the bulk modulus were readily deduced from the fitted
parameters in the equation of state. The calculated lattice
constant, bulk modulus, the pressure derivative of bulk
modulus, and the frequencies of CuzN zone-center optical
modes are listed in Tables I and II and compared with avail-
able experiments and calculations. The predicted LDA equi-
librium lattice constant is 3.752 A which is 1.6% smaller
than the average experiment value 3.813 A while the GGA
value 3.868 A is 1.4% larger.3%3! The LDA bulk modulus is
about 35% larger than the GGA value and other theoretical
predictions. The GGA bulk modulus is in good agreement
with the theoretical work using similar exchange-correlation

TABLE 1. Equilibrium lattice constant g, (A), bulk modulus
By(GPa), and pressure derivative of the bulk modulus Bj. The bulk
modulus in parentheses is the GGA result.

ap BO Bé
This work 3.752 (3.868) 141 (108) 4.92 (4.66)
Theory 3.82,23.817° 1042 5.26%
Expt. 3.807.¢ 3.8194

4Reference 33.
PReference 32.
“Reference 30.
dReference 31.
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TABLE II. Observed (ir) and calculated frequencies (cm™') of
CusN I'-point optical modes. The values in the parenthesis are cal-
culated at the experimental lattice parameter 3.807 A.

Expt. Theory Mode
v (T'y5) 652 705 (651) Cu-N stretching
vy ([ys) 159 (154) Cu-N-Cu bending
vy ([y5) 100 (99) Cu-N-Cu bending

functional.’> No experimental bulk modulus for Cus;N is
available for comparison.

The energy bands at equilibrium lattice constant are dis-
played in Fig. 4. The band structures are similar to other
full-potential calculations. The lowest energy of the conduc-
tion band is at the M point while the highest energy of the
valence band is at the R point. The indirect band gap is about
0.13 eV which is smaller than experimental and other
calculations.?®3233 The band gap decreases with decreasing
volume and closes at about 6 GPa. Further compression
causes the overlap of valance and conduction bands leading
to a semimetallic state. In view of the well known fact that
LDA underestimates the band gap, the actual band closing
pressure should be higher.

With reference to the LDA equilibrium lattice volume,
phonon dispersion curves for several values of the crystal
residual volume v” were calculated. The phonon dispersions
at the minimum energy geometry along with the phonon den-
sity of states are shown in Fig. 5. It can be seen that the
low-energy acoustic branch along the M;-T,-R,s line is
rather flat and the low-lying optic branches couple strongly
with the acoustic branches. Upon increasing pressure, the
frequencies of the optical modes increase steadily and the
acoustic M5 and R,s phonons soften simultaneously and
eventually condense at different residual volumes. The M3
mode softens rapidly than the R,s mode. The dispersion
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FIG. 4. (Color online) Band structures of CuzN along main sym-
metry lines calculated at equilibrium lattice constant ay=3.752 A.
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FIG. 5. (Color online) Phonon dispersion curves (with the pho-
non density of states) calculated at the minimum energy geometry.

curves along with the phonon density of states just above and
below the M5 phonon condensation pressure are given in Fig.
6. The corresponding residual volumes are v“=0.938 and
0.934 and the pressures are P*~10 and ~11 GPa, respec-
tively. The dispersion curves along with the phonon density
of states just above and below the R,s phonon condensation
are also shown in Fig. 7. The corresponding residual vol-
umes are v"=0.930 and 0.926 and the pressures are P~ 12
and =13 GPa.

The M; mode is nondegenerate and the R,5 mode is three-
fold degenerate. Depending on the number of the condensed
M phonons in the g-star (one, two, or three), the symmetry-
related second-order phase transitions for the perovskite
structure could be Pm3m— P4/mbm— I4/mmm— Im3. All
these structures except 14/mmm were observed for ReO; by
Jgrgensen et al*' Similarly, the triply degenerate R,s soft
mode could be treated as made up of three components cor-
responding to the rotations of the octahedra around three
separate [001] axes. If only one component condenses at the
transition point, the resulting structure would be of tetragonal
symmetry [4/mcm as for SrTiO; and the coupled condensa-
tion of the three components would give a rhombohedral R3¢
structure which is the case for LaAlO;. When successive
phase transitions associated with both M; and R,s5 soft
modes, the situation becomes complicated and the sequence
of phase evolution depends on the condensation sequence of
the soft modes. For the case of Cu;N, since the M5 phonon
condenses first followed by the R,s phonon, the first struc-
tural transformation would be from cubic Pm3m to tetrago-
nal P4/mbm structure, doubling the unit cell in the plane
perpendicular to the rotation axe through one M; mode con-
densation. We are however, unable to determine the subse-
quent phase evolution solely from the dispersion curves of
the cubic structure because of the other remaining M,
phonons. After the first condensation of one M5 phonon, the
cubic first BZ changes to tetragonal and the M point changes
to the Gamma point, the two other M points becomes one A
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FIG. 6. (Color online) Dispersion curves
(with the phonon density of states) just above and
below the M5 phonon condensation pressure (the
corresponding residual volumes are v*=0.938
and 0.934 and the pressures are P*~10 and
P"=~11 GPa, respectively).

M R
A X g X M

point and the R point shifts to the Z point (the triply degen-
erate R,5 mode becomes doubly degenerate Zs mode). If the
twofold degenerate mode from the remaining M5 phonons
condenses successively, the resulting structures would be te-
tragonal /4/mmm and cubic Im3. If coupled condensation
occurs, the resulting structure might be orthogonal Immm
and /m3 depending on the rotation angles around the remain-
ing two cubic axes. If this angle is different from the rotation
angle around the first axe, the lattice assumes Immm symme-
try. On the other hand, if the two angles equal, the lattice
transforms to Im3 structure as for ReO;. However, if the
twofold degenerate Zs mode condenses successively after
the first condensation of the M; phonon, the resulting
structures would be orthorhombic Cmcm and monoclinic
P2,/m as for CsPbCl;. If the R,s condensation occurs
after the condensation of all three M; phonons, the
structural evolution of Cu;N under pressure might be similar
to that of ReOs;(Pm3m— P4/mbm— (I14/mmm)— Im3
—(C2/c)—R3c).?> It should be pointed out that the
I4/mmm structure was not observed by Jgrgensen et al. and
the C2/c space group was not reliably determined due to the

lack of resolution.?! In the paper by Jgrgensen et al., a rhom-
bohedral II structure was also found with extremely large
bulk modulus even larger than diamond (617 GPa).

Frequencies as a function of pressure for the optic modes
are plotted in Fig. 8. From this figure, we can see that the
frequencies for the Cu-N-Cu bending modes are almost un-
changed with pressure whereas the Cu-N stretching modes
increase almost linearly with pressure. More detailed analy-
sis found better agreement with second-order polynomial fit-
ting for all the modes, but all the second order pressure co-
efficients are very small and decrease with mode frequencies.
The effect of pressure on the phonon dispersion curve can be
described in terms of the mode Griieisen parameter, defined
as:

J In w; BO (9(,0[ (1)
[T AT
where w; is the phonon frequency, By, is the bulk modulus, V
is the crystal volume, and P is the pressure. Using our cal-
culated bulk modulus of By=141 GPa and the fitted polyno-

FIG. 7. (Color online) Dispersion curves
(with the phonon density of states) just above and
below the R,5s phonon condensation pressure (the
corresponding residual volumes are v"=0.930
and 0.926 and the pressures are P*~12 and
P*~13 GPa).
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mial parameters, the zero-pressure mode Griineisen param- where v is the frequency of the soft mode. Except the pres-
eters are 1.74, 0.75, and 0.18 for the Cu-N stretching I';5 and sure range close to the softening points, this relationship is
the two Cu-N-Cu bending I',5 and I';5 modes, respectively. well reproduced in our calculation and displayed in Fig. 10.
Unfortunately, these otherwise measurable mode Griineisen As mentioned in the Introduction, ReO; also shows com-
parameters cannot be measured directly by high pressure Ra- plex SPTs associated with both M5 and R,5 soft modes. The
man scattering study because of the Raman inactivity of the  transition pressure for the first phase transition from cubic
optical modes. For comparison, frequencies as a function of ~ Pm3m to tetragonal P4/mbm is only 0.5 GPa whereas the
pressure for the M5 and R,5 soft acoustic modes are shown in calculated first phase transition pressure for Cu;N is about 10
Fig. 9. It can be seen from this figure, the frequencies of =~ GPa. This implies that the rotation of the octahedra in Cu;N
these two modes decrease simultaneously with increasing is much more difficult than in ReOs. This is mainly caused
pressure with a pronounced drop near condensation points. by the different bonding mechanism of the metal atoms. In
The topic of the soft-mode transitions has been discussed = CusN, the Cu atom forms collinear bonds with two nearest N
extensively and many theories have been proposed to explain atoms while the Re atom forms octahedra with six O atoms
the observed effects. One of the common features of “soft  in ReOs;. A detailed description of Cu;N electronic structure
mode” behavior is the linear 1? versus pressure relationship and bonding mechanism has been given by Hahn and
I L 1 B I X I ¥ I v I ' 1 Y
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S I \v | FIG. 9. (Color online) Frequencies as a func-
5 tion of pressure for the M5 and R,5 soft acoustic
= oL \\\ _ modes.
\\\
i A\ -
-20 |- \ q
_ A
-40 1 L 1 L 1 " 1 " 1 " 1 1 " 1
0 2 4 6 8 10 12 14
Pressure(GPa)

214116-6



SIMULTANEOUS SOFTENING OF Cu;N PHONON MODES...

\ -8 M

25

u o M ®

\._./ - °
-2 0 2 4 6 8 10 12 14

FIG. 10. (Color online) »* versus pressure relationship for the
soft M3 and R,5 modes.

Weber.?> The chemical bonding is a mixture of ionic and
covalent contributions. Since the valence electronic configu-
rations for Cu and N are 3d'%s and 2s%p? respectively, there
are no electrons in the conduction bands of CuzN. This is
confirmed by the calculated semiconducting property. As can
be seen from Fig. 4, the valence band of CusN consists
mainly of three parts: three bonding and three anti-bonding
Cu 3d-N 2p bands, separated by nonbonding bands. The
bonding and anti-bonding bands are asymmetrical with re-
spect to the nonbonding part. The reason for this asymmetry
is discussed by the two authors in reference 32 and attributed
to the Cu 45—N 2p coupling leading to a bonding state which
otherwise impossible when the bonding and anti-bonding or-
bitals are fully occupied if only Cu 3d-N 2p hybridization is
taken into account. Also pointed out in the reference is the
fact that the hybridization of the Cu 4s states is more promi-
nent than that of the Cu 4p states. But with the decreasing
volume, the Cu 4p—N 2p hybridization becomes important
which lowers the energy of the conduction band close to the
M point as can be seen from Fig. 11 where the conduction
band crosses the Fermi level introducing holes in the valence
bands and the compound becomes semimetallic. Now it can
be augured that under zero pressure, Cu forms dumbbell-like
covalent bonds with two nearest N atoms, this covalent
bonding prevents the rotation of the octahedra. With increas-
ing pressure, the covalent bond becomes weaker and some
metallic contribution comes into effect. This metallic effect
eases the rotation of the octahedra and causes the soft mode
transition of the M5 phonon. This is supported by the fact
that the semiconductor-semimetal transition pressure is al-
most coincident with the softening pressure of the M5 mode.
By the same argument, the metallic bonding in ReO; might
be the main cause of the low phase transition pressure of 0.5
GPa for the first high-pressure phase.

PHYSICAL REVIEW B 72, 214116 (2005)
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FIG. 11. (Color online) Band structures of CuszN along main
symmetry lines calculated at residual volume v"=0.942
(P*=~9.6 GPa).

V. CONCLUSIONS

In conclusion, we have performed first-principles calcula-
tions of the band structures and phonon dispersion curves for
Cu;N at different compression ratios. The band structure is
comparable with those obtained in other theoretical works
and the band gap decreases with increasing pressure and
eventually closes at about 6 GPa. Simultaneous softening of
low-energy acoustic modes along the M;-R,s line was ob-
served and the possible structural phase transitions driven by
the softening of these two modes were discussed. The mode
Griineisen parameters were calculated for the optical modes
and the linear 1? versus pressure relationship is well repro-
duced in our calculation for the two soft acoustic phonon
modes. The large difference of the transition pressures for
ReO; and CusN is discussed and the importance of metallic
bonding is pointed out. The “compressibility collapse” and
extremely hard rhomohedral II phase found experimentally
for ReO5 deserve further investigation in the case of CusN.
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