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The density functional perturbation theory (DFPT) is employed to study the structure, optical phonon modes and dielectric 
properties for wurtzite GaN and AlN under hydrostatic pressure. In order to calculate accurately the Born effective charges 
and high frequency dielectric tensors, we utilize two sum rules to monitor this calculation. The calculated optical phonon 
frequencies and longitudinal-transverse splitting show an increasing with pressure, whereas the Born effective charges, and 
high frequency dielectric tensors are found to decrease with pressure. In particular, we analysed the reason for discrepancy 
between this calculation and previous experimental determination of pressure dependence of the LO-TO splitting in AlN. The 
different pressure behavior of the structural and lattice-dynamical properties of GaN and AlN is discussed in terms of the 
strengths of the covalent bonds and crystal anisotropy. Our results regarding dielectric Grüneisen parameter are predictions 
and may serve as a reference. 
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1. Introduction 
 
The group-III nitrides GaN and AlN are currently 

being actively investigated in view of their promising 
potential for short-wavelength electroluminescence 
devices and hight-emperature, high-power, and 
high-frequency electronics [1-5]. An important motivation 
for high-pressure investigations stems from the fact that 
group-III-nitride layers are commonly subjected to large 
built-in strain since they are often grown on different 
substrates having considerable lattice mismatch.  

The understanding the effect of pressure on the 
vibrational properties is quite important. Its knowledge 
allows one to correlate macroscopic thermodynamic 
parameters with properties on the atomic scale. The 
neutron scattering, electron energy loss spectroscopy, IR 
absorption, Raman spectroscopy, diamond anvil cell etc. 
experimentally have been used to study phonons and 
related properties. Perlin et al.[6] and Kuball et al.[7] 
performed the high-pressure Raman studies for AlN, 
estimating the pressure coefficients of Raman-active 
modes. They reported that under pressure the LO–TO (E1) 
splitting slightly decreases and the LO–TO (A1) splitting 
increases. Afterwards, Goñi et al. [8] compared the 
pressure dependence of the Raman-active modes in GaN 
and AlN with ab initio calculations and found a small but 

increasing LO–TO (E1) splitting under pressure. However, 
a decrease of the LO–TO splitting for both A1 and E1 
modes in AlN was estimated in recent Raman 
measurements of Yakovenko et al. [9] and Francisco et al. 
[10]. Meanwhile, Francisco et al. studied the optical 
phonon modes and pressure dependences of AlN by 
means of ab initio lattice dynamical calculations, but being 
a increase of the LO–TO splitting for both A1 and E1 
modes. Perlin et al. [11] compared pressure dependence of 
the A1(TO), A1(LO) phonon modes and effective 
transverse charge of wurtzite GaN by Raman scattering 
and means of tight-binding formalism. In contrast with the 
extensive range of experimental studies on the pressure 
effect on the phonon dispersion of semiconductors, 
theoretical works on the topic are relatively sparse. The 
pressure dependence of the LO-TO splitting in GaN and 
AlN is an issue of controversy. In a polar lattice, the 
splitting of the optical phonon modes is determined by two 
parameters, Born effective charge of the lattice ions and 
the screening of the Coulomb interaction, which depends 
on the electronic part of the dielectric constant in the 
phonon frequency regime. 

In this work, we study the pressure effect on phonon 
and relevant properties for GaN up to 50 GPa and AlN 
up to 20 GPa by DFPT computations. Because 
experimental measurements show that GaN and AlN 
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transform from the wurzite to the rocksalt phase under 
high pressure. Such a phase transition has been reported 
to start at 55.1 GPa by P. E. Van Camp et al. [12] and 52. 
2 GPa  by M. Ueno et al. [13] for GaN. For AlN, 
corresponding to a transition pressure of 22.0 GPa by 
Ueno et al. [14] and 20.0 GPa by Uehara et al. [15]. 
Firstly, we calcute and analyse the evolution with 
pressure of the unit cell shape (i.e., c/a ratio) and unit cell 
geometry (i.e., internal parameter u) of GaN and AlN. In 
the following section, study pressure dependence of 
zone-center optical phonon modes and the LO–TO 
splitting of both the A1 and E1 modes. Next, calculate and 
discuss the pressure dependence of Born effective charge 
tensors 

∗Z  and the high frequency dielectric tensor 
∞ε . Finally, predict dielectric Grüneisen parameter 

εγ . 
 
 
2. Theory and computational details 
 
2.1 Theory 
 
The interatomic force constants (IFC’s) describing the 

atomic interactions in a crystalline solid are defined in real 
space as [16] 

b
k

a
k

kk

EbaC
βα

βα ττ '

'

2

, ),(
∂∂

∂
= ,       (1) 

Here, a
kατ  is the displacement vector of the kth atom in 

the ath primitive unit cell (with translation vector aR
v

) 

along the α axis. E is the Born-Oppenheimer (BO) total 
energy surface of the system (electrons plus clamped 
ions). 

The vibration frequencies ( qj v,ω ) and polarization 

vectors [ )( jqek
vv

] of the phonon modes with wave vector 

qv  are determined by solving the eigenvalue matrix 

equation 
 

)()()(~
,

2
,,

'
'' jqejqeqD kqj

k
kkk

vvv
v α

β
ββα

ω=∑      (2) 

Where )(~
', qD kk

v
βα

 is the dynamical matrix, which is 

related to the Fourier transform of the IFC’s. 
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 is electronic 

contribution to the dielectric constant; Eel
εε βα  is the 

second derivative of the total electronic energy with 
respect to a perturbing electric field along directions α 

and β; 0Ω  and M are the unit cell volume and mass; To 

other variables, see Ref. 16. 
The Born effective charge is defined as the variation 

of the force on a given atom under the application of an 
electric field 
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where β,macP  is the macroscopic electric polarization 

induced by the screened electric field. In order to 
calculate accurately the Born effective charges and 

dielectric constant, we utilize two sum rules to monitor 
calculation. The first is the acoustic-sum rule: the 
dynamical matrix at the zone center should admit the 
homogenous translations of the solid 
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The second sum rule guarantees that the charge 

neutrality is also fulfilled at the level of the Born 

effective charges. For every direction α  and β , one 

must have  

0, =∗∑Z k
k

αβ .            (6) 

 
By the above sum rules, we can monitor whether the 

calculation is well converged with respect to numerical 
parameters, like the number of plane waves, the sampling 
of BZ, and the number of points of the 
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exchange-correlation grid. 
 
2.2 Computational details 
 
We use a first-principles pseudopotential method 

base on the density functional perturbation theory with 
wave function represented in a plane-wave basis set. This 
work is performed employing the ABINT package [17]. 
A review of the method (and of the algorithm used for 
the convergence of electronic density and atomic 
positions) can be found in Ref. 18. The effect of the 
approximation to the exchange-correlation (XC) energy 
is considered. The pseudopotential for Ga, Al and N 
atoms are generated according to scheme of Troullier and 

Martin [19]. Brillouin-zone integrations were performed 
using 12×12×8 k-point mesh, and phonon frequencies 
were computed on a 6×6×4 q-point mesh. Plane-wave 
basis sets with a cutoff of 40 Hartree were used. These 
calculating parameters are chosen to guarantee the total 
energy error in 0.1 mHartree. 

 
3. Results and discussion 
 
In Fig. 1, we show the evolution with pressure of the 

unit cell shape (i.e., c/a ratio) and unit cell geometry (i.e., 
internal parameter u) of the wurtzite structure GaN and 
AlN. 

 

 
Fig. 1. Structural parameters of wurtzite GaN and AlN under hydrostatic pressure. Asterisk and open circles are experimental 

results from Ref. 14 for GaN and Ref. 13 for AlN. 

 
The calculations were performed in two steps. In the 

first step, we calculate the total energy of the bulk wurtzite 
crystal as a function of the unit cell volume. Then, using 

the definition of pressure, VEP tot ∂−∂= / , one can 

find the unit cell volume corresponding to the certain 
value of the external pressure P. In this step, for a given 
unit cell volume, c/a and u are optimized. As can be seen 
from these figs. 1(a) and 1(b), one can correlate the 
magnitude of changes in c/a and u under the hydrostatic 
pressure with deviations of the nitride structures from 
“ideal” wurtzite. The weaker dependences of c/a and u on 
the hydrostatic pressure are obtained for GaN, which 
possesses the smaller deviation of c/a from the ideal value 
1.633. We find linear pressure coefficients of 

0)/( =∂∂ p
c
a p =-5.45×10-5 and 0)/( =∂∂ ppu =1.81×10-6 

for GaN. In the case of AlN, the situation is completely 
different. The values c/a (u) are remarkably smaller (larger) 
than the ideal values and decrease (increase) with rising 
hydrostatic pressure, with a slope of 

0)/( =∂∂ p
c
a p =-6.86×10-4 and 0)/( =∂∂ ppu =1.27×10-4. 

Our results for c/a are in reasonable agreement with 
experimental studies of the lattice constants under pressure 
[14,13].  

For most stable wurtzite-type structures c/a ratio and 
the u parameter are strongly correlated; If c/a decreases, 
then u increases in such a way that the inequivalent bond 
lengths R(1) (along the c direction with bond length 
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ucR =)1( ) and R(2) are nearly equal, however, the 

tetrahedral angles are distorted. The bond lengths R(1) and 
R(2) (in the hexagonal plane and is threefold degenerate 

with bond length 22)2( )/()2/1(3/1 acuR −+= ) 

would be equal if 4/1)3/( 22 += cau . The 

so-estimated value of the internal parameter u of GaN 
(0.3754) nearly agrees with the calculated one (0.3745). In 
the case of AlN there is, however, a larger deviation 
between the estimated value (0.3784) and the calculated 
one (0.3803). This finding can be attributed to the stronger 
covalent bonding of AlN, which preserves the ideal 
tetrahedral bond angles. 

 
Table 1. Fitting parameters used for the pressure dependence of the phonon frequencies in GaN and AlN .  

For comparison theoretical and experimental results in other literatures are also shown. Units are (cm-1/GPa) 

 

               )(1 TOA          )(1 TOE          )(1 LOA         )(1 LOE            

GaN  Calc. a     3.10               3.08              3.42            3.432 
      Expt. b     3.9                3.94              4.4    
      Expt. c     3.55                                 3.2 
      Calc. d     3.1                3.3                3.5            3.6   
AlN  Calc. a      3.05               2.96              3.48            3.50 
     Expt. e      4.08               5.07              4.00  
     Expt. f      4.35               5.33              3.70            4.77 
     Expt. g      4.05               4.52              4.00            3.60 
     Calc. h      3.00               3.80              3.50            4.00  

a This work , b Ref. 8, c Ref. 11, d Ref. 8, e Ref. 7, f Ref. 10, g Ref. 9, h Ref. 8 
 

 

Fig. 2. The zone-center optical frequencies for the 
wurtzite GaN as functions of pressure (upper panel). 
Pressure dependence of the LO-TO splitting for both the 
A1 and E1 modes in GaN (lower panel). Open circles and 
asterisk are taken from experimental results for A1 from  

Ref. 11 and Ref. 8 for GaN respectively. 
 

The pressure dependence of zone-center optical 

phonon modes and the LO–TO splitting of both the A1 and 
E1 modes  are plotted in Fig. 2 (GaN) and Fig. 3 (AlN). 
Table 1 summarizes fitting pressure coefficients of the A1 
and E1. In general, The agreement between our calculated 
values at zero pressure and other theoretical values [8] is 
reasonably good. The calculated frequencies are slightly 
above other experimental data, which is likely due to 
underestimation of the lattice parameters as is usual in 
DFT-LDA calculations. Also, the calculated pressure 
coefficients are typically smaller than other experimental 
values. Also interesting is the difference between the 
pressure dependence of the LO–TO splittings in AlN. 
According to our calculations both the LO–TO splitting of 
both the A1 and E1 modes are almost constant or even 
increase slightly with increasing pressure. an increase of 
the LO–TO splitting for the A1 mode was found Manjόn 
et al.[20] and Goñi et al. [8] and attributed to the decrease 
of the refractive index with pressure in AlN as suggested 
by ab initio calculations [21]. The experimental 
discrepancies could be due to differences in sample 
preparation and pressure environment that may affect the 
pressure response of the Raman modes in AlN [9]. 
Additionally, the weak intensity of the TO and LO modes 
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reported by Kuball et al. [7] might have resulted in an 
inaccurate determination of the pressure coefficients and 
LO–TO splittings. 

 
Fig. 3. The zone-center optical frequencies for the 
wurtzite AlN as functions of pressure (upper panel). 
Pressure dependence of the LO-TO splitting for both the 
A1 and E1 modes in GaN (lower panel). Open circles and 
asterisk are taken from experimental results for A1  and  

E1 from Ref. 10 for AlN respectively. 
 
 

Taking the angular dispersion of the TO modes, 

)(/)]()([ 111 EAE TOTOTO ωωω −  as a measure of the 

crystal anisotropy, we find 0.081 for AlN and 0.045 for 
GaN. AlN is thus more anisotropic than GaN, which is 
coincident with former discuss. 

The LO–TO splitting is a function of Born effective 

charges Z* and infrared dielectric constant ∞ε . For 

modes of the same symmetry with atomic displacements 
along direction α (α=x, z) one finds [22]  

µεε
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where 0ε  is the vacuum permittivity, µ is the reduced 
mass of an anion-cation pair, V is the available volume per 
pair, and ω is the angular mode frequency given in hertz. 
The change of the Born effective charge under 
compression can be determined from the measured 
frequencies of the optical phonons using Eq. (7). Born 
effective charge tensors determine, with the high 
frequency dielectric tensor ∞ε , the strength of Coulomb 

interaction which is responsible for the splitting between 
the transverse (TO) and the longitudinal (LO) optical 
modes. It is a measure of the change in electronic 
polarization due to ionic displacements. For atom k, 

∗
βα,kZ  quantifies to linear order the polarization per unit 

cell, created along the direction β when the atoms of 
sublattice k are displaced along the direction α, under the 
condition of zero electric field.  

Although there are four atoms in the unit cell of the 
wurtzite structure the nonsymmorphic space group 4

6vC  
with a screw along the c axis enforces that only two of 
them are independent. Furthermore, because of the 
acoustic sum rule: 

0, =∗∑Z k
k

αβ
, 

Only two independent components *
//Z  and *

⊥Z  of 
Born effective charge tensor are existent. Contrary to the 
effective charges, the form of the dielectric tensor is 
determined by the symmetry of the crystal and is expected 
to be diagonal for the wurtzite structure. The dielectric 
tensors ∞ε  should have two independent components 

//
∞ε  and ⊥

∞ε  along and perpendicular to the c axis, 
respectively. 

 

 

Fig. 4.  Born effective charge versus pressure 

 for wurtzite GaN and AlN 

 
The calculated Born effective charge tensors at zero 

pressure agree well with the experimental data obtained 
from first-order Raman-scattering experiments.[23, 24] To 
the best of our knowledge, no other experimental data of 
the Born effective charge tensors for GaN and AlN exist. 
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The calculated Born effective charges *
//Z  and *

⊥Z  

decrease with increasing pressure.The pressure-induced 
reduction of the dynamical ion charges indicates a charge 
redistribution from the nitrogen atoms to the gallium or 
aluminum atoms in comparison with the pressure-free 
situation.  
 

 
Fig. 5. High-frequency dielectric constant versus pressure  

for wurtzite GaN and AlN 

Our results concerning ⊥
∞ε  and //

∞ε  at zero 

pressure for GaN are found to be 6.18 and 6.26, and for 
AlN 4.41 and 4.70 respectively. Comparing our calculated 
data with those computed by the orthogonalized linear 
combination of atomic orbitals (OLCAO) (Refs. 25), and 
Pseudopotential calculations [26, 21], the agreement is 
good. However, Our values are bigger than those through 
full-potential linear-muffin-tin-orbital (LMTO) method 
[27]. The authors in Ref. 27 neglect the influence of 
local-field effects on the dielectric tensor, which, as 
reported, reduces the value of the dielectric constants by 
about 10–15% [28]. 

The average value ∞=∞ εε Tr)31()( have also 

been calculated and found to be 4.5 for AlN and 6.2 for 
wurtzite GaN. These values agree to within 10% with the 
experimental some  obtained by infrared reflectivity [29] 
and Raman-scattering [23]. However, one should note that 
the experimental data available for the stable structures of 
GaN and AlN are scarce and may suffer from the 
relatively low quality of the crystal samples. In addition, 

the screening tends to overestimate average dielectric 
tensor in theoretical calculations performed within the 
LDA approximation. 

The pressure dependence of ⊥
∞ε  and //

∞ε  for  

GaN and AlN is shown in Fig. 4 and Fig. 5. Note that as 

pressure rises, ⊥
∞ε  and //

∞ε  decrease monotonically, 

which is similar to what has been found for the most 
tetrahedrally coordinated semiconductors. Similar to that 
mode Grüneisen parameter, one can define a dielectric 
Grüneisen parameter 

Vd
d

ln
lnεγ ε −= ,           (8) 

 
to characterize the pressure dependence of the dielectric 
constants. For GaN and AlN, we have found that the 

perpendicular and parallel components of εγ  are both 

negative with 
//
∞εγ =-0.397, 

/⊥
∞εγ =-0.381 for GaN, and 

//
∞εγ =-0.582, 

/⊥
∞εγ =-0.473 for AlN. 

 
4. Conclusions 
 
In summary, First-principles calculations in the 

framework of the DFPT are carried out to study the 

pressure dependences of structure， phonon and dielectric 

properties for wurtzite GaN and AlN. Our results show 
that pressure dependence of the wurtzite parameters c/a 
are reasonably well, as measured by high pressure x-ray 
diffraction studies. The calculated pressure dependence of 
optical phonon frequencies, Born effective charges, 
dielectric constants is agreement with other theoretical 
data available. However, the calculated pressure 
coefficients of optical phonon frequencies are smaller than 
other experimental values, and pressure dependence of the 
LO–TO splittings in AlN between calculated and 
experimental data is contrary. The pressure dependence of 

∗
⊥Z , ∗

//Z , ⊥
∞ε  and //

∞ε  for wurtzite  GaN and AlN is 

decreascent monotonically as pressure rises, which is 
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similar to most tetrahedrally coordinated semiconductors. 
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